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Abstract

Soil profiles were collected in three salt marshes with different plant species (i.e. Phragmites australis, Tamarix chinensis and
Suaeda salsa) in the Yellow River Delta (YRD) of China during three seasons (summer and fall of 2007 and the following
spring of 2008) after the flow-sediment regulation regime. Total elemental contents of As, Cd, Cu, Pb and Zn were
determined using inductively coupled plasma atomic absorption spectrometry to investigate temporal variations in trace
elements in soil profiles of the three salt marshes, assess the enrichment levels and ecological risks of these trace elements
in three sampling seasons and identify their influencing factors. Trace elements did not change significantly along soil
profiles at each site in each sampling season. The highest value for each sampling site was observed in summer and the
lowest one in fall. Soils in both P. australis and S. salsa wetlands tended to have higher trace element levels than those in T.
chinensis wetland. Compared to other elements, both Cd and As had higher enrichment factors exceeding moderate
enrichment levels. However, the toxic unit (TU) values of these trace elements did not exceed probable effect levels.
Correlation analysis showed that these trace elements were closely linked to soil properties such as moisture, sulfur, salinity,
soil organic matter, soil texture and pH values. Principal component analysis showed that the sampling season affected by
the flow-sediment regulation regime was the dominant factor influencing the distribution patterns of these trace elements
in soils, and plant community type was another important factor. The findings of this study could contribute to wetland
conservation and management in coastal regions affected by the hydrological engineering.
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Introduction

Sediment contamination in rivers, lakes, reservoirs, and

wetlands has been widely reported in the developing countries as

a result of the intense land use in agricultural and urban

environment. Contamination of sediments with trace elements is

a major concern [1,2]. Moreover, these trace elements can be

transferred and carried downstream into wetland ecosystems, and

accumulate in wetland soils [3,4]. Wetland soils serve as ‘‘source’’

and ‘‘sink’’ of these chemical pollutants [5]. For example, salt

marshes and estuarine sediments can retain these metals as metal

sulfides [5,6]. However, seasonal hydrological changes and water

level fluctuation can affect Eh and pH of wetlands, thus resulting

in mobilizing trace elements [5,7].

Several studies on large river delta have focused on source

identification of trace elements and organic pollutants in surface

sediments [6,8,9,10]. Some studies have shown that heavy metals

can be accumulated and retained in wetland soils for a long time

period [11], and they would not vary significantly over seasons in

salt marshes under natural conditions [12]. The global regulation

of rivers and steams by building reservoirs and dams has brought

great effects on downstream ecosystems [13]. Recently, Bai et al.

[4] have reported that the flow-sediment regulation contributed to

trace elements (i.e. Arsenic, Cadmium, and others) accumulation

in surface wetland soils of the Yellow River Delta as bed sands can

carry and settle these trace elements to the downstream due to

strong hydraulic flushing [12,14]. However,less information is

available on the dynamics and fate of these trace elements in

estuarine wetlands after the flow- sediment regulation.

The Yellow River Delta (YRD) is one of the most active regions

of land-ocean interaction, and a national nature reserve was

established to better protect this newly-formed wetland ecosystem

and maintain biological diversity [15]. However, with the rapid

development of agriculture, fisheries, and the extensive exploita-

tion of the Shengli oilfield (It is the second largest oilfield in China

and is mainly located in both sides of the Yellow River Estuary,

which was originally built in 1962 and the working area has

covered approximately 4.46104 km2), the Yellow River Delta was

greatly impacted by the intense human activities, leading to serious

wetland degradation [16]. Moreover, the flow-sediment regulation

regime has shown a significant influence on trace element

accumulation [4] and wetland plant distribution [16] in the

Yellow River Delta.
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The primary objectives of this study were: (1) to determine the

dynamic changes of selected trace elements including As, Cd, Cu,

Pb, and Zn in wetland soils covered by different dominant plant

species (i.e., Phragmites australis, Suaeda salsa and Tamarix
chinensis) of the Yellow River Delta; (2) to assess enrichment levels

of these trace elements and determine their ecological risks using

enrichment and toxic indicators; and (3) to identify the relation-

ships among trace elements and other selected soil properties.

Materials and Methods

Ethics statement
Our study area is located in the Yellow River Delta wetland

nature reserve, which is owned by the Chinese government. We

obtained a specific permit from the administration bureau of the

Yellow River Delta National Nature Reserve to conduct this study

in the reserve. Moreover, our sampling sites were not located in

any strictly protected areas and the field studies did not involve

endangered or protected species.

Study area
The study area is located in the Yellow River Delta of China

(37u379480 to 37u489360 N and 119u019 to 119u219 E) (Figure 1). It

has a temperate, continental monsoon climate with distinct

seasons. The annual mean air temperature is 12uC, with 196

frost-free days, and the annual mean precipitation is 552 mm [17].

Soils are characterized as loamy fine sand or coarse sand in all soil

layers with clay content of 5–7% and can be classified as aquents,

aquolls and fluvaquents [18]. The dominant vegetation in tidal salt

marshes include herbaceous plants such as Phragmites australis
and Suaeda salsa and woody plant namely Tamarix chinensis [17].

The vegetation succession in this delta follows the order Suaeda
salsa R Tamarix chinensis R Phragmites australis, and plant

distributions are dominantly controlled by soil salinity. The study

area was consistently influenced by the flow-sediment regulation of

the upstream Xiaolangdi Reservoir from June and July since 2002

[4]. Xiaolangdi Reservoir began storing water in 1999, and

considerable siltation occurred in the reservoir after commission-

ing, with a total sediment trapping of 32.476108 t from 1997 to

2007 [19]. The flow-sediment regulation of the upstream

Xiaolangdi Reservoir has been enforced from June to July since

2002 [17]. For this study, three sampling sites with different

dominant plant species (Table 1) were selected. The three sites are

approximately 100 m away from each other and they were

consistently inundated by tidal seawater (twice every day).

