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Abstract To understand the temporal variations and bioac-
cumulation of heavy metals in the coastal marshes, the
concentrations of heavy metals (Cr, Ni, Pb, and Cu) in the
two Suaeda salsa marshes [middle S. salsa marsh (MM)
and low S. salsa marsh (LM)] of the Yellow River estuary
were determined from May to November in 2008 by in situ
sampling and inductively coupled plasma mass spectrome-
try (ICP-MS) analysis. Results showed that heavy metal
concentrations in S. salsa of MM and LM were generally in
the order of Cu>Cr>Pb>Ni, while those in sediments fell
in the order of Cr>Ni>Cu>Pb. Heavy metal concentra-
tions of S. salsa in MM and LM were different, and signif-
icant differences were observed in stems (F=4.797, p=
0.046) and litters (F'=6.799, p=0.026) for Ni. Litter was
the main stock of heavy metals, and the allocations of Cr,
Ni, and Pb reached 31.25-51.31, 28.49-42.58, and 29.55—
66.79 % (in MM) and 36.73-48.60, 41.70-57.87, and
33.30-60.64 % (in LM), respectively. The ratios of roots/
leaves (R/L) and roots/stems (R/S) for Cr and Ni in MM
were mostly greater than 1, while those ratios in LM were
mostly less than 1, indicating that Cr and Ni in S. salsa at
LM had greater mobility compared with those at MM.
Moreover, the [accumulation factor, AF],j.ne of Cr, Ni,
Cu, and Pb in LM, especially [AF];o0; and [AF]sem of Cr
and [AF]jjqer of Ni, was also higher than that in MM. These
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indicated that S. salsa grown in LM was more suitable for
potential biomonitor or phytoremediation of Cr, Ni, Cu, and
Pb if intertidal sediments were seriously contaminated with
an increase of pollutant loading (especially heavy metals) in
the Yellow River estuary. The use of biomonitor (S. salsa)
living and growing in LM could yield valuable information
not only on the presence of anthropogenic stressors, but,
more importantly, on the adverse influence the stressors are
having on the environment.

Keywords Heavy metals - Suaeda salsa - Sediment -
Temporal variation - Yellow River estuary

Introduction

Pollution of the natural environment by heavy metals is a
worldwide problem (Irabien and Velasco 1999). Estuaries
are zones of complex interaction between fluvial and marine
processes that may act as a geochemical trap for heavy metals
bonded in the sediments, and the mixing of continental river
water and marine salt water usually leads to flocculation and
accumulation processes of heavy metals (Flegal et al. 1991;
Moran et al. 1996). With the rapid industrialization and eco-
nomic development in coastal zone, large amounts of heavy
metals are continuing to be imported to estuary through rivers,
runoff, and land-based point sources (Zhang et al. 2007).
Estuaries have been recognized as a major transport path for
metals of natural and anthropogenic origins from the continent
to the coastal waters (Masson et al. 2006). The pollution
problem in estuaries is characterized by interconnected, com-
plicated interactions, often making the interpretation of the
disturbance effects in such ecosystems complex and confusing
(Dauvin 2008). Coastal marshes are the main sinks for heavy
metals (Williams et al. 1994). Various hydrological processes
and sediment physicochemical properties significantly
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influence the biochemical processes of heavy metals in
marshes. There has been intensely increasing interest in un-
derstanding the pollution of heavy metals in coastal marsh due
to the great influences of human activities (Li et al. 2000,
2007; Caeiro et al. 2005; Abrahim and Parker 2008; Bai et al.
2011, 2012; Xiao et al. 2013). Exploring heavy metal accu-
mulation in plants for the remediation (or phytoremediation)
of coastal environment is of great significance (Chaney et al.
1997; Deng et al. 2004).

The Yellow River is well known as a sediment-laden
river. Approximately 1.05x 107 tons of sediment was car-
ried to the estuary every year (Cui et al. 2009) and deposited
in the estuary, resulting in vast floodplain and special marsh
landscape (Xu et al. 2002). Meanwhile, approximately
4.40x10° tons of pollutants from the cities and industrial
and mining enterprises in the Yellow River basin were
discharged into Bohai Sea by the Yellow River in 2012,
including 1.11x10? tons of heavy metals which increased
by 59.5 and 73.4 % compared to 2010 and 2011, respec-
tively (State Oceanic Administration of China 2011, 2012,
2013). Since sediment deposition is an important process in
the formation and development of coastal marshes in the
Yellow River estuary, large amounts of heavy metals
contained in sediments may have significantly toxic effects
on the wildlife in coastal marshes (Zhang et al. 2010). Thus,
understanding the distribution and geochemical behavior of
heavy metals in coastal marshes of the Yellow River estuary
will be of significance.

