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Abstract

Purpose Due to the impacts of natural processes and anthro-
pogenic activities, different coastal wetlands are faced with
variable patterns of heavy metal contamination. It is important
to quantify the contributions of pollutant sources, in order to
adopt appropriate protection measures for local ecosystems.
The aim of this research was to compare the heavy metal
contamination patterns of two contrasting coastal wetlands
in eastern China. In addition, the contributions from various
metal sources were identified and quantified, and influencing
factors, such as the role of the plant Spartina alterniflora, were
evaluated.

Materials and methods Sediment samples were taken from
two coastal wetlands (plain-type tidal flat at the Rudong
(RD) wetland vs embayment-type tidal flat at Luoyuan Bay
(LY)) to measure the content of Al, Fe, Co, Cr, Cu, Mn, Mo,
Ni, St, Zn, Pb, Cd, and As. Inductively coupled plasma atomic
emission spectrometry, flame atomic absorption spectrometry,
and atomic fluorescence spectrometry methods were used for
metal detection. Meanwhile, the enrichment factor and
geoaccumulation index were applied to assess the pollution
level. Principle component analysis and receptor modeling
were used to quantify the sources of heavy metals.
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Results and discussion Marked differences in metal distribu-
tion patterns between the two systems were present. Metal
contents in LY were higher than those in RD, except for Sr
and Mo. The growth status of S. alterniflora influenced metal
accumulations in RD, i.e., heavy metals were more easily
adsorbed in the sediment in the following sequence: Cu>
Cd>Zn>Cr>Al>Pb>Ni>Co>Fe>Sr>Mn>As>Mo as a re-
sult of the presence and size of the vegetation. However, this
phenomenon was not observed in LY. A higher potential eco-
logical risk was associated with LY, compared with RD, ex-
cept for Mo. Based on a receptor model output, sedimentary
heavy metal contents at RD were jointly influenced by natural
sedimentary processes and anthropogenic activities, whereas
they were dominated by anthropogenic activities at LY.
Conclusions A combination of geochemical analysis and
modeling approaches was used to quantify the different types
of natural and anthropogenic contributions to heavy metal
contamination, which is useful for pollution assessments.
The application of this approach reveals that natural and an-
thropogenic processes have different influences on the deliv-
ery and retention of metals at the two contrasting coastal wet-
lands. In addition, the presence and size of S. alterniflora can
influence the level of metal contamination in sedimentary
environments.

Keywords Anthropogenic activities - Coastal wetland -
Contamination assessment - Heavy metal sources - Natural
sedimentary process - Spartina alterniflora

1 Introduction

The transport and accumulation of heavy metals are of great

concern in environmental and ecological research because of
their inherent toxicity, multiple sources, persistence, and non-
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degradability (Wang et al. 2013a; Zhang et al. 2013).
Quantifying the contamination and evaluating the relative im-
portance of different pollutant sources are crucial to the man-
agement and conservation of wildlife habitats, the mainte-
nance of the ecosystem integrity, and the protection of envi-
ronmental health for society (Lin et al. 2013). Natural trans-
port processes of heavy metals mainly depend on the presence
and transport of fine-grained sediment, which is an efficient
sink for heavy metals, with the capacity to concentrate and
retain heavy metals which is related to its unique physical
(grain size, surface area, and charge) and chemical (composi-
tion, cation exchange capacity) properties (Horowitz and
Elrick 1987). Furthermore, the bed morphology, hydrodynam-
ic processes, and vegetation in the wetland also influence
heavy metal transport and accumulation (Duarte et al. 2010;
Zhou et al. 2010; Almeida et al. 2011; Chen and Torres 2012).
In addition, rapid industrialization and economic development
are accompanied by severe environmental problems (Fang
et al. 2012). Anthropogenic processes, such as mining, fossil
fuel consumption, and agricultural activities, represent impor-
tant heavy metal sources (Dietz et al. 2009; Garcia-Tarrason
etal. 2013), which contribute significantly to the enhancement
of heavy metal contents in coastal wetlands, particularly over
the last few decades (Dietz et al. 2009; Garcia-Tarrason et al.
2013; Pisani et al. 2013; Li et al. 2013a, b). It is critical to
obtain an improved understanding of the current pollution
status and sources of heavy metals in coastal wetlands because
of their ultimate relevance to the sustainable development of
impacted ecosystems and public health.

Geostatistical methods and techniques, such as the
geostatistical methods and techniques, the geoaccumulation
index (/gc0), and receptor modeling, have long been used to
determine the pollution status and the diverse sources of heavy
metals. Heavy metal enrichment factor (EF) and /., are useful
in evaluating the anthropogenic influences on the sediment
and identifying the sources of heavy metals in riverine, estu-
arine, and coastal environments (Miiller 1979; Zhang and Liu
2002; Feng et al. 2004; Fang et al. 2009; Zhang et al. 2009).
Receptor modeling, based on multi-linear regression of the
absolute principal component score (MLR-APCS), is also
widely used for deriving quantitative estimates of the types
and relative importance of the sources (Thurston and Spengler
1985; Song et al. 2006). These methods have been used in
research assessing coastal wetland heavy metal pollution sta-
tus and their controlling factors (Bai et al. 2012; Maanan et al.
2013; Liet al. 2013a, b; Zhang et al. 2013; Hu et al. 2013).