Sample collection and analysis
Soil samples were collected using a soil auger (4.8-cm diam.)

from three sampling sites in summer (August, 2007), fall

(November, 2007), and spring (April, 2008). Well-developed root

systems were observed to depths of 50 cm at P. australis wetland

and T. chinensis wetland, whereas the root zone was confined to

depths of 15–20 cm at S. salsa wetland. Therefore, in each

sampling season, the top 50 cm soils (sectioned into 0–10, 10–20,

20–30, and 30–50 cm) were collected with three or five replicates

in P. australis wetland and T. chinensis wetland, and the top

20 cm soils (sectioned into 0–10 and 10–20 cm) were sampled

with four replicates in S. salsa wetland. A total 120 soil samples

were collected, including 36 samples in P. australis wetland, 60

samples in T. chinensis wetland, and 24 samples in S. salsa
wetland. All soil samples were placed in polyethylene bags and

brought to the laboratory, where they were air dried at room

temperature for three weeks. Some air-dried soils of selected two

profiles at each site in each sampling season were used for soil

particle size analysis. All the other air-dried soil samples were

sieved through a 2-mm nylon sieve to remove coarse debris and

then ground with a pestle and mortar until all particles passed a

0.149-mm nylon sieve for the determination of soil chemical

properties. Soil bulk density cores were also correspondingly

collected using a 184 cm3 cylinder from each soil layer of each soil

profile, oven dried at 105uC for 24 h, and weighed for the

determination of bulk density (BD) and soil moisture.

Plant samples for the aboveground parts (including stems and

leaves) were also collected at each soil sampling site in summer.

They were placed in paper bags after clean washing and

transported to the laboratory. All plant samples were oven dried

at 65uC for 48 h, and ground into fine powder for the

determination of trace metals. Soil and plant samples were

digested with an HClO4-HNO3-HF mixture in Teflon tubes to

analyze total contents of Al, As, Cd, Cu, Pb, and Zn. The solutions

of the digested samples were analyzed by inductively coupled

plasma atomic absorption spectrometry (ICP-AAS). Quality

assurance and quality control were assessed using duplicates,

method blanks and standard reference soil materials (GBW07401)

and standard reference plant materials (GBW07602) from the

Chinese Academy of Measurement Sciences with each batch of

samples (1 blank and 1 standard for each 10 samples). The

recovery rates of samples spiked with standards ranged from 99 to

106% for soils, and from 82–119% for plants. Soil organic matter

(SOM) was measured using dichromate oxidation [20]. Soil pH

and salinity were determined in the supernatants of 1:5 soil and

water mixtures using a pH meter or salinity meter. Soil particle

size was analyzed using a Laser Particle Size Analyzer (Microtrac

Inc., USA).

Enrichment factor (EF)
Enrichment factor (EF) was selected to evaluate possible

anthropogenic inputs of observed sample metals[21]. EF was

defined as EF~ M=Alð Þsample= M=Alð Þbackground , where Msample

and Mbackground are the determined contents of targeted elements

(e.g., As, Cd, Cu, Pb, and Zn) in soil samples and their background

contents, respectively; Al sample and Al background are the

determined content s of Al in soil samples and its background

content, respectively; Al is used the reference element because it is

a conservative lithogenic element presumed not to be enriched due

to local contamination [22]. Contamination categories were

classified based on EF values: EF,2, deficiency to minimal

enrichment; EF = 2–5, moderate enrichment; EF = 5–20, signifi-

cant enrichment; EF = 20–40, very high enrichment; EF.40,

extremely high enrichment [23]. Background values for M

background and Al background in this study were referenced to

background contents in the loess materials of the Yellow River

[24]. Background contents of 62700 mg g21 for Al, 10.7 mg g21 for

As, 0.095 mg g21 for Cd, 21.1 mg g21 for Cu, 21.6 mg g21 for Pb

and 64.5 mg g21 for Zn were used.

Toxic units (TUs)
Toxic units (TUs) are used to normalize the toxicities of various

trace elements to allow for the comparison of the relative effects.

TUs were defined as the ratios of the observed contents to the

probable effect level (PEL) values [25]. PEL values represent the

thresholds of chemical contents above which adverse effects are

likely to occur. The PEL values for marine and estuarine

ecosystem was used in this study (Table 2)[26].

Seasonal Dynamics of Trace Elements in Tidal Salt Marsh Soils

PLOS ONE | www.plosone.org 2 September 2014 | Volume 9 | Issue 9 | e107738



Biological Concentration Factors (BCFs)
Biological concentration factor is the ratio of metal content in

the aboveground parts of plants to metal content in surrounding

soils, which can more accurately describe the plant’s uptake

potential than plant metal content [27].

Statistical analysis
Pearson correlation analysis was performed to determine the

relationships between trace elements and selected soil properties

and the relationships between Al, trace elements, and sand and

clay contents in selected soil profiles. Principal component analysis

(PCA) was used to discriminate soil samples with similar or

different contamination patterns and identify their influencing

factors. Analysis of variance (ANOVA) analysis was implemented

to analyze the differences in trace elements between sampling sites

and seasons. Differences were considered to be significant at p,

0.05. Statistical analysis was performed using the SPSS 16.0 and

Canoco 4.5 software packages for Windows.

Results and Discussion

Soil characteristics in three salt marshes
Selected physical-chemical properties in the top 20 cm soils of

three salt marshes of the YRD are summarized in Table 2. No

significant differences in soil moisture among three seasons in each

sampling sites due to consistent tidal flooding condition. However,

Soils in P. australis wetland contained higher moisture contents in

spring and summer compared to T. chinensis wetland due to less

sand contents in P. australis wetland (p,0.05; Table 2). Bulk

density at each sampling site of the three was lower in spring than

in summer and fall (p,0.05), but there were no significant

differences among three sites in each season. With the exception of

higher SOM level in P. australis wetland than those in T.
chinensis and S. salsa wetlands in fall (p,0.05), no significant

differences were observed among three sites in summer and spring.