Phytoremediation has been widely applied to reduce, re-
move, degrade, or immobilize environmental toxins.
Categories of phytoremediation include phytoextraction,
phytovolatilization, rhizofiltration, and phytostabilization
(Chaney et al. 1997). The effectiveness of a phytoremediation
system depends on the selection of appropriate plants for the
particular environment. Information on the accumulation
properties of plants is very useful in choosing appropriate
plants for marsh phytoremediation systems (Duman et al.
2007). There are several attributes ascribed to the ideal candi-
date plant species for phytoremediation of metals, and the
most important one is that plants should have sufficient ca-
pacity to tolerate the site conditions and accumulate multiple
metal contaminants. Since the salinity in sediment of coastal
marshes in the Yellow River estuary is very high (>8 g/kg), the
plants that are used for phytoremediation should have high
saline-alkali tolerance (Guan et al. 2001; Song et al. 2012).
Actually, many halophytes, such as Suaeda salsa and Tamarix
chinensis, are widely distributed in intertidal zone of the
Yellow River estuary, and this provides the possibility for
phytoremediation of heavy metals. S. salsa is one of the most
prevalent halophytes in intertidal zone, which has been widely
applied for restoration of degraded salt marsh (Liu et al. 2011).
As a pioneer plant, it has strong adaptations to environmental
stresses, such as high salinity and seawater inundation (Han

et al. 2005). Two phenotypes are generally formed in S. salsa
distribution area due to differences of water and salinity gra-
dients. In the middle marsh, S. salsa is unfrequently and
irregularly affected by the tide, so the salinity of sediment is
low (electrical conductivity (EC), 5.58+2.80 mS cm '), the
leaf and stem of S. salsa are green, and the plant is tall. In the
low marsh, S. salsa is frequently affected by the tide; thus, the
salinity of sediment is very high (EC, 18.07+0.43 mS cm "),
the leaf and stem of S. salsa are red-violet, and the plant is very
short (Wang et al. 2006). Presently, studies on nutrient varia-
tions (N, S, K, Ca, and Mg) (Mou et al. 2010a, b; Sun et al.
2010) and nutrient biological cycles (N, P, and S) (Mou et al.
2011; Sun et al. 2013a, b) of the two S. salsa marshes have
been widely reported. However, information on temporal
variations and bioaccumulation of heavy metals in different
S. salsa marshes is very limited, and the feasibility of applying
S. salsa to remedy polluted marsh is scarcely discussed.
Considering the increase of heavy metal pollutants in the
Yellow River estuary, whether S. salsa can be used as bio-
monitor of heavy metals or applied for phytoremediation in
the future deserves to be studied.

In this paper, the variations, allocations, and bioaccumulations
of heavy metals (Cr, Ni, Cu, and Pb) in different S. salsa
marshes of the Yellow River estuary were comparatively
studied. The objectives of this paper were (i) to study the
variations of heavy metals in plant and sediment during the
growing season; (ii) to explore the transfers, allocations,
and bioaccumulations of heavy metals in different plants;
and (iii) to evaluate the suitability of S. salsa as biomonitor
or phytoremediation of heavy metal contamination.

Materials and methods
Study region

The study was conducted at two typical experimental
plots (500 mx500 m) in the S. salsa distribution area
[middle S. salsa marsh (MM), 37° 45" 57.0" N, 119°
09" 40.7" E; low S. salsa marsh (LM), 37° 46’ 38.9" N,
119 09" 41.4" E] in the intertidal zone of the Yellow
River estuary (Fig. 1), which is located in the Nature
Reserve of Yellow River Delta (37° 35" N~38° 12" N,
118° 33" E~119° 20" E) in Dongying City, Shandong
Province, China. The Nature Reserve is of typical con-
tinental monsoon climate with distinctive seasons. The
average temperatures in spring, summer, autumn, and
winter are 10.7, 27.3, 13.1, and —5.2 °C, respectively.
The tide in the intertidal zone of the Yellow River
estuary is irregular semidiurnal tide and the mean tidal
range is 0.73~1.77 m (Li et al. 1991). The soils are
dominated by intrazonal tide soil and salt soil (Tian
et al. 2005) and the main vegetations include S. salsa,
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Fig. 1 Sketch of the Yellow River estuary and experimental plots (stars)

Phragmites australis, Triarrhena sacchariflora,
T. chinensis, and Limoninum sinense. The sequence of
geomorphic units is complete in the intertidal zone of
the Yellow River estuary due to the protection of the
Nature Reserve, which generally comprises three areas
in a seaward direction: high marsh (HM), middle marsh
(MM), and low marsh (LM). S. salsa, distributed widely
in MM and LM, generally germinates in late April,
blooms in July, matures in late September, and
completely dies in late November. The comparison of
physical and chemical properties of topsoil in MM and
LM is shown in Table 1.