Owing to the differences in tidal processes and the patterns
of sediment supply, the coasts in eastern China exhibit spatial
variations in tidal flat sedimentation and geomorphology (Gao
et al. 2014). For instance, on the coasts to the north of
Hangzhou Bay (Fig. 1), huge quantities of sediment supply
from the Yellow and Yangtze rivers form thick Holocene se-
quences on the inner continental shelf, where the coastal water

@ Springer

depth is shallow. Thus, wide tidal flats have developed on the
coasts of Bohai Bay and northern Jiangsu, forming the low-
lying coastal plains (Wang and Zhu 1990). In contrast, to the
south of Hangzhou Bay, the coasts are characterized by nu-
merous embayments which are controlled by the various
faulting activities. Here, fine-grained particles from the
Yangtze River are dispersed towards the south, and the local
smaller rivers on the Zhejiang and Fujian coasts also provided
some sediment input, which has resulted in the formation of
tidal flat systems within the embayments since the late
Holocene (Wang and Zhu 1990). In order to compare and
identify the heavy metal pollution status and the related
sources, we chose two representative tidal flat wetlands
(Fig. 1) as our study areas: the Ru Dong wetland (RD) on
the Jiangsu coast (located to the north of Hangzhou Bay)
characterized by a plain-type tidal flat and the Luoyuan wet-
land (LY) within a coastal embayment (located to the south of
Hangzhou Bay) (Sun et al. 2010; Zhang 2010; Chen 2011;
Zhang et al. 2011; Gao et al. 2012; Liao et al. 2012; Li et al.
2012; Yu 2013). A common characteristic of both systems is
that the upper part of the wetland has been mostly reclaimed,
and the upper intertidal flats are widely covered by the exotic
species Spartina alterniflora which was introduced to the re-
gion in the 1980s. However, they have different ecological
features in response to their different geological backgrounds
(Wang and Ye 2013; Gao et al. 2014).

Some heavy metals (Zn, Hg, Pb, and Cu) have shown po-
tential biological toxicity in the tidal flats adjacent to the RD
area (Li et al. 2012), whereas the contamination level for Cd
and As in fishes and crustaceans of the Yellow Sea off the
Jiangsu coast is relatively high (Sun et al. 2010). The heavy
metal contents in the LY sediments are generally higher than
the background values, with Ni and Co being the major pol-
lutants. The LY wetland can be ranked as moderate in terms of
the potential ecological risk (Gao et al. 2012), which is related
to the coastal industrial distribution and development (Yu
2013). Thus, there are differences in terms of pollution level
and the main pollution sources between the RD and LY wet-
lands. In the present contribution, we (i) compared the differ-
ences of the heavy metals between these two systems based on
statistical analysis and the receptor model and (ii) identified
the sources of heavy metals as well as their influencing factors
on heavy metal pollution.

2 Materials and methods

2.1 Study area description and sample collections

The RD wetland (Fig. 1) is located in the northern Yangtze
River delta, Jiangsu Province. It lies within the monsoon cli-

mate zone, controlled by the alternative oceanic and continen-
tal climates during a year. The average temperature is around



J Soils Sediments

120°0'0"E

116°0'0"E 120°0'0"E 124°0'0"E
34°0°0"N-
Boha
36°0°0"N S BN p—
32°0°0"N-
a
30°0'0"N 30°00"N
ea
31°0°0"N-
120°0'0"E
24°0'0"N 24°0'0"N
119°300"E
116°0'0"E 120°0°0"E 124%0'0"E
e
26°30"0"N-
Legend
e Sampling site
W S. alterniflora salt marsh
= Tideland for cultivation 26°00"N

119°30'0"E

121°0'0"E

121°00"E

122°0'0"E

-35°0°0"N

3400°N .RS
ea 5
R4
K
[}
33°00"N Rlg R2
32°00"N
R7
31500 | 10
R11
_R8
122°00"E
12000
26°300"N I$
\ .]_44
® 03
Jise L8
@
G iy
4
26°00"N Ll4e
a le .Ll3
Ll0g
® LIl
Y, %9
{ ]

120°0'0"E

Fig. 1 Location of sampling sites and the surrounding environment of the study area

27.1°Cin July and 17.3 °C in October (Ren 1986). This coast
exhibits regular semi-diurnal tides, and tide levels range be-
tween minimum 0.21 m and maximum 8.42 m, with an aver-
age of 4.61 m; on the tidal flat, the currents are stronger during
the flood than during the ebb tide currents (Ren 1986). In
addition, the coastal waters are affected by the northern
Jiangsu coastal current, Yangtze freshwater discharge, and
the Taiwan warm current. The sediment is mostly supplied
by the coastal erosion of the abandoned Yellow River delta
and the Yangtze River (Wan and Zhang 1985; Li et al. 2001).
There are silts and sands in the bare flat, while the bed material
is dominated by silts in the S. alterniflora salt marshes (Wang
etal. 2012).

The LY wetland (Fig. 1) is located on the northeastern
Fujian coast, surrounded by the Luoyuan and Huangqi penin-
sulas. It is a typical semi-enclosed bay caused by tectonic
movement. The LY area has a subtropical monsoon climate,

with a regular semi-diurnal tide. The average flood and ebb
durations are 6.35 and 6.07 h, respectively, with an average
tidal range of 4.98 m. The currents within the bay are influ-
enced by the bathymetry/topography. The intertidal zone here
is approximately 2—5 km wide, with a gentle tidal flat slope
(<0.1 %). The sediment supply originates from external
sources, mainly composed of clay—silty materials, which orig-
inate from the Yangtze River and a number of small rivers
discharging into Zhejiang—Fujian coastal waters, with the for-
mer being the major source. The river discharges are
transported by the shelf currents towards the study area.

In total, 27 stations were sampled at the RD and LY wet-
lands (Fig. 1). Eleven sampling stations were located at the
RD wetland (R1-R11). Stations R1-R5 were situated along a
landward—seaward transect perpendicular to the coastline,
whereas R6-R11 were arranged along the coastline. Station
R1 was located in the transition zone of S. alterniflora and
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Table 1 Statistical results of