Compared to other seasons, higher SOM content appeared in P.
australis wetland in fall, while it was higher in T. chinensis wetland

in spring (p,0.05), which was likely caused by plant litter inputs

and decomposition [5]. All soil samples of three sites exhibited

higher salinities in spring than in summer or fall (p,0.05), which

Figure 1. Location map of three sampling sites in the Yellow River Delta.
doi:10.1371/journal.pone.0107738.g001

Table 1. Ecological characteristics of three sampling sites in different sampling seasons.

Site Location Replicates Sampling time Plant height (m) Plant density (m22)

P. australis wetland 37u43935.10 to 37u439590N 119u129420 to
119u139210E

3 Spring 0.1–0.3 35–50

Summer 1.8–2.2 230–280

Fall 1.8–2.2 190–230

T. chinensis wetland 37u429470 to 37u429520N 119u139490 to
119u149150E

5 Spring 1–1.6 15–30

Summer 1–2 15–30

Fall 1–2 15–30

S. salsa wetland 37u439160 to 37u439340N 119u139360 to
119u139530E

4 Spring 0.05–0.15 100–220

Summer 0.20–0.40 280–580

Fall 0.30–0.45 136–520

Note: Spring = April; Summer = August; Fall = November.
doi:10.1371/journal.pone.0107738.t001
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was associated with the freshwater inputs from the flow-sediment

regulation [4]. Moreover, T. chinensis wetland showed higher soil

salinity (p,0.05) than P. australis wetland or S. salsa wetland in

three seasons as T. chinensis wetland was further away from the

river channel (Figure 1). However, no significant differences in pH

values were observed among three wetlands in spring and fall

except that T. chinensis wetland had lower pH values (p,0.05)

than S. salsa wetland in summer. Both T. chinensis and S. salsa
wetlands showed higher pH values (p,0.05) in fall compared to

spring and summer, which might be associated with weaker soil

respiration in fall as the dissolved CO2 in overlaying water could

decrease pH values [28]. All sampling sites showed higher clay

contents in summer than in spring and fall and sand contents were

also lower in both P. australis and S. salsa wetlands in summer

(p,0.05; Table 2). This indicated that the flow and sediment

regulation in summer brought more clay and silt contents to the

tidal salt marshes [4]. However, no significant differences in sand

or clay contents were observed between spring and fall, which was

associated with tidal seawater erosion [4]. Moreover, soils in P.
australis and S. salsa wetlands contained more clay contents and

less sand contents in summer compared to T. chinensis wetland

(p,0.05). This might be caused by the fact that T. chinensis
wetland is located at the farther distances from the Yellow River

Chanel (Figure 1). In both spring and fall, P. australis wetland had

higher clay contents than T. chinensis and S. salsa wetlands.

Spatial and temporal variations in trace elements in
marsh soils

Profile distributions of these trace elements in three seasons are

shown in Figure 2. Generally, trace element contents exhibited a

decreasing tendency with depth in each season except for As, Cd

and Zn in P. australis wetland and Cd, Cu and Zn in S. salsa
wetland in summer. Prusty et al. [29] also reported that trace

elements such as As, Cu, Pb, and Zn decreased with increasing

depths in wetland ecosystems. This was greatly associated with

plant cycling which lead to trace elements upwards movement

through plant litters and return to surface soils [29,30]. However,

clear seasonal changes in the contents of these trace elements were

observed along soil profiles (Figure 2). Among three seasons, most

soil profiles of three sampling sites exhibited the highest levels of

As, Cd and Zn in summer, followed by spring, whereas the lowest

levels in fall. As for Cu and Pb, lower levels were also observed in

fall compared to summer and spring. The average contents of As,

Cd and Zn in the top 20 cm soils in P. australis and T. chinensis
wetlands were significantly higher in summer than in fall (p,0.05;

Table 3). Similarly, much higher average contents of these trace

elements in the top 20 cm soils were also observed in S. salsa
wetland in summer compared to fall (p,0.05; Table 3). This is

inconsistent with the results by Roychoudhury [12], who presented

that trace metal contents in surface soils were relatively lower in

summer than in winter due to higher wetland plant uptake and

standing stocks of metals in summer. Additionally, Ehlken and

Kirchner [31] reported that higher water contents, lower salinities

and bulk densities increased the potential mobility of metals in soil

solutions. However, all trace elements generally reached their

higher levels in summer in this study, although all soils contained

lower salinities and higher water contents in three sampling sites

after the flow-sediment regulation, and then fell to the lowest levels

in fall. Therefore, the higher trace element contents observed in

summer might be attributed to exogenous inputs of trace metals

(e.g., water and sediment inputs from the flow-sediment regula-

tion) [4,32]. The increased plant uptake of trace elements in the

late fall could explain the lower trace element contents in these

marsh soils in this season, as plants possess efficient root-to-shoot
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translocation systems that are activated at the end of the growing

season [33].

Both Cu and Pb contents in soil profiles were generally lower in

T. chinensis wetland than those in P. australis and S. salsa
wetlands in spring and summer, whereas higher levels of As and

Cd in soil profiles were observed in T. chinensis wetland in

summer (Figure 2). Table 3 also showed that the average contents

of trace elements in the top 20 cm soils were significantly higher in

P. australis and S. salsa wetlands in spring compared to T.
chinensis wetland (p,0.05). Meanwhile, higher levels of Cu and

Pb in P. australis wetland and higher Cd contents in S. salsa
wetland were observed in fall compared to other sites (p,0.05). In

summer, P. australis and S. salsa wetlands exhibited greatly

higher Cu and Pb contents than T. chinensis wetland (p,0.05,

Table 3). The differences in Cu and Pb between sites or sampling

seasons were most likely related to SOM, sand and clay contents

(Tables 4 and 5). Additionally, lower Cu and Pb levels in the top

20 cm soils in T. chinensis wetland in summer compared to S.
salsa wetland might be caused by higher plant uptake as the

aboveground parts of T. chinensis had higher BCFs values for both

Cu and Pb compared to S. salsa (p,0.05; Figure 3). However, it is

difficult to explain much higher BCFs values of T. chinensis for Cd

with higher soil Cd levels (p,0.05; Table 2) than P. australis.
Therefore, the variations in trace element levels among the three

sampling sites might be influenced by the multiple environmental

factors including plant communities, soil properties, and water

levels etc. [34,35,36]. As shown in Figure 4, all trace elements

generally showed similar band-type distribution patterns, indicat-

ing higher levels of these trace elements in P. australis and S. salsa
wetlands higher compared to T. chinensis wetland except for some

soil samples with higher levels of As and Cd. These trace elements

increased linearly with increasing Al content at each sampling site,

which implies that these trace elements and Al might have

common origin.