Study methods
Sample collection

From May to November in 2008, litter production,
aboveground biomass, and belowground biomass were
determined using the quadrat method (50 cmx50 cm) at
the two experimental plots, with a sampling frequency
of 20 days. In each experimental plot, five replications
were randomly selected at a spatial scale in order to
provide comprehensive information of each plot. On the
sampling dates, the aboveground part of the plant was
clipped near the ground, and stem, leaf, and standing
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dead litter were separated immediately in the laboratory.
The new litter distributed in the quadrat was also col-
lected. Roots in the quadrat were dug out and washed
carefully. All plant samples were washed thoroughly
with deionized water and then oven-dried at 80 °C for
48 h. After the measurement of dry weights, the sam-
ples were ground into a fine powder (<0.25 mm). Since
the substantial root of S. salsa was mostly in the upper
15 cm and most of the heavy metal transfers between
sediment and plant occurred in the upper zone, the
heavy metal concentrations in topsoil (0—15 cm) were
studied. Sediment samples were collected per month
(three replications) and bulk densities were determined
simultaneously. All sediment samples were air-dried,
ground and sieved through a 100-mesh nylon sieve,
and kept in a precleaned container for use.

Sample analysis

A 0.1000-g homogenized plant and soil subsample was
digested with 2 mL HNO;, 1 mL HCIO,4, and 5 mL HF at
160~190 °C for 16 h. The residue was dissolved in 2 mL of 4
mol/L HCI and then diluted to 10 mL with deionized water for
heavy metal analysis. A 0.2000-g plant subsample was
digested in a mixture of 65 % HNO; (2 mL) and 30 % H,0,
(1 mL). The residue was diluted with deionized water to
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Table 1 Comparison of physical and chemical properties of topsoil (0—20 cm) in different salt marshes

nitrogen

Total phosphorus Ammonium Nitrate
nitrogen

(TP)" (mg/kg)

Total nitrogen

matter (SOM)* (TN)* (mg/kg)

Soil organic
(EC)® (mS/cm) (%)

Electrical
conductivity

Soil moisture® pH*

(cm’/em®)

(g/em’)

Types Depth Bulk density" Grain composition® (%)
(cm)

(NO;™-N)*

(NH,-N)*

Sand

Silt

Clay

(mg/kg)

(mg/kg)

1.36+0.47
1.29+0.11
0.76+0.07
0.87+0.01

2.82+0.95
2.58+0.89
2.01+0.67

455.90+£162.07 521.09+49.91

1.07+0.06
0.56+0.08
0.93+0.04
0.89+0.02

8.55+0.06 5.58+2.80

9.03+0.42
8.86+0.04

49.67+£0.53 41.66+0.14 0.289+0.013

8.67+0.66

1.33+0.03
1.29+0.12
1.64+0.03
1.61+0.01

0-10

MM

474.25+102.45 551.56+0.94

11.52+2.29
18.07+0.43

12.174£0.03 64.67+0.03 23.15+£0.06 0.375+0.005
10.14+£0.04 57.13+0.14 32.74+0.18 0.346+0.031
9.77+0.01

10-20
0-10

527.32+10.69

505.45+70.22
492.2+41.95

LM

1.36+0.27

490.67+16.14

8.97+£0.08 7.85+0.75

24.24+0.08 0.382+0.006

65.98+0.7

10-20

5 for SOM, TN, TP, NH," -N, and NO; -N) collected from middle marsh (MM) and low marsh (LM) in May

3 for bulk density, grain composition, and pH; n

#Values were means (+SE) of samples (n=

2009

=8)

® Values were means (+SE) of the observation/measurement results (soil moisture and EC) from April to November in 2009 (n

10 mL for analyzing heavy metal concentrations. The concen-
trations of heavy metals (Cr, Ni, Cu, and Pb) in all samples
were determined by inductively coupled plasma mass spec-
trometry (Agilent 7500 ICP-MS). Quality assurance and qual-
ity control were assessed using duplicates, method blanks, and
standard reference materials (GBW07401 and GBW08513)
from the National Research Center for Standards in China
with each batch of samples (one blank and one standard for
each of the 20 samples).