heavy metals in two contrasting Range Median ~ Mean SD CV/%  Skewness  Kurtosis BV
coastal wetland ecosystems and
the background values (BV) of Rudong wetland ecosystem (RD)
heavy metals in shallow marine Al 67,588-37,120 58,667 54,672 10,890  19.92 —0.43 —-1.40 58,100
sediment (silts) of the Chinese Fe  28902-15868 24,147 23,743 4110 1731 —0.66 ~039 29,000
mainland sediment-shallow
marine silt (mg kg ) As  10.06-4.22 5.86 6.68 1.81 2704 0.62 046 730
Cd 0.17-0.06 0.10 0.11 0.04 34.20 0.60 -0.73 0.07
Co 19.13-10.47 16.30 15.79 2.96 18.75 —0.63 —-0.78 11
Cr 63.74-28.35 53.21 47.58 12.97 27.26 -0.37 -1.45 60
Cu 12.32-2.60 6.15 6.66 3.30 49.59 0.48 -1.13 15
Mn 617-390 541 529 75 14.17 —0.65 -0.31 540
Mo 11.61-7.77 10.00 10.04 1.11 11.05 -0.29 0.62 0.60
Ni 28.89-15.67 25.34 23.74 441 18.57 —0.60 —0.83 23
Pb 8.04-3.24 6.29 6.06 1.52 25.01 —0.54 —0.50 19
Sr 227-128 205 189 34.93 18.47 —0.93 -0.53 222
Zn 110-46 80 76 20.83 27.35 —-0.01 -1.20 62
Luoyuan wetland ecosystem (LY)
Al 76,407-37,299 50,435 52,113 10,936  20.99 0.93 0.62 58,100
Fe 41,115-35,418 39,152 38,456 1888 491 -0.45 -1.10 29,000
As 14.92-7.03 7.93 8.65 2.15 24.82 2.24 541 7.30
Cd 0.23-0.06 0.10 0.11 0.05 40.92 1.23 1.77 0.07
Co 25.59-21.59 23.51 23.65 1.20 5.06 0.03 —-1.00 11
Cr 86.42-63.56 75.48 75.82 6.54 8.62 —0.03 —-0.59 60
Cu 22.18-18.74 20.83 20.67 1.19 5.77 —0.17 -1.31 15
Mn 1562-808 1052 1095 255 23.25 0.68 —0.58 540
Mo 3.19-0.05 1.65 1.57 0.90 57.33 —0.02 —0.52 0.60
Ni 45.54-39.38 41.72 42.35 1.96 4.64 0.44 —1.04 23
Pb 26.37-16.21 19.63 19.82 2.98 15.02 0.68 —0.03 19
Sr 98.83-48.71 56.58 60.74 15.11 24.88 1.92 2.92 222
Zn 282-117 155 167 43 25.84 1.49 2.98 62
SD standard deviation, CV coefficient of variance
Suaeda glauca, which was inundated only on spring tides.
S. alterniflora was present in high densities at R2 and R3. . Silt

Station R4 was located in the transitional zone of
S. alterniflora and the bare flat. The average height of
S. alterniflora at R1-R4 was approximately 180 cm at the
time of sampling. Station RS was located on the bare flat, in
an area covered with fine sand. In comparison, the R6—11 area
was characterized by a patchy distribution of the younger
S. alterniflora with an average height of 50 cm, with R6,
R8, and R10 showing S. alterniflora vegetation cover and
R7, RY, and R11 lacking vegetation cover, i.e., the bare flat,
but lying adjacent to the S. alterniflora marsh.

In the LY sampling area, L1-1.4, L5-L8, and L9-L12 were
arranged in three transects perpendicular to the coastline.
Stations L1-L4 were located in the north of the bay.
S. alterniflora was present at L1 and L2: S. alterniflora plants
at L1 were about 185 cm high, while younger S. alterniflora
(90 cm high) plants were found distributed at L2. Station L3
was on the bare flat, but near to the S. alterniflora salt marsh.
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Fig.3 Heavy metal content variations (mg kg ™) (i.e., Cr, Zn, Sr, Mn, Fe, and Al) in surface sediments from two contrasting coastal wetland ecosystems

Hence, stations L2 and L3 represent the transitional zone be-
tween the marsh and the bare flat, with S. alterniflora vegeta-
tion exhibiting a patchy distribution. Station L4 was also sit-
uated on the bare flat, but close to the low water level. The

T T T T T

L2 L3 14 L5 L6 L7 L8 L9 LIOL11L12L13L14
LY Station

transect L5-L8 lay in the middle of the LY bay; here,
S. alterniflora plants were present at L5 and L6, while L7
and L8 were on the bare flat. Stations L6 and L7 represented
the transitional zone between the S. alterniflora vegetation

@ Springer



J Soils Sediments

Cd Vzzzzzzz2d - Spartina alterniflora

1 Bareflat

0.2 - 0.2

Z% A VIIE
0.1 - %% 2 - %% - 0.1
8 ANanenen BanlnansRRAND

20 -

10 - 10

AR h

] I I
NN

[
|
|
|
|
|
|
|
|
l
|
l
|
|
|
|

As I

10 - 7 | =[] Fo
w N zalng
5 % - - % éé g -5
i 51N
Mo I
10—7777% 7 7_7_i - 10
5 | 5

| _

0 H /) lm%l_ll—l A1l =l
25 {Cu : - 25
20 | AA[] _ M — Al — 7 |20
15 - I/?: 7% 7% - 15
10 - % | 7 - 10
_ %% | _
) % %ﬂ%ﬂ%l—l%l—l: 7 )
25 -{Co | —— . — - 25
20 :77@ 77‘ 2| |11 | »
15 - 7 | - 15
10 é | - - 10
5 g I n -5
so:Ni | - 50
40 - IVV_—77—_7777_——_40
i | L
uE PRl | / / o
10 - % H H I 7 ¢ - 10

Rl1 R2 R3 R4 R5 R6 R7 R8 RO RIORI1 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10L11L12L13L14
RD Station LY Station

@ Springer



J Soils Sediments

« Fig. 4 Heavy metal content variations (mg kg™ ') (i.e., Cd, Pb, As,
Mo, Cu, Co, and Ni) in surface sediments from two contrasting
coastal wetland ecosystems

and the upper bare flat. Transect L9-L14 was located in the
south of the bay. Stations L9-L11 were covered with
S. alterniflora plants, with plant heights decreasing from L9
to L11, while stations L12—-L14 were located on the bare flat.