Assessment of trace element pollution by sediment
quality guidelines (SQGs)

The extent of trace element pollution was assessed by

comparing element contents in marsh soils to the sediment quality

criteria developed by the Chinese Marine Sediment Quality

Criteria (GB 18668-2002) [37] and the sediment quality guidelines

(SQGs)[23] (Table 3). The Chinese Marine Sediment Quality

Criteria indicated that approximately 85–95% of all collected soil

samples in three sampling sites during three seasons exceeded the

Class I criteria (suitable for fisheries and natural waters) but fell

within the scope of Class II criteria (used for industrial and tourism

sites) for As and Cd, and all samples were below the Class I criteria

for Cu, Pb and Zn (Table 3). This supplies that most soil samples

in this region have been moderately polluted by As and Cd. As

shown in Figure 2, the SQGs also indicated that almost all soil

samples along soil profiles at three sites fell within the range

between the threshold effect levels (TELs) and probable effect

levels (PELs) for As and Cu in each of the three seasons, even some

samples of three sites exceed PELs in summer. Moreover, all soil

profile samples at each site exceeded TELs in summer, whereas

they were below TELs in both spring and fall. However,

approximately 85% of soil profile samples in this region didn’t

exceed TELs for Pb in three seasons, and almost all soil profile

samples at each site exhibited much lower Zn contents than TELs

in each season. This implies higher potential risks of As, Cu and

Cd in soil profiles of this region. Therefore, it is still required to

control heavy metal pollution (i.e., As, Cu and Cd) in this region,

as higher trace elements may make it more difficult to restore the

degraded living habitat [36].

Figure 2. Profile distributions of As and heavy metals in marsh soils with P. australis (a), T. chinensis (b) and S. salsa (c) in three
sampling seasons.
doi:10.1371/journal.pone.0107738.g002
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Enrichment factors of trace elements in marsh soils
Although the contents of trace elements were lower in the YRD

than in most large rivers and estuaries [4], trace element pollution

in the YRD is increasingly serious due to continuous disturbances

caused by human activities and sediment movements [36,38].

Trace element contents in the upstream loess were used as

indicators to determine the enrichment levels for trace elements in

the soils. Figure 5 shows the proportions of enrichment levels in

marsh soils at three sampling sites in each season. Cd levels in all

soil samples were at the significant enrichment level in three

seasons. As levels in almost 95% of soil samples were at a moderate

enrichment level. Comparatively, more than 90% of soil samples

showed minimal enrichment levels of Cu, Pb and Zn in three

sampling sites in each season. Both P. australis and T. chinensis
wetlands showed higher enrichment levels of Cd and lower

enrichment of Cu, Pb, and Zn in summer than in both spring and

fall, which was associated with higher BCFs of Cu, Pb and Zn and

lower BCFs of As and Cd at both sites (Figure 3). Moreover,

almost all EF values of As and Cd and more than 50% of EF

values of Cu, Pb and Zn for all soils in three seasons exceeded 1.5,

indicating that a significant portion of metal is delivered from non-

crustal materials, or non-natural weathering processes, so anthro-

pogenic sources might be an important contributor [39]. Bai et al.

[4] also presented that the flow-sediment regulation could elevate

the levels of trace metals.

Ecotoxicity assessments of trace elements
The potential acute toxicities of contaminants in soil samples

can be estimated using the toxic unit (TU) index, which is the ratio

of the determined content to the probable effect level (PEL) [26].

The TUs, the sum of toxic units (gTUs) and relative contributions

of trace elements at each soil layer in the YRD are illustrated in

Figure 6. The mean TUs value of each element at three sites

decreased in the order of As . Zn . Cu . Pb . Cd in each of

Table 3. Mean contents of As and heavy metals in the top 20 cm soils of three sampling sites during the whole sampling period
(mg kg21 dry weight).

As Cd Cu Pb Zn

P. australis sites

Summer 35.862.4a1 0.960.1a1 30.765.5a1 28.5665.3ab1 95.1611.0a1

Fall 23.064.8b1 0.560.1b12 29.261.5a1 25.2761.3b1 74.765.7b1

Spring 29.863.5c1 0.660.1b1 33.564.3a1 32.962.4ac1 91.2610.4a1

T. chinensis sites

Summer 41.963.2a2 1.260.2a2 23.062.3a2 22.462.8a2 93.9613.1a2

Fall 24.763.4b1 0.560.0b2 22.161.4a2 19.462.8a2 72.0610.7b1

Spring 24.164.5b2 0.460.0b2 21.461.6a2 20.161.8a2 62.564.5c2

S. salsa sites

Summer 40.566.4a2 0.960.1a1 37.761.7a1 29.961.9a1 106.363.8a2

Fall 25.261.8b1 0.660.0b1 22.062.1b2 19.962.4b2 66. 966.2b1

Spring 34.561.4c1 0.760.0bc3 34.563.7a1 33.764.5a1 92.169.5c1

Sediment Quality Criteria of China*

Class I 20 0.5 35 60 150

Class II 65 1.5 100 130 350

Class III 93 5 200 250 600

SQGs{

TEL 7.2 0.68 18.7 30.2 124.0

PEL 41.6 4.2 108.2 112.2 271.0

a,b different letters represent significant differences between three seasons at each site.
1,2 different numbers represent significant differences between three sites in each season.
* National Standard of P.R. China [37].
{ SQGs: Sediment Quality Guidelines for marine ecosystem; TEL: threshold effect level; PEL: probable effect level [23].
doi:10.1371/journal.pone.0107738.t003

Table 4. Relationships between soil texture and Al and heavy metals in typical profiles from three sampling sites in three sampling
seasons.