Calculations

Accumulation factor [AF] in relation to the heavy mental
concentrations in sediment was calculated by the ratio
[Element]pjane and [Element]segiment (Duman et al. 2007)

(Eq. (D]:

[AF]root = Croot/ Csediment
[AF ] stem Cstem/ Csedimem ( 1)
[AF ]leaf = Cleaf / Csedimem
[AF] litter — Clitter/ Csediment

where Coot Cstems Cleas Clitters a0d Cyegiment Were the average
heavy metal concentrations in root, stem, leaf, litter, and
sediment over all sampling period, respectively.

The metal concentration quotient for roots/stems (R/S),
roots/leaves (R/L), and stems/leaves (S/L) was calculated
according to Dahmani-Muller et al. (2000) [Eq. (2)]:

R/ S = Croot/ Cstem
R/L = Croot/clcaf (2)
S / L= Csteam/ Cleaf

Heavy metal stocks in plant compartments (H,, mg/m?)
was calculated by Eq. (3):
H,=C, x B, (3)

where C,, (mg/kg) is the heavy metal concentrations of com-
partment, and B,, (kg/m?) is the biomass of compartment.

Statistical analyses

Statistical analyses were performed using SPSS 16.0 and
Origin 7.5 for Windows. The paired Student’s 7 test was
used to evaluate the significant differences in heavy metal
concentrations between roots and leaves, roots and stems,
and stems and leaves for plant. Significant differences in
heavy metal concentrations in leaves, stems, roots, and
litters of S. salsa in different marshes were determined
by one-way analysis of variance [ANOVA followed by
Tukey’s honest significant difference (HSD) test]. Before
performing ANOVA, data were checked for their normal-
ity and homogeneity of variance, and where necessary,
data were log-transformed.
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Results
Variations of heavy metals in plants and sediments
Heavy metals in plants

Temporal variations of heavy metal concentrations (Cr, Ni,
Cu, and Pb) in S. salsa of MM and LM were observed during
the growing season (Figs. 2, 3, 4, and 5), and the values were
generally in the order of Cu>Cr>Pb>Ni. Heavy metal con-
centrations in S. salsa at MM and LM were lower in the
vigorous growth period, while those in late growth period
were relatively higher. The maximums of Cr, Ni, and Pb
concentrations in S. salsa of MM were observed on
September 20, while those in S. salsa of LM occurred on
September 20, August 31, and August 31, respectively.
Differently, both the maximums of Cu concentrations in
S. salsa of MM and LM occurred on October 19. Significant
differences between roots and stems [for Ni (p=0.029) and Cu
(»p=0.000)], or roots and leaves [for Cr (p=0.038)] were
observed in S. salsa of MM, while those between roots and
leaves (p=0.011), or stems and leaves (p=0.005) for Pb
occurred in S. salsa of LM. Only Ni concentrations in stems
(»p=0.046) and litters (p=0.026) of S. salsa between MM and
LM showed significant difference.

Heavy metals in sediments

Dissimilar temporal variations of heavy metal concentrations
were observed in MM and LM topsoil (Fig. 6). Generally, the
variations of Cr, Cu, and Pb concentrations in MM and LM
were opposite before July 12 and were consistent until
November 15, while those of Ni concentrations were opposite
over all sampling periods. The maximums of Cr, Ni, Cu, and
Pb concentrations in MM were observed on August 9, while
those of Cr and Ni concentrations and Cu and Pb concentra-
tions in LM occurred on May 31 and August 9, respectively.
Heavy metal concentrations in MM and LM were generally in
the order of Cr>Ni>Cu>Pb, and only Pb concentrations
showed a significant difference between them (p<0.05).
Except for Ni in MM, most values were lower than the
threshold of class I (Cr <90 mg/kg, Cu <35 mg/kg, Zn
<100 mg/kg, Ni <40 mg/kg) recommended by the
Environmental Quality Standard for Soils of China (EQSS).

Transfers and allocations of heavy metals in plants

Transfers of heavy metals in plants

Temporal variations of heavy metal transportation were
observed in S. salsa of MM and LM (Table 2). For Cr,