Samples were taken during ebb tides when the tidal flat was
exposed to the air in the period July 9-11, 2010. At each of the
stations, four replicate samples were collected by means of
modified syringe corers (29-mm internal diameter) to a depth
of 8 cm. All the cores were sliced into sub-samples of 2-cm
intervals and stored in polyethylene bags at —20 °C, until
further analysis in the laboratory.

2.2 Experiments and analyses
2.2.1 Grain size analysis

Sediment grain size was analyzed by using a laser particle size
analyzer (Mastersizer 2000, Malvern Instruments Limited,
England). For analysis, 1-2 g of sediment sample was placed
into a Teflon beaker filled with 20 ml of distilled water, with
the addition of ~1 g of sodium hexametaphosphate (NaPOs)g4
to disperse particles; after 24 h of incubation in the (NaPOs)g4
solution, sediment grain size distribution data were obtained
using the Mastersizer 2000. Each sample was measured three
times, and the relative error of repeated measurements was
<3 % (Cheng et al. 2001).

2.2.2 Heavy metal analysis

The analysis of heavy metals was carried out using the acid
digestion protocol following Lu (2000). The sample was first
dried (105 °C), disaggregated, and ground in an agate mill to
pass the mesh size of 100 um. Then, 0.2 g of the dried sample
was digested with 3 ml hydrochloric acid (HCI) and 2 ml nitric
acid (HNO;) in a Teflon reactor (20 min, 80 °C), and the
residue was digested further with 5 ml hydrofluoric acid
(HF) and 0.25 ml perchloric acid (HCIOy) (4 h, 80-100 °C),
then heated with 1.5 ml hydrochloric acid, 0.5 ml hydrogen
peroxide (H,0,), and 3 ml purified water for 2 min, and final-
ly diluted in distilled water for metal measurements.
Concentrations of most metals (i.e., Al, Fe, Co, Cr, Cu, Mn,
Mo, Ni, Sr, and Zn) were determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES,
Optima 5300DV, PerkinElmer, USA). Concentrations of Pb
and Cd were measured using flame atomic absorption spec-
trometry (FAAS, 180-80, Hitachi, Japan). Sample solution
was aspirated by a pneumatic analytical nebulizer and trans-
formed into an aerosol, which was then introduced into a
spray chamber, where it was mixed with the flame gases and

conditioned in such a way that only the finest acrosol droplets
enter the flame. Element composition was determined based
on the absorption of optical radiation by free atoms in the
gaseous state (Broekaert 2005). The element As was measured
by using the atomic fluorescence spectrometry (AFS, 610A,
Beijing Ruili Analytical Instrument Company, China) meth-
od, where the sample material was brought into an atom res-
ervoir and excited by absorbing monochromatic radiation
emitted by a primary source. Then, the fluorescence radiation
emitted, which may have the same or longer wavelength, was
measured (Broekaert 2005).

2.3 Statistical analyses
2.3.1 Enrichment factor

The heavy metal enrichment factor (EF) has been widely used
for detecting heavy metal sources and their contamination in
riverine, estuarine, and coastal environments (Zhang and Liu
2002; Feng et al. 2004; Fang et al. 2009; Zhang et al. 2009).
The EF is commonly defined as the ratio of the observed metal
to aluminum (Al) in the sample of interest divided by the
background metal/Al ratio, as expressed below (Sinex and
Wright 1988):

o (M/AD, 0

(M /Al

where (M/Al), is the metal to Al ratio in the sample and (M/
Al)g is the natural background metal to Al ratio. As Al is one
of the most abundant elements on Earth and poses no concern
for contamination risk, it is therefore commonly used for nor-
malization purposes (Zhang et al. 2009). The background
values (Table 1) utilized here are the contents of heavy metals
of shallow marine sediment (silt) from the Chinese mainland
(Zhao and Yan 1994).

In terms of the assessment criteria, EF values <0.5
reflect mobilization and loss of these elements relative
to Al, or indicate an overestimation of the reference
metal contents (Zhang 1995). If the values lie between
0.5 and 1.5, then the trace metals may be entirely from
crustal materials or natural weathering processes; a val-
ue >1.5 implies that a significant portion of the trace
metal originates from non-crustal material (Zhang and
Liu 2002). According to Han et al. (2006), contamina-
tion determination is classified into two categories: EF<
2 suggests a deficiency of minimal metal enrichment,
while EF>2 indicates metal enrichment.

2.3.2 Geoaccumulation index

The geoaccumulation index (/4,), which was initially intro-
duced by Miiller (1979), is used to define metal contamination
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in sediments by comparing the present-day concentrations
with pre-industrial levels:

Cy
]geo = logz <ISB> (2)

where C,, is the measured heavy metal content in the sed-
iment (n refers to the metal) and B, is the background content
of the same heavy metal (n). The constant 1.5 in the denom-
inator is the background matrix correction factor related to
lithogenic effects, whereas the background values of heavy
metals of interest are the same as those used in the EF calcu-
lation outlined above (Table 1). Seven classes are distinguish-
able for the geoaccumulation index from class 0 (/g,<0) to
class 6 (Iyeo>5) (Miiller 1979); class 6 represents at least a
100-fold enrichment above the background values.

2.3.3 Principle component analysis

Principle component analysis (PCA) is a powerful technique
for pattern recognition that attempts to explain the variance of
a large set of inter-correlated variables and transform them
into a smaller set of independent (uncorrelated) variables
(principal components, PCs). The first step in this analysis is
to transform the elemental data into a dimensionless standard-
ized form:

Cij — @ (3)

o

where i is the total number of elements, j is the sample
number, ¢;; is the concentration of element i in sample /, and
¢; and o; are the arithmetic mean concentration and the stan-
dard deviation for element i, respectively. The PCs are
expressed as (Singh et al. 2005):

zkj = a1 C1j + apCaj + ayCsj + -+ + aiCiy (4)

where z is the component score, a is the component loading, C
is the dimensionless standardized concentration of the ele-
ment, and & is the component number. The situations of factor
loading >0.75, for both positive and negative correlations,
were taken into account (Retnam et al. 2013). For the analyt-
ical procedure, PCA was conducted using the software SPSS
13.0.