Al As Cd Cu Pb Zn

Sand 20.743** 20.306* 20.259* 20.805** 20.753** 20.121

Clay 0.758** 0.305* 0.263* 0.850** 0.756** 0.276*

* represents significant correlation at the level of p , 0.05;
** represents significant correlation at the level of p , 0.01.
n = 60.
doi:10.1371/journal.pone.0107738.t004
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three seasons. As and Cd in all soil samples had much higher TUs

in summer compared to spring and fall. Generally, the gTUs

decreased with depth along soil profiles. The gTUs for surface

soils (0–10 cm) in S. salsa wetland in spring or in T. chinensis
wetland in summer were much higher than those for all the other

soil samples of the three sites, but neither exceeded the moderate

toxicity level (gTUs = 4;) [25]. The order of the gTUs in the top

20 cm soils of three sampling sites in spring was S. salsa wetland .

P. australis wetland .T. chinensis wetland. Additionally, the

gTUs for all soil layers at the three sites reached higher levels in

summer than in fall and spring. The gTUs for each layer were

higher in P. australis and S. salsa wetlands than T. chinensis
wetland in spring, whereas they exhibited similar gTUs levels at

three sites in summer and fall.

The values of the gTUs increased from spring to summer and

then decreased to their lowest levels in fall. This corresponded to

the temporal variations in trace element contaminations during

the three sampling seasons which was closely related to the input

flow containing trace elements from upstream during the flow-

sediment regulation period from June to July. Tixier et al. [40]

presented that the storm water exhibited the seasonally varying

toxicity of trace elements with high toxicity in spring and recovery

in fall, which was caused by the Terraview–Willow field storm

water management facility. The gTUs for all soil layers of the

three sampling sites were less than 4, suggesting low ecotoxicity in

the current YRD soils. This is consistent with the result by Gao

and Chen [41], who presented that the surface sediments showed

no or low ecotoxicity of trace elements in the coastal Bohai Bay.

However, As manifested the highest contribution ratios (ranging

from 24.4 to 53.7%) to the gTUs at three sites in each of the three

seasons compared to other trace elements (Figure 6). Therefore,

the soils were ‘As toxic’ (with TUs for As greater than 0.5),

indicating that As might have greatly negative effects and

ecological risks on some or all of the environmental components

[42].

Relationships between trace elements and soil physico-
chemical properties

The correlation analysis between trace elements in the marsh

soils of each sampling site was performed to assess possible co-

contamination from similar sources. As shown in Table 4,

significantly positive correlations among all trace elements (i.e.,

As, Cd, Pb, Cu, and Zn) were observed, suggesting that these trace
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Figure 3. Biological concentration factors of the aboveground
parts of plants in each site. abc Different letters on the error bars
represent significant differences (p,0.05).
doi:10.1371/journal.pone.0107738.g003

Seasonal Dynamics of Trace Elements in Tidal Salt Marsh Soils

PLOS ONE | www.plosone.org 7 September 2014 | Volume 9 | Issue 9 | e107738



elements in marsh soils might originate from common source.

Figure 4 also exhibited that the linear relationships between Al

and these trace elements at each sampling site, which implies that

these trace elements and Al were greatly associated with the

upstream loess materials with higher Al contents of the Yellow

River (62700 mg g21) [24]. Moreover, Al and these trace elements

were significantly correlated with sand and clay contents (Table 4),

indicating that higher clay contents in August (Table 2) would

contribute to these trace element accumulation. Therefore, the

upstream flow-sediment regulation in June could take main

responsibility for the accumulation of these trace elements in the

delta in the studied period due to no other pollution source inputs

in the study area. This is also supported by the result of Bai et al.

[4], who presented that the upstream flow-sediment regulation

contributed to elevating trace element contents in surface soils in

this delta.

Table 5 showed the negatively linear correlations between

salinity and Al, Cu, Pb and Zn in the study area (p,0.01). This is

in agreement with the results presented by Du Laing et al. [43],

indicating increasing salinity might enhance the mobility of these

metals in soils, as the chloro complex formation and the

substitution of Ca2+ and Mg2+ in the exchange positions could

promote the mobility of heavy metals [44]. Additionally,

Manousaki et al. [45] found that salinity could favor metal

accumulation in shoots of salt cedars, thus decreasing soil metal

contents. Bulk densities exhibited negative correlations with Cu

and Pb in all soils, implying that lower bulk densities in saturated

substances with higher SOM favored the accumulation of both

metals. Numerous studies reported that SOM and soil pH played

important roles in determining the fates of heavy metals in soils

[11,46]. SOM can act as a major sink for heavy metals due to its

strong complexing capacity for metallic contaminants [47]. In this

Figure 4. Relationships between the contents of aluminum (%) and trace elements (mg/kg) in all soil samples in the Yellow River
Delta.
doi:10.1371/journal.pone.0107738.g004
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study, SOM showed a positive linear relationship with Cu, Pb and

Zn (p,0.01; Table 5). Most researchers presented that subalkaline

environments could decrease the mobility of metals and increase

the ability of soil to stabilize metals [11,36,48]. However, in this

study, soil pH values were negatively correlated with As and Cd

(p,0.01; Table 5). This was most likely due to plant uptake or

leaching as alkalization will increase metal leaching at higher pH

ranges (8–10) [46,49]. Sulfur exhibited significantly positive

correlations with Cu, Pb and Zn (p,0.01) due to the deposition

of metal sulphates (i.e., CuS, PbS and ZnS) under anaerobic

conditions [4]. Moreover, Kumpiene et al. [46] reported that the

presence of one contaminant (e.g., Cu or Pb) can decrease the

stabilization efficiency of another contaminant (e.g., Zn) due to

competition for sorption sites. Therefore, heavy metals levels in the

marsh soils could be impacted by such factors as moisture, salinity,

SOM, pH values, sulfur and the interactions between trace

elements.