the R/S, R/L, and S/L ratios ranged from 0.51 to 4.53,
1.13 to 8.88, and 0.37 to 8.05 in MM, while those in
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LM ranged from 0.03 to 1.93, 0.33 to 3.01, and 0.49 to
2.95. The R/S, R/L, and S/L ratios for Ni, Cu, and Pb
in MM ranged from 1.00 to 2.88, 1.06 to 1.27, and
0.61 to 1.86 (R/S); 0.90 to 3.57, 0.67 to 1.60, and 0.36
to 7.74 (R/L); and 0.32 to 1.97, 0.56 to 1.38, and 0.19
to 1.55 (S/L), while in LM, the ranges were 0.30-2.42,
0.87-2.14, and 0.17-2.15 (R/S); 0.15-2.44, 0.73-3.11,
and 0.06-1.30 (R/L); and 0.46-1.76, 0.66—1.48, and
0.3-1.52 (S/L), respectively. The R/L and R/S ratios
for Cr and Ni in MM were mostly greater than 1, while
those in LM were mostly less than 1, indicating that, in
MM, the mobility of Cr and Ni from roots to above-
ground parts was very low. During the growing season,
the R/L and R/S ratios for Cu in MM and LM mostly
approximated 1, while those for Pb were mostly less
than 1.

Allocations of heavy metals in plants

Stocks of Cr, Ni, Cu, and Pb in MM fell in the order of
Cu>Cr>Pb>Ni in MM, while those in LM were in the
order of Cu>Pb>Cr>Ni (Fig. 7). The Cr, Ni, Cu, and
Pb stocks in S. salsa of MM were 0.146-1.437, 0.086—
0.495, 0.995-2.074, and 0.158-0.998 mg/m?, while
those in LM were 0.434-1.774, 0.166-0.704, 0.774—
2.260, and 0.119-1.136 mg/m?, respectively. Temporal
variations of Cr, Ni, Cu, and Pb allocations in different
parts of S. salsa were observed (Table 3). At the initial
stage, the root was the main stock and the allocations of
Cr and Ni ranged from 26.84 to 46.61 % and 26.55 to
42.75 % (in MM) and 18.14 to 54.05 % and 17.69 to
37.52 % (in LM), respectively. While at the final stage,
litter was the main stock and the allocations of Cr and
Ni reached 31.25-51.31 % and 28.49-42.58 % (in MM)
and 36.73-48.60 % and 41.70-57.87 % (in LM), re-
spectively. For Cu and Pb, litter was the main stock
during the growing season and the allocations ranged
from 23.47 to 31.45 % and 29.55 to 66.79 % (in MM)
and 22.59 to 31.87 % and 33.30 to 60.64 % (in LM).

Bioaccumulation of heavy metals in plants

Temporal dynamics of [AF] of heavy metals occurred
in different parts of the plant (Fig. 8). The [AF],jant of
Cr, Ni, Cu, and Pb in LM, especially [AF].,oc and
[AF]stem of Cr and [AF]jer of Ni, was generally
higher than that in MM. Both [AF]..0: and [AF]sem
in MM and LM were in the order of Cu>Pb>Cr>Ni,
while both [AF]icar and [AF]jiyer fell in the order of
Pb>Cu>Cr>Ni. Except for [AF]jyer of Pb in LM, the
[AF]piane of different heavy metals was less than 1,
implying that the accumulations of heavy metals in
S. salsa were very low.
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Discussion

Variations of heavy metals in plants and sediments

This study showed that both heavy metal concentrations and
stocks in S. salsa at MM and LM presented temporal fluctu-
ations, and similar results were drawn by previous studies
(Duman et al. 2007; Ramirez et al. 2001). The temporal
variations of heavy metals in plants were generally dependent
on metabolic factor (“dilution effect” during growth), biolog-
ical characteristics, and environmental factors (such as levels
of metals in sediment and interactions between metals and
other elements). The influence of the “dilution effect” during
plant growth has been recognized as a major reason in
explaining the temporal fluctuations of elements (Sun and
Liu 2007). This paper indicated that Cr, Ni, Cu, and Pb
concentrations and stocks in plants were generally lower at
the initial growth stage, which was referred to as slower

N Stem

—w— Litter

I Root
[ Leaf

Cr concentration in litter (mg/kg)

11-15

8-31 9-20 10-19

uptake than growth rather than back transport or loss of the
element. At the late growth stage, variations in plant biomass
were normally less pronounced and differences in metal up-
take or translocation, availability, or surface contamination
might contribute more to the observed concentration changes.
Differences in biological characteristics of S. salsa at MM and
LM influenced the temporal variations of heavy metal con-
centrations in plants. As mentioned previously, S. salsa grown
in LM was frequently affected by tide and ocean current, and
under salt stress and seawater flooding conditions, their
heights were much shorter than those in MM. During the
growing season, the leaves and stems of S. salsa in LM were
red-violet due to the accumulation of betacyanin. The
betacyanins were probably involved in the regulation of the
level of reactive oxygen species (ROS) in S. salsa (Wang et al.
2006), which might greatly influence the variations of heavy
metals in different parts. Other studies also found that the
degree of leaf carnification (Liu et al. 2006), leaf pigment

Fig. 3 Ni concentrations in roots, 15+

stems, leaves, and litters of
Suaeda salsa in middle marsh
(MM) and low marsh (LM). Error
bars indicate standard error of the
means

Ni concentration in root, stem and leaf (mg/kg)
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accumulation, photosynthetic characters (Ruan et al. 2008),
and leaf antioxidant system (Wang et al. 2008) were different
for S. salsa in different marshes, which might affect the
absorption of heavy metals in different plants greatly.