2.3.4 Receptor modeling

Receptor modeling, based on multi-linear regression of the
absolute principal component score (MLR-APCS), is a widely
employed statistical technique for deriving quantitative esti-
mates of source contributions and source profiles (Thurston
and Spengler 1985). Firstly, in order to normalize data of PCA
results, the “absolute zero” PC score was introduced and
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estimated for each PC wherein all the elemental concentra-
tions are zero. This was accomplished by deriving the Z-score
for absolute zero concentrations as follows.

(Zg), = LG =& (5)

i i

Then, regression was used to derive the source contribu-
tions, which is expressed as:

P
M;=Co+ Y GAPCS; (6)
k=1

where M is the measured mass contents in sample j. In the
equation, APCS’;; denotes the rotated absolute component
score for source k in sample j; thus, (tAPCS; represents the
mass contribution in sample j made by source k. (, is the
contribution made by sources that are not included in the
PCA. Finally, the source profiles were obtained from the re-
gression between c; and (GAPCSy;. Using this, the source
contributions to individual species can be calculated from
the source profiles and the mass contributions (Song et al.
20006).

3 Results
3.1 Sediment grain size

The different size fractions of the sediments from RD and LY
are shown in Fig. 2. In RD, sand and silt represent the major
components at almost all sampling sites, with the clay content
<10 %. Sand content increased gradually from land towards
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Fig. 5 Heavy metal distributions in the sediment from tall Spartina
alterniflora (TSA) salt marsh, short S. alterniflora (SSA) salt marsh,
and bare flat (BF) in the RD coastal wetland. (Contents: Fe and Alx
1000; As/10; Cd/100; Mnx 10; Srx 10)
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the sea (i.e., from R1 to RS), reaching a maximum at RS.
However, at all the LY sampling stations, silt proportions were
highest, followed by the clay (24-29 %) and sand (0.34—
2.47 %) fractions. These different sediment compositions in-
dicate that the RD and LY wetland ecosystems are substan-
tially different in terms of depositional environment.

3.2 Heavy metal accumulation
3.2.1 Heavy metal accumulation in the sediments

The summary statistics for heavy metals are shown in Table 1.
Most heavy metals at both coastal wetlands exceeded the re-
spective regional background values of the shallow marine silt
deposits, except for Fe, Cu, and Pb in the RD wetland and Sr
at LY. AtRD, all coefficient of variation (CV) values exceeded
10 % (11.05-49.57 %), indicating a large variability in heavy
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metal accumulations at the different RD stations. Similarly,
some heavy metals (e.g., Cd and Mo) also showed large var-
iability between the different sampling stations at LY (CV
values >40 %). However, some other heavy metals (e.g., Fe,
Co, Cr, Cu, and Ni) showed less variability between the sam-
pling sites (CV values <10 %) at LY.

As illustrated in Figs. 3 and 4, there were large differences
in heavy metal contents between the two coastal wetlands.
Most heavy metals (e.g., Fe, Mn, Zn, Cr, Pb, Cu, Co, and
Ni) were more abundant in the LY sediments compared to
the RD sediments, especially for Mn, Pb, and Cu, for which
the sediment accumulation was over twice the value observed
in the RD sediments. However, some heavy metals (e.g., Sr
and Mo) were much less abundant in the LY sediment com-
pared to the RD sediments. The sediment heavy metal content
of other metals, such as Al, Cd, and As, did not exhibit any
clear differences between RD and LY.

L1

Mn
Mo
Ni
Pb
Sr
Zn

L12

L11

eromqe

Fig. 6 Polar plot of heavy metal enrichment factor values in the sediments in both coastal wetland ecosystems (R represents Rudong (RD) coastal
wetland; L is Luoyuan (LY) coastal wetland)
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At each coastal wetland, certain heavy metals displayed a
uniform accumulation pattern (e.g., Mn and Pb at RD; Sr, Fe,
Cu, Co, and Ni at LY), whereas other metals exhibited a large
variation among the sites. Along the transects perpendicular to
the shoreline (i.e., R1-R5 in RD; L9-L 14 in LY), some heavy
metal contents decreased towards the sea (e.g., for As and Cu
in RD; Cd in LY), but this was not a general trend. Along the
coastline, the sediment content values of most heavy metals at
the RD wetland decreased from north to the south, except for
Zn, As, and Mo. However, this pattern was not observed for
the LY stations, except for Mn.

3.2.2 Comparison of heavy metal accumulation
between the S. alterniflora salt marsh and the bare flat

At the RD coastal wetland, heavy metals in the S. alterniflora
salt marsh sediments exhibited greater accumulation levels
than in the bare flat sediments (Figs. 3 and 4). Differences
were also present between the tall S. Alterniflora (TSA) salt
marsh, the short S. alterniflora (SSA) salt marsh, and the bare
flat (BF) at the RD coastal wetland (Fig. 5). For most heavy
metals, the TSA salt marsh sediments contained the highest
concentrations, followed by the SSA salt marsh and the BF
sediments. However, this trend was not observed for Pb, Cd,
and Cu. The element Mo showed a different accumulation
pattern compared to the other heavy metals, with the highest
concentrations observed in the SSA salt marsh. Generally,
however, our observations indicate that the growth condition
(i.e., size) of S. alterniflora is an important influencing factor
for heavy metal accumulation.

The heavy metal contents at LY showed complex varia-
tions between S. alterniflora salt marshes and the bare flat
(Figs. 3 and 4). There were no differences in accumulation

patterns between the S. alterniflora salt marsh and the bare
flat for Fe, Cu, Co, and Ni. For other heavy metals, accumu-
lation levels at S. alterniflora stations were greater than those
at the bare flat, but the reverse trend was also found.