To assess the relationships between spatial distribution patterns

of trace elements and several environmental factors (including 5

soil parameters), PCA was implemented to characterize the

variations in trace element contents among sampling sites. The

factor loading scores in the biplot (Figure 7) exhibited a clear

separation amongst P. australis, T. chinensis and S. salsa wetlands

and amongst spring, summer, and autumn along the first principal

component (PC) accounting for 75.1% and the second PC

accounting for 16.0% of the variance. As shown in Figure 7,

three main groups can be clearly identified. The red plate

contained the soils collected in spring, the yellow plate contained

the soils collected in summer, and the blue plate included the soils

collected in fall. It appears that the sampling seasons play an

important role in shaping the spatial distribution patterns of As

and heavy metals in marsh soils. However, the soils in T. chinensis
wetland in spring did not fall into the red plate but entered or

attached to the blue plate, suggesting that the distribution patterns

Figure 6. The sum of the toxic units (gTUs) and toxic
contribution of each metal at each soil layer of three sampling
sites in three seasons (a) Spring; (b) Summer; (c) Fall.
doi:10.1371/journal.pone.0107738.g006

Figure 5. Box-plots of enrichment factors of trace elements in
all soil samples of each site of the three in three seasons (a)
Spring; (b) Summer; (c) Fall. Straight lines represent the EF = 2 or 5;
dash line represents EF = 1.5.
doi:10.1371/journal.pone.0107738.g005
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of trace elements in those soils are more similar to those in T.
chinensis and S. salsa wetlands in fall than those in P. australis
and S. salsa wetlands in spring.

PCA exhibited that the strongest determinants of the distribu-

tion patterns of trace elements in spring were soil moisture, S,

SOM and pH value, while the strongest influencing factors in fall

were soil salinity and soil texture. Obviously, salinity, water

content and soil texture controlled the distribution patterns of

trace elements in T. chinensis and S. salsa wetlands, while SOM, S

and soil pH values were the dominant factor in P. australis
wetland. All trace elements with the longest arrows in the summer

group testified the highest accumulations of trace elements in

summer, especially in P. australis and S. salsa wetlands with

herbaceous plants. The results obtained from the PCA were

consistent with the results derived from the correlation analysis.

Although spatial distribution patterns of trace elements were

dominantly controlled by sampling seasons due to the flow-

sediment regulation, the effects of plant species on their

distributions in soils could not be ignored due to different plant

accumulation capabilities for different species (Figure 3). As shown

in Figure 7, in the same season plate, sampling sites with the same

plant community were clustered together. This was because plant

roots can significantly affect plants’ abilities to transfer metals

[50,51], as they employed a variety of ways to alleviate the stresses

from root zone pollution through increasing the rate of root

exudation as a result of losses of membrane integrity or of

breakdowns in normal cell metabolism [52,53]. The fixation and

stabilization of trace elements by plants originating from

physiological characteristics (e.g., root exudation in response to

underground stress) were different between herbaceous plants (P.
australis and S. salsa)) and woody plant (T. chinensis). Addition-

ally, eclogical characteristics of plants (e.g., plant density) might

also affect the responses of plants to trace elements, especially

under the interactive impacts of water and salt in the tidal salt

marshes. This implies that marsh soils with different plant

communities might maintain different capabilities for immobiliz-

ing trace elements at the same pollution level (Figure 3). Further

studies are needed to investigate the impacts of land cover changes

on these trace elements.

Conclusions

Obvious spatial and seasonal changes in trace elements in

wetland soils in the intertidal salt marshes were observed. The

higher trace element contents (especially As and Cd) in summer

compared to spring and fall suggested the contribution of the flow-

sediment regulation (from June to July) to pollutants from upper

reaches deposition and accumulation in the delta and higher self-

purifying capabilities of these salt marshes. This implies that these

tidal salt marshes can alleviate the effects of the upstream flow-

sediment regulation. Higher trace element contents in these soils

were closely correlated to soil properties such as soil moisture,

salinity, sulfur, SOM, soil texture and pH value. It is noted that

sampling seasons had dominant impacts on the spatial distribution

patterns and ecotoxicity of trace elements in soils in this study.

Therefore, seasonal changes in trace element contamination

should be taken into account in tidal wetlands especially in tidal

wetlands with great hydrological fluctuations. We also observed

that marsh soils with herbaceous plants (P. australis and S. salsa)

had higher trace element accumulation than woody plant (T.
chinensis). Although all soil samples showed lower ecotoxicity,

higher ecotoxicity of As in each of the three seasons should attract

our concerns in this region. Moreover,it is important to

continuously monitor these trace elements in coastal wetland soils

to identify the ecological and environmental effects of hydrological

engineering. The findings of this study could contribute to wetland

conservation and management in coastal regions affected by the

hydrological engineering. Further studies of the final fate and

transport of these trace elements and plant uptake mechanism

under water and salt stress in coastal wetlands will greatly

contribute to trace element pollution control in coastal region.

Acknowledgments

The authors are grateful to the Editor and two anonymous reviewers for

their valuable comments and suggestions. We also express our thanks to

other members of our research group for their field work.

Author Contributions

Conceived and designed the experiments: JB RX. Performed the

experiments: QZ QL JW. Analyzed the data: JB KR. Contributed

reagents/materials/analysis tools: JB KR. Wrote the paper: JB RX KR.

References

1. Carpenter B, Haltmeier R, Wilde C (1997) Dredged sediments disposal. Journal

of Water Environment Technology 9: 47–50.

2. Yeloff DE, Labadz JC, Hunt CO (2005) The suitability of a south Pennine (UK)

reservoir as an archive of recent environmental change. Journal of Paleolimnol-

ogy 34: 339–348.

3. Bai JH, Cui BS, Xu XF, Gao HF, Ding QY (2009) Heavy metal contamination

in riverine soils upstream and downstream of a hydroelectric dam on the

Lancang River, China. Environmental Engineering Science 26: 941–946.