The concentrations of heavy metals in sediments also had
temporal fluctuations. In general, the concentrations were
related to pollutant inputs, physical characteristics (e.g., grain
size), and the chemical condition of the sedimentary environ-
ment (Williams et al. 1994). Since the Yellow River is a
sediment-laden river, heavy metals could be mixed with the
seawater or sediments near the estuary and had significant
influences on the metal concentrations in sediments of low
marsh by tidal fluctuation. In addition, the flow-sediment
regulation scheme was implemented from June to July of each
year (since 2002) to discharge the water and sediments from
the Xiaolangdi Reservoir. Monthly water discharge and sedi-
ment loads increased greatly since the regulation was enacted,

Fig.5 Pb concentrations in roots, 18
stems, leaves, and litters of 150 MM
Suaeda salsa in middle marsh
(MM) and low marsh (LM). Error 12
bars indicate standard error of the I
means 9 i

6L

3L

Pb concentration in root, stem and leaf (mg/kg)
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especially from June to July due to channel scouring in the
lower reaches (Bai et al. 2012). The variations of water
discharge and sediment loads could greatly affect the
concentration of heavy metals. Bai et al. (2012) implied that
the flow-sediment regulation potentially influenced the accu-
mulation of heavy metals in the Yellow River. In this study,
the maximums of heavy metal concentration in sediments
(especially in MM) were observed in August 9 (Fig. 6), which
was matched with the end time of the flow-sediment regula-
tion scheme.

Environmental factors also played a significant role in
sediment concentration and the accumulation of heavy metals
in S. salsa of different marshes. In this study, heavy metal
concentrations of S. salsa in MM and LM were different and
significant differences occurred in stems (F=4.797, p=0.046)
and litters (F=6.799, p=0.026) for Ni. As shown in Table 1,
some environmental parameters in MM and LM, such as grain
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Fig. 6 Cr, Ni, Cu, and Pb 100 ¢
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composition, soil organic matter (SOM), sediment salinity,
pH, sediment moisture content, and nutrients were greatly
different. Higher levels of heavy metals occur in relatively
fine-grained sediments since a fine-grained fraction of sedi-
ments is associated with metal-rich aluminosilicate. In

0 n n n n n n n n 10
5-17 5-31 7-12 8-9 8-31 9-20 10-1911-15 5- 17 5- 31 7- 12 89 831 92010 1911 15

general, metal contents decreased accordingly with increasing
grain size in sediment (Lin et al. 2002). In this study, the
percentages of clay and sand in MM (at 10-20 cm) were
12.17 and 23.15 %, while those in LM were 9.77 and
24.24 %, respectively. Thus, the difference of grain size in

Table 2 Roots/stems (R/S), roots/leaves (R/L), and stems/leaves (S/L) ratios in Suaeda salsa

Item Ratio 5-17 5-31 7-12 8-9 8-31 9-20 10-19 11-15
Cr MM R/S 0.51 0.71 1.60 1.53 1.10 453 1.63 2.67
R/L 133 5.69 8.88 1.27 2,01 1.67 113 131
SIL 2.64 8.05 5.53 0.83 1.83 0.37 0.69 0.49
LM R/S 1.93 0.03 0.46 112 0.67 0.48 0.72 0.27
R/L 3.01 0.43 136 1.06 0.67 0.33 0.67 0.13
SIL 156 12.49 2.95 0.95 1.00 0.69 0.92 0.49
Ni MM R/S 132 127 175 2.88 1.00 2.83 1.02 1.36
R/L 131 1.00 3.46 3.57 1.14 0.90 0.94 0.90
SIL 0.99 0.78 197 124 1.13 0.32 0.92 0.66
LM R/S 1.89 0.77 242 0.78 0.64 0.71 0.93 0.30
R/L 0.88 136 244 0.60 0.66 0.60 0.70 0.15
SIL 0.46 176 1.01 0.77 1.03 0.85 0.75 0.51
Cu MM R/S 1.10 1.06 127 124 111 126 118 123
R/L 1.52 127 1.60 1.13 0.96 0.97 0.67 0.74
SIL 1.38 1.19 1.26 0.91 0.87 0.77 0.56 0.60
LM R/S 0.87 1.14 2.14 1.19 1.06 1.25 113 111
R/L 1.28 1.14 3.11 0.96 112 143 121 0.73
SIL 1.48 1.00 1.45 0.81 1.05 1.15 1.06 0.66
Pb MM R/S 132 0.61 1.07 4.99 0.94 1.86 0.88 0.98
R/L 128 0.36 0.99 7.74 0.90 0.36 0.69 0.51
SIL 0.97 0.60 0.93 1.55 0.95 0.19 0.79 0.52
LM R/S 1.01 0.23 2.15 0.36 0.74 0.56 143 0.17
R/L 0.60 0.35 1.30 0.19 0.59 0.33 0.63 0.06
SIL 0.60 1.52 0.61 0.54 0.80 0.60 0.44 0.35