3.3 Contamination assessment

The EF values of most heavy metals at LY were higher than
those at RD except for Mo (Fig. 6), indicating a generally
higher contamination level at LY compared to RD. The higher
EF value of Mo at RD suggests a specific anthropogenic im-
pact in this area. In addition, the EF values for Cd at R3 and
R4 were greater than that of R2, implying significant Cd con-
tamination at these two sites. At LY, the EF values of most
heavy metals (except for Fe, Cr, Pb, and Sr) were >2, indicat-
ing a high degree of heavy metal contamination in this area.

The Iy, values for the RD wetland were generally <0 (ex-
cept for Cd, Co, and Mo ), suggesting low contamination
levels (Fig. 7), but the /,, value of Mo here was >3, indicating
a moderate Mo pollution. At LY, Cd, Co, Mn, Mo, Ni, and Zn
Iyeo values were >0, with Mo and Zn values >1, implying that
Mo and Zn contribute most to heavy metal pollution in this
area (Fig. 8).

4 Discussion

4.1 Heavy metal sources in the two coastal wetlands

The PCA and receptor modeling (MLR-APCS) were used to
identify the sources of heavy metals for the two coastal wet-

land systems. The PCA generated three PCs for RD and four
PCs for LY, with an eigenvector >1, explaining 92.4 % (RD)
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and 83.3 % (LY) of the total variance in the heavy metal data
sets. The corresponding sources, together with the variable
loadings and variances explained, are listed in Table 2.

For the RD data set, PC1 (explaining 60.75 % of the total
variance) had strong positive loadings (>0.80) of Al, Fe, Cd,
Co, Cr, Cu, Mn, Ni, Pb, Sr, and Zn. Based on their EF values,
these heavy metal concentrations are lower than or close to
their background values in the region, except for Cd, Co, Ni,
and Zn, suggesting that the majority of these heavy metals are
mainly controlled by natural sedimentary processes.
Therefore, PC1 in the RD coastal wetland can be seen as
representative of natural source factors. PC2 (explaining
12.45 % of total variance) has strong positive loadings for
As. There is an extremely small amount of As in the natural
environment, but it is an important component of chemical
fertilizers and insecticides. There is a large number of farming
activities in the coastal area, and it has been reported that
fermented chicken manure is being used for aquaculture
ponds, which enriches the coastal water masses since the
wastewater is discharged from the ponds (Liu et al. 2013).
Thus, PC2 is here assumed to represent the agriculture impact
on heavy metals at the RD coastal wetland. PC3 has strong
positive loadings for Mo, which can be interpreted as an in-
dustrial source, because Mo is the important raw material in
the local industry.

For the LY coastal wetland, four main sources of heavy
metals were identified by the PCA analysis. Among these
four, PCI1 explained 26 % of total variance and had strong
positive loadings of Fe, Co, Cu, Mn, and Ni. These heavy
metal contents were all beyond the background values, and
both the EF and Iy, values were relatively high, indicating
that anthropogenic activities can be associated with this PC1
axis. There are many factories that use iron, steel, and nickel

T T T T T T T T T

T T
L4 LS L6 L7 L8 L9 L10 L11 L12 L13 L14

around the LY coastal area. Therefore, PC1 was assumed to
represent industrial sources. PC2, explaining about 23 % of
total variance, had strong positive loadings of the metals Al
and Sr and a negative loading for Cr. Al and Sr in the LY
coastal area were both lower than the background values,
and PC2 was hence assumed to represent the influence of
natural sedimentary processes. PC3 had strong positive

Table2 Loadings of heavy metals on significant principal components
for the Rudong and Luoyuan (RD and LY) coastal wetlands

RD coastal wetland LY coastal wetland

PC1 PC2 PC3 PCl PC2 PC3 PC4
Al 097 020 007 020 089 018 -024
Fe 092 022 028 089 037 -0.09 -0.01
As 015 097 -0.02 -0.13 001 013 089
Cd 0.92 -0.09 -0.02 -025 001 077 0.19
Co 093 022 025 081 -041 -0.12 0.07
Cr 094 026 001 029 —-086 021 —0.15
Cu 0.83 038 000 066 —0.18 —054 039
Mn 0.87 026 029 072 -0.13 -022 -029
Mo 0.11 -0.03 098 —-034 013 —-08/ 032
Ni 0.88 031 033 075 011 022 020
Pb 0.82 040 -0.02 —-0.17 042 080 0.13
Sr 095 006 005 004 093 022 001
Zn 091 000 011 025 -0.07 -0.09 085
Total 9.07 162 132 338 29 246 2.03
% of Variance 69.75 1245 10.19 26.00 22.80 18.90 15.60
Cumulative % 69.75 8220 9239 26.00 48.80 67.70 83.30

Italicized values represent strong loadings

@ Springer



J Soils Sediments

loadings of both Cd and Pb, but strong negative loadings of
Cu and Mo, potentially representing traffic and emission
sources, since Pb has been widely used as an antiknocking
additive in petrol (Prosi 1989) and can persist in soils and
sediments for decades. However, considering the widespread
use of Pb in many industrial activities, we cannot exclude
industrial contributions to PC3 in this case. PC4 had strong
positive loading for As and Zn, representing an agriculture
source because there is an extremely small amount of As in
the natural environment and As and Zn are both important
components of chemical fertilizers and insecticides.