4. Bai JH, Xiao R, Zhang K, Gao H (2012) Arsenic and heavy metal pollution in

wetland soils from tidal freshwater and salt marshes before and after the

Figure 7. Ordination plots of the PCA results for surface soil
samples. The direction of an arrow indicates the steepest increase in
the variable, and the length indicates the strength relative to other
variables. S, sulfur; BD, bulk density; SOM, soil organic matter; WC,
moisture. No. 1, 2, 3 represent three replicates of P. australis wetland in
spring; No. 4, 5, 6 represent three replicates of P. australis wetland in
summer; No. 7, 8, 9 represent three replicates of P. australis wetland in
fall; No. 10, 11, 12, 13, 14 represent five replicates of T. chinensis wetland
in spring; No. 15, 16, 17, 18, 19 represent five replicates of T. chinensis
wetland in summer; No. 20, 21, 22, 23, 24 represent five replicates of T.
chinensis wetland in fall; No. 25, 26, 27, 28 represent four replicates of S.
salsa wetland in spring; No. 29, 30, 31, 32 represent four replicates of S.
salsa wetland in summer; No. 33, 34, 35, 36 represent four replicates of
S. salsa wetland in fall.
doi:10.1371/journal.pone.0107738.g007

Seasonal Dynamics of Trace Elements in Tidal Salt Marsh Soils

PLOS ONE | www.plosone.org 10 September 2014 | Volume 9 | Issue 9 | e107738



flow-sediment regulation regime in the Yellow River Delta, China. Journal of

Hydrology 450–451: 244–253.
5. Reddy KR, DeLaune RD (2008) Biogeochemistry of Wetlands: Science and

Applications, 1st Ed., CRC Press, Boca Raton, FL.

6. Bai JH, Xiao R, Cui BS, Zhang KJ, Wang QG, et al. (2011) Assessment of heavy
metal pollution in wetland soils from the young and old reclaimed regions in the

Pearl River Estuary, South China. Environmental Pollution 159: 817–824.
7. Gambrell RP (1994) Trace and toxic metals in wetlands—A review. Journal of

Environmental Quality 23:883–891.

8. Grabowski LA, Houpis JLJ, Woods WI, Johnson KA (2001) Seasonal
bioavailability of sediment-associated heavy metals along the Mississippi river

floodplain. Chemosphere 45: 643–651.
9. Zhang WG, Feng H, Chang JN, Qu JG, Xie HX, et al. (2009) Heavy

metalcontamination in surface sediments of Yangtze River intertidal zone: an
assessment from different indexes. Environmental Pollution 157: 1533–1543.

10. Wang LL, Yang ZF, Niu JF, Wang JY (2009) Characterization, ecological risk

assessment and source diagnostics of polycyclic aromatic hydrocarbons in water
column of the Yellow River Delta, one of the most plenty biodiversity zones in

the world. Journal of Hazard Materials 169: 460–465.
11. Bai JH, Yang ZF, Cui BS, Gao HF, Ding Q Y(2010) Some heavy metals

distribution in wetland soils under different land use types along a typical plateau

lake, China. Soil &Tillage Research 106: 344–348.
12. Roychoudhury AN (2007) Spatial and seasonal variations in depth profile of

trace metals in saltmarsh sediments from Sapelo Island, Georgia, USA. Estuarry,
Coast and Shelf Science 72: 675–689.

13. Brandt SA (2000) Classification of geomorphological effects downstream of
dams. Catena 40: 375–401.

14. Hollert H, Keiter S, König N, Rudolf M, Ulrich M, et al. (2003) A new sediment

contact assay to assess particulate-bound pollutants using Zebrafish (Daniorerio)
embryos. Journal of Soils and Sediments 3: 197–207.

15. Zhao YM, Song C S (1995) Scientific Survey of the Yellow River Delta Natural
Reserve. China Forestry Press, Beijing, pp. 26–30.

16. Li SN, Wang GX, Deng W, Hu YM, Hu WW (2009) Influence of hydrology

process on wetland landscape pattern: A case study in the Yellow River Delta.
Ecological Engineering 35: 1719–1726.

17. Cui BS, Tang N, Zhao XS, Bai JH (2009) A management-oriented valuation
method to determine ecological water requirement for wetlands in the Yellow

River Delta of China. Journal for Natural Conservation 17:129–141.
18. Soil Survey Staff (2010) Keys to Soil Taxonomy, 11th ed. USDA-Natural

Resources Conservation Service, Washington, DC.

19. Peng J, Chen S, Dong P (2010) Temporal variation of sediment load in the
Yellow River basin, China, and its impacts on the lower reaches and the river

delta. Catena 83, 135–147.
20. Page AL, Miller RH, Keeney DR (1982) Methods of Soil Analysis Part 2:

Chemical and Microbiological Properties, 2nd edn., American Society of

Agronomy, and Soil Science Society of America, Madison. WI., pp. 539–579.
21. Selvaraj K, Ram Mohan V, Szefer P (2004) Evaluation of metal contamination

in coastal sediments of the Bay of Bengal, India: geochemical and statistical
approaches. Marine Pollution Bulletin 49: 174–185.

22. Chabukdhara M, Nema AK (2012) Assessment of heavy metal contamination in
Hindon River sediments: A chemometric and geochemical approach. Chemo-

sphere 87: 945–953.

23. Han Y, Du P, Cao J, Eric SP (2006) Multivariate analysis of heavy metal
contamination in urban dusts of Xi’an City, China. Science of the Total

Environment 355, 176–186.
24. China National Environmental Monitoring Center (CNEMC)(1990) Chinese

Elemental Background Values for Soils. Chinese Environmental Science Press,

Beijing.
25. Pedersen F, Sjbrnestad E, Andersen HV, Kjlholt J, Poll C (1998) Character-

ization of sediments from Copenhagen harbour by use of biotests. Water Science
and Technology 37: 233-240.

26. Long ER, MacDonald DD (1998) Recommended uses of empirically derived,

sediment quality guidelines for marine and estuarine ecosystems. Human and
Ecological Risk Assessment 4: 1019–1039.