MM, Suaeda salsa in middle marsh; LM, S. salsa in low marsh
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MM and LM sediments might have a great influence on the
concentrations of heavy metals. SOM generally acts as a
major sink for metals due to its strong complexing capacity
(Du Laing et al. 2009), and this was tested in this study. The
higher concentrations of heavy metals in surface sediment of
MM corresponded well to its higher SOM content (Table 1,
Fig. 6). Current studies have indicated that salinity could
affect the mobility and availability of trace metals (Du Laing
et al. 2008, 2009). Since chlorocomplexation decreases the
activity of free ion in the sediment solution and increases
desorption, trace metal (especially Cd) can be mobilized as
soluble chloride complexes (Hahne and Kroontje 1973).
Besides the effect of complexation, an increase of the salinity
is associated with an increase in the concentrations of major
cations (Na, K, Ca, and Mg) that compare with heavy metals
for the sorption sites (Tam and Wong 1999). Gambrell et al.
(1991) studied the salinity effects during the oxidation of
reduced metal-polluted brackish marsh sediments and ob-
served that soluble Cr and Cu were enhanced with increasing
salinity, whereas salinity did not significantly affect the mo-
bility of Ni and Pb. In this paper, Cr concentrations in S. salsa
at LM were higher than those at MM (Fig. 2), which might be
correlated with the higher salinity in LM (Table 1). However,
Cu concentration did not increase with increasing salinity,
which was probably due to the complex interactions of salinity
and other environmental factors (such as sediment moisture
and pH). A drop in pH prevents the transfer of most trace
metals from the water phase to the sediment and/or causes
desorption from the sediments (Calmano et al. 1993).
Samecka-Cymerman and Kenpers (2001) also found that the
concentrations of heavy metals in water and soil were usually
negatively correlated with pH. The influence of pH on the
mobilization of heavy metal might be due to hydroxyl. Hahne
and Kroontje (1973) indicated that both the hydroxy
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contributed to the mobilization of heavy metal ions and hydrolysis
of heavy metal ions were important factors affecting the solubility
of the sparingly soluble salts of metal ions. As shown in Table 1,
the sediment moisture was higher in LM compared to MM.
Higher moisture usually resulted in variations of chemical prop-
erties in sediment and underwent a series of sequential redox
reactions. Metals respond in different ways to changes in
oxidation-reduction potential. For example, reduction of the very
toxic Cr (VI) to less toxic trivalent Cr in marsh sediment (Pardue
and Patrick 1995), Cu (II) to Cu (I) under slightly alkaline
conditions (Simpson et al. 2000) and subsequently leading to
Cu,S precipitation due to the effects of numerous electron donors
(e.g., Fe (I), sulfur compounds) and bacteria acting as catalysts
(Du Laing et al. 2009). Previous studies have shown that the Fe
and S contents in sediment of the Yellow River estuary were very
high, and the values were 16.49~33.11 g/kg for Fe (Sun et al.
2013c), 300~620 mg/kg for TS (Sun et al. 2009), and 62~
150 mg/kg for sulfate (Fan et al. 2010). This indicated that
numerous Cu,S precipitation would occur across the intertidal
sediment due to the supply of enough electron donors, which
might cause the standing stocks of Cu in MM to be closed with
those in MM. Differently, standing stocks of Cr, Ni, and Pb in LM
were higher than those in MM, which was dependent on the
different oxidation-reduction conditions in sediments of MM and
LM. As mentioned previously, LM is more frequently affected by
tide fluctuation compared to MM, which caused the oxidation-
reduction conditions in LM sediments to vary greatly. Salomons
et al. (1987) also found that variations from an anoxic to oxic
environment might cause a remobilization of some trace metals.