The PCA results together with the EF and I, values sug-
gest that heavy metals in both wetlands are strongly influ-
enced by natural sedimentary processes, agricultural input,
industrial activities, and traffic vehicle emissions.
Quantification of contributions from the different sources of
heavy metals, based on receptor modeling results from MLR-

APCS for source apportionment, is presented in Table 3.
Multiple regression results indicated very close agreement be-
tween the estimated and measured mean values. The relative
contributions of different sources of heavy metals are shown
in Figs. 9 and 10. For the RD coastal wetland, most of the
heavy metal sources were attributed to the natural sedimentary
environment to a large degree, with contributions between
3.89 % (Mo) and 80.18 % (Cr). A few heavy metals, like
Mo and As, could be ascribed to industrial sources (93.57 %
for Mo) and agriculture activities (71.35 % for As). Some
other sources that contributed to heavy metal accumulations,
especially for Cd (48.03 %) and Sr (31.23 %), were not iden-
tified by the methods used here. The situation was quite dif-
ferent at LY. Most of the contributions were distributed along
the axis of industrial activities, agriculture activities, and traf-
fic vehicle emissions. Most heavy metals, such as Fe, Co, Cr,
Cu, Mn, and Ni, were contributed by local industrial activities

Table 3 Source contribution for

each heavy metal in Rudong and Parameters Source type Estimated Observed R

Luoyuan (RD and LY) coastal mean (E) mean (O)

wetlands using receptor modeling S1 S2 S3 S4

results from multi-linear

regression of the absolute RD coastal wetland

principal component score Al 63.44 10.87 12.06 - 54,671.91 54,671.84 0.98

(MLR-APCS) Fe 52.43 10.61 4236 - 2374336 2374342 098
As 13.62 71.35 - - 6.68 6.68 0.96
Cd 51.97 - - - 0.11 0.11 0.85
Co 56.90 11.10 40.42 - 15.80 15.79 0.97
Cr 84.12 18.98 1.81 - 47.55 47.58 0.96
Cu 135.79 52.02 - - 6.65 6.66 0.84
Mn 40.63 10.15 35.45 - 529.55 529.43 0.92
Mo 3.89 - 93.57 - 10.04 10.04 0.98
Ni 53.80 15.71 53.16 - 23.75 23.74 0.99
Pb 67.46 27.19 - - 6.06 6.06 0.83
Sr 57.54 2.82 8.41 - 189.12 189.10 0.90
Zn 81.56 0.21 26.34 - 76.18 76.15 0.85

LY coastal wetland

Al 18.59 - 88.00 17.27 52,112.64 52,112.59 0.92
Fe 1.83 - 89.79 - 38,456.29 38,456.44 0.94
As 0.31 175.40 - 14.87 8.65 8.65 0.83
Cd 0.49 61.91 - 145.74 0.11 0.11 0.69
Co - 2.70 84.12 - 23.65 23.65 0.85
Cr - - 50.89 8.24 75.79 75.82 0.89
Cu - 17.74 77.39 - 20.66 20.67 091
Mn - - 344.60 - 1095.00 1095.09 0.69
Mo 7.25 140.76 - - 1.59 1.57 0.89
Ni 0.52 7.42 71.49 475 42.35 42.35 0.67
Pb 6.35 1591 - 56.09 19.82 19.82 0.87
Sr 22.97 1.26 20.77 24.84 60.74 60.74 091
Zn - 173.85 134.51 - 166.86 166.73 0.79

S1 natural sedimentary processes, S2 agriculture activities, S3 industrial activities, S4 traffic vehicle emission
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Fig.9 Source contributions for heavy metals in the Rudong coastal wetland (RD) based on receptor modeling results from multi-linear regression of the

absolute principal component score (MLR-APCS)

with a contribution rate of more than 50 %. Other heavy
metals (i.e., As and Mo) were derived from agriculture activ-
ities, accounting for 92 and 95 % of their presence, respective-
ly. Traffic vehicle mission is mostly linked to Cd (70 %) and
Pb (56 %). Natural sedimentary processes also contributed to
heavy metal concentrations in the area, but the contribution
rate is <20 %, so there are other sources of heavy metal pol-
lution in this area. Overall, heavy metals from the RD coastal
wetland were jointly influenced by natural sedimentary pro-
cesses and anthropogenic activities, whereas in the LY coastal
wetland, the heavy metal sources are dominated by anthropo-
genic activities.

4.2 Effect of sedimentary environment on heavy metal
accumulation

One of the most important factors regulating element avail-
ability in salt marsh ecosystems is the hydrodynamics which
govern sediment transport and vegetation zonation as well as a
variety of physical, chemical, and biological processes
(Williams et al. 1994). Meanwhile, hydrologic processes are
closely related to the seabed morphology of the coastal area,
which also affects the variability of metal accumulation within
the coastal area (Du Laing et al. 2009).

The RD coastal wetland is located on the Jiangsu coast, an
open coastal zone, consisting of a huge tidal flat plain and
wide intertidal zone. In the last 2000 years, due to the large

Nat.

quantities of sedimentary materials supplied from the Yangtze
and Yellow Rivers, large-scale lowland plains were formed,
and its area is now greater than 20,000 km?”. A radial sand
ridge field is located off the shore, covering an area of 25,
000 km?>. Meanwhile, large-scale tidal flats are formed, with
an area of >5000 km?, and their width is generally >10 km.
The prograding tidal flat from land to sea typically consists of
salt marsh, mud flat, and silt/sand flat (Ren 1986). This type of
tidal flat provides ideal conditions for material exchange be-
tween sea water and the sediments. Salt marsh sediments are
periodically inundated by saline water during high tides, and
this water mass slowly leaches out as groundwater at low tide.
In the mud flat and lower marsh areas, which are flooded for
prolonged periods, the groundwater table is at or near the
sediment surface. When sediment layers are exposed under
oxygenated conditions, stable phases of metals are the most
adsorbed species. Important adsorbing phases are Fe/Mn hy-
droxides, carbonates, organic matter, and clay minerals.
Waterlogging of salt marsh sediments restricts atmospheric
oxygen diffusion into the sediment and thus promotes the
development of anoxic sediment, which plays major roles in
the potential flux of metals from sediment to surface water
(Du Laing et al. 2009). This is a reason for the metal content
to decrease from land towards the sea. In addition, significant
positive correlations between elements and clay-size sedi-
ments at RD (Table 4) suggest that the local fine-size sediment
plays an important role in the metal accumulation at the RD
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Fig. 10 Source contributions for heavy metals in the Luoyuan coastal wetland (LY based on receptor modeling results from multi-linear regression of

the absolute principal component score (MLR-APCS)
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Table 4 Pearson correlation (PC) coefficients between the elements and the grain size fractions in the Rudong and Luoyuan (RD and LY) coastal