27. Madejón P, Murillo J, Maranon T, Cabrera F, Soriano M (2003) Trace element
and nutrient accumulation in sunflower plants two years after the aznalcollar

mine spill. Science of the Total Environment 307: 239–257.
28. Mitsch WJ, Gosselink JG (2007) Wetlands, 4th ed. John Wiley Inc, New York.

29. Prusty B, Kumar A, Azeez PA (2007) Vertical distribution of alkali and alkaline

earth metals in the soil profile of a wetland-terrestrial ecosystem complex in
India. Austrianl Journal of Soil Research 45: 533–542.

30. Gregorauskiene V, Kadunas V (2006) Vertical distribution patterns of trace and

major elements within soil profile in Lithuania. Geological Quarterly 50: 229–

237.

31. Ehlken S, Kirchner G (2002) Environmental processes affecting plant root

uptake of radioactive trace elements and variability of transfer factor data: a

review. Journal of Environmental Radioactivity 58: 97–112.

32. Lassabatere L, Winiarski T (2004) Retention of three heavy metals (Zn, Pb, and

Cd) in a calcareous soil controlled by the modification of flow with geotextiles.

Environmental Science & Technology 38: 4215–4221.

33. Bragato C, Schiavon M, Polese R, Ertani A, Pittarello M, et al. (2009) Seasonal

variations of Cu, Zn, Ni and Cr concentration in Phragmites australis (Cav.)

Trin ex steudel in a constructed wetland of North Italy. Desalination 246: 35–44.

34. Beth R, Ehrenfeld JG, Haggblom MM (2003) A comparison of sediment

microbial communities associated with Phragmites australis and Spartina
alterniflora in two brackish wetlands of New Jersey. Estuaries 26: 465–474.

35. Zehetner F, Rosenfellner U, Mentler A, Gerzabek MH (2009) Distribution of

road salt residues, heavy metals and polycyclic aromatic hydrocarbons across a

highway-forest interface. Water, Air and Soil Pollution 198: 125–132.

36. Nie M, Xian NX, Fu XH, Chen XF, Li B (2010) The interactive effects of

petroleum-hydrocarbon spillage and plant rhizosphere on concentrations and

distribution of heavy metals in sediments in the Yellow River Delta, China.

Journal of Hazard Materials 174: 156–161.

37. National Standard of PR China (2002) Marine Sediment Quality (GB18668-

2002).Standards Press of China, Beijing (in Chinese).

38. Zhang J, Huang WW, Martin JM (1988) Trace metals distribution in huanghe

(Yellow River) estuarine sediments. Estuary Coast and Shelf Science 26: 499–

516.

39. Feng H, Han X, Zhang W, Yu L (2004) A preliminary study of heavy metal

contamination in Yangtze River intertidal zone due to urbanization. Marine

Pollution Bulltin 49: 910–915.

40. Tixier G, Rochfort Q, Grapentine L, Marsalek J, Lafont M (2012) Spatial and

seasonal toxicity in a stormwater management facility: Evidence obtained by

adapting an integrated sediment quality assessment approach. Water Research

46(20): 6671–6682.

41. Gao XL, Chen CT (2012) Heavy metal pollution status in surface sediments of

the coastal Bohai Bay. Water Research 46: 1901–1911.

42. Lacutusu R (2000) Appraising levels of soil contamination and pollution with

heavy metals. Research Report No. 4, European Soil Bureau.

43. Du Laing G, De Vos R, Vandecasteele B, Lesage E, Tack FMG, et al. (2008)

Effect of salinity on heavy metal mobility and availability in intertidal sediments

of the Scheldt estuary. Estuary, Coast, Shelf Science 77: 589–602.

44. Doner HE (1978) Chloride as a factor in mobilities of Ni (II), Cu (II), and Cd (II)

in soil. Soil Science Society of American Journal 42: 882–885.

45. Manousaki E, Kokkali F, Kalogerakis N (2009) Influence of salinity on lead and

cadmium accumulation by the salt cedar (Tamarix smyrnensis Bunge). Journal

of Chemical Technology & Biotechnology 84: 877–883.

46. Kumpiene J, Lagerkvist A, Maurice C (2008) Stabilization of As, Cr, Cu, Pb and

Zn in soil using amendments-a review. Waste Management 28: 215–225.

47. Gonzalez ZI, Krachler M, Cheburkin AK, Shotyk W (2006) Spatial distribution

of natural enrichments of arsenic, selenium, and uranium in a minerotrophic

peatland, Gola di Lago, Canton Ticino, Switzerland. Environmental Science &

Technology 40: 6568–6574.

48. Ullrich SM, Ramsey MH, Helios-Rybicka E (1999) Total and exchangeable

concentrations of heavy metals in soils near Bytom, an area of Pb/Zn mining

and smelting in Upper Silesia, Poland. Appllied Geochemistry 14: 187–196.

49. Hartley W, Edwards R, Lepp NW (2004) Arsenic and heavy metal mobility in

iron oxide-amended contaminated soils as evaluated by short- and long-term

leaching tests. Environmental Pollution 131: 495–504.

50. Audet P, Charest C (2008) Allocation plasticity and plant-metal partitioning:

meta-analytical perspectives in phytoremediation. Environmental Pollution 156:

290–296.

51. Mench M, Morel JL, Guckert A, Guillet B (1988) Metal-binding with root

exudates of low-molecular weight. Journal of Soil Science 39: 521–527.

52. Neumann G, Römheld V (2001) The Release of Root Exudates as Affected by

the Plant’s P hysiological Status. Marcel Dekker Inc, New York.

53. Chiang PN, Wang MK, Chiu CY, Chou SY (2006) Effects of cadmium

amendments on low-molecular-weight organic acid exudates in rhizosphere soils

of tobacco and sunflower. Environmental Toxicology 21: 479–488.

Seasonal Dynamics of Trace Elements in Tidal Salt Marsh Soils

PLOS ONE | www.plosone.org 11 September 2014 | Volume 9 | Issue 9 | e107738