wetlands
Al Fe As Cd Co Cr Cu Mn Mo Ni Pb Sr Zn
RD coastal wetland
Clay 0.66" 0.61" 0.47 0.52 0.60" 0.63" 0.88"" 0.63" 0.19 0.64" 0.66" 0.46 0.44
Silt 0.30 0.30 0.45 031 0.27 0.27 0.62" 0.32 020 033 0.38 0.05 0.19
Sand -035  —034  —046 034 -032 032  -066  —0.37 -020 -037 —042  —0.10 —022
LY coastal wetland
Clay  —0.05 024  —051 0.14 041 0.29 0.25 069"  —0.03 047 037  —029 0.08
Silt 007  —0.07 0.45 038 -028  —025  —0.02 -0.05 -0.25 037 0.51 0.38 0.12
Sand  -0.12  —0.05  -0.16 —046 0.13 0.15  —0.05 -0.26 025 -059" -032 -027 —0.12

* correlation is significant at the 0.05 level (two-tailed); ™" correlation is significant at the 0.01 level (two-tailed)

coastal wetland, because the smaller particles (as opposed to
larger particles) have a larger surface area to volume ratio and
are able to adsorb metals in the sediment (Zhang et al. 2002).

The type of sedimentary environment (i.e., coastal plain
tidal flat) at RD is favorable for both metal accumulation
and salt marsh plant growth (e.g., S. alterniflora). The growth
of S. alterniflora can have a substantial effect on heavy metal
accumulation in the sediments of the coastal area (Zhang et al.
2014). Comparison of the heavy metal contents ratio between
tall S. alterniflora (TSA)/bare flat (BF) and short
S. alterniflora (SSA)/bare flat clearly demonstrates the greater
heavy metal retention for TSA for all metals, except for Mo
(Fig. 11). It has been confirmed that S. alferniflora is a tolerant
plant, with more Cu being retained in the roots to provide
suitable conditions for its various important metabolic activi-
ties, including photosynthesis in the aboveground parts (Chai
et al. 2014). In addition, the high tolerance of S. alterniflora
with regard to other metals (e.g., Cd, Pb, Hg, and Zn) has been
reported by Li et al. (2013a). The capacity of S. alterniflora to
promote metal adsorption in the sediments varies greatly be-
tween different heavy metals: Cu>Cd>Zn>Cr>Al>Pb>Ni>
Co>Fe>Sr>Mn>As>Mo. Metal tolerance mechanisms in
plants are attributed mainly to compartmentation, metal
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Fig. 11 Ratios of different elements between tall Spartina alterniflora

and bare flat or between short S. alterniflora and bare flat
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excretion, and chelation (Tomsett and Thurman 1988;
Prasad 1997; Gomez 2013).

In contrast, the LY coastal wetland is a typical semi-closed
bay (geologically controlled, embayment-type tidal flat). The
LY wetland is relatively narrow compared to the RD wetland.
As a result, the slope of the tidal flat is comparatively large.
The sediment here is mainly supplied externally (e.g., Yangtze
River sediment carried by shelf currents) and by the local
small rivers. A residual circulation is present within the em-
bayment, which is controlled by tidal processes and the seabed
bathymetry. Land reclamation has been undertaken in the up-
per tidal flat, together with cultivation activities beyond the
sea dyke (Wang and Ye 2013). The narrow tidal flat and weak
tidal currents reduce the intensity of sediment—seawater
interaction.

Some studies have indicated that in the S. alterniflora salt
marsh at LY, the surficial sediment often erodes at the early
stage of flood tide and at the late stage of ebb tide (Wang and
Ye 2013). Meanwhile, typhoons occur frequently here in sum-
mer, enhancing the turbulent kinetic energy and bottom shear
stress greatly and causing intense erosion during the typhoon
events. The erosion flux during the whole tidal cycle can reach
40 kg m2. After the typhoon events, the bottom shear stress
decreases gradually, leading to deposition of the suspended
sediment (Wang and Ye 2013). Another study reported that
during a single typhoon event, the sediment layer formed in a
2-year period could be eroded (Wang et al. 2013b). A new
sediment layer will form after the typhoon events, which
could redistribute the metals and change their fates in the
sediments. Thus, typhoons can modify and create the sedi-
ment (re)deposition, which further influences the element de-
livery and accumulation processes.

5 Conclusions

Marked differences in heavy metal distribution patterns were
found between the two coastal wetland systems. The
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sedimentary metal contents associated with the embayment-
type tidal flat (e.g., LY) were generally higher than those for a
low-lying coastal plain tidal flat (e.g., RD) except for Sr and
Mo. The presence of S. alterniflora had a strong influence on
the accumulation of heavy metals in the RD area, but this was
less significant in the LY area.

AtRD, the presence and growth status of the S. alterniflora
vegetation influenced the metal accumulation; the presence of
S. alterniflora caused greater heavy metal accumulation com-
pared to the bare flats, and tall vegetation caused greater heavy
metal accumulation than small vegetation. In addition, heavy
metals were more easily adsorbed in the sediment in the fol-
lowing sequence: Cu>Cd>Zn>Cr>Al>Pb>Ni>Co>Fe>
Sr>Mn>As>Mo, under the influence of S. alterniflora.
However, this phenomenon is not observed at LY.

The LY coastal wetland faces a higher potential ecological
risk than the RD coastal wetland, except for Mo; Mo pollution
is serious in the RD coastal wetland. Based on the receptor
model output, the heavy metal accumulation at the RD coast is
jointly influenced by natural sedimentary processes and an-
thropogenic activities, whereas it is dominated by anthropo-
genic activities at the LY coastal wetland.

The type of sedimentary environment determines the fate
of' metals in the sediment; the plain-type tidal flat is a favorable
environment with great potential for material exchanges.
However, such interactions are relatively weak for narrow,
coastal embayment-type tidal flats, although typhoon events
may modify and create new sediment accumulation condi-
tions, which in turn influence the element delivery and accu-
mulation processes.
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