Heavy metal concentrations in sediment also affected their
variations in plants by influencing the absorption for effective
heavy metals ions. Expect for Ni in MM, heavy metals in
marsh sediment were lower than the threshold of class I (Cr
<90 mg/kg, Cu <35 mg/kg, Zn <100 mg/kg, Ni <40 mg/kg)
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Table 3 Allocations of Cr, Ni, Cu, and Pb in Suaeda salsa of different marshes (%)
Items 5-17 5-31 7-12 89 8-31 9-20 10-19 11-15
Cr MM Root 26.84 46.61 43.54 34.83 25.82 37.76 19.47 27.86
Stem 53.04 45.19 27.13 22.72 23.51 8.34 11.98 10.44
Leaf 20.12 8.19 4.90 27.42 12.87 22.65 17.23 21.26
Litter - - 24.43 15.02 37.79 31.25 51.31 40.45
LM Root 54.05 49.14 18.14 51.35 12.83 10.32 15.84 4.61
Stem 28.00 45.75 39.35 20.51 19.29 21.66 21.93 17.31
Leaf 17.95 5.11 13.35 21.69 19.28 31.29 23.76 35.45
Litter - - 29.16 6.44 48.60 36.73 38.47 42.64
Ni MM Root 39.71 35.86 26.55 42.75 24.86 24.56 21.11 22.57
Stem 29.98 28.17 15.14 14.82 24.74 8.69 13.84 16.62
Leaf 30.30 35.97 7.67 11.99 21.90 27.26 22.47 25.07
Litter - - 50.64 30.44 28.49 39.49 42.58 35.74
LM Root 37.52 32.97 29.84 17.69 12.75 10.36 16.60 5.17
Stem 19.80 42.70 12.31 22.78 20.06 14.62 17.89 17.42
Leaf 42.68 24.32 12.22 29.56 19.43 17.15 23.81 33.90
Litter - - 45.64 29.97 47.76 57.87 41.70 43.51
Cu MM Root 38.92 36.64 28.39 25.82 26.05 25.04 21.23 23.51
Stem 35.44 34.49 22.37 20.82 23.42 19.93 17.95 19.17
Leaf 25.64 28.86 17.78 22.79 27.06 25.90 31.86 31.73
Litter - - 31.45 30.58 23.47 29.13 28.97 25.59
LM Root 34.09 36.35 43.30 26.04 25.94 28.03 25.14 22.16
Stem 39.39 31.85 20.21 21.89 24.49 2243 22.16 20.04
Leaf 26.53 31.80 13.91 27.03 23.25 19.56 20.83 30.56
Litter - - 22.59 25.04 26.32 29.99 31.87 27.24
Pb MM Root 39.39 13.51 12.56 34.71 14.86 12.90 17.21 11.78
Stem 29.92 32.36 7.98 6.96 15.73 4.70 13.21 12.04
Leaf 30.69 54.13 12.66 2.48 39.86 36.21 17.18 34.44
Litter - - 66.79 55.85 29.55 46.19 52.41 41.74
LM Root 27.43 8.99 27.82 7.36 13.82 5.11 18.22 0.76
Stem 27.22 54.87 9.08 20.71 18.78 12.79 12.76 12.62
Leaf 45.35 36.14 21.39 38.63 23.35 21.45 29.04 36.52
Litter - - 41.72 33.30 44.06 60.64 39.98 50.10

MM, Suaeda salsa in middle marsh; LM, S. salsa in low marsh

recommended by the Environmental Quality Standard for
Soils of China (EQSS) (GB 15618-1995), which was corre-
lated with the better conservation of the National Natural
Reserve of the Yellow River Delta. This study also indicated
that both heavy metals in sediments of MM and LM decreased
in the order of Cr>Ni>Cu>Pb, but the values in MM were
much higher (Fig. 6). Differently, the stocks of heavy metals
in S. salsa of MM were lower compared to LM. There were
two probable reasons. For one thing, as mentioned above,
environmental factors affected the accumulation of heavy
metals in S. salsa of MM and LM. Higher sediment salinity
and moisture and other physicochemical properties might
increase the mobility and absorption of heavy metals in
S. salsa of LM. For another, the accumulation factor of heavy

metals in marsh plants from sediment reflected the capability
of'the plants to accumulate heavy metals from the surrounding
environment (Zhang et al. 2011). In this study, the [AF]pjanc of
Cr, Ni, Cu, and Pb in LM was generally higher than that in
MM, which might be explained as the uptakes of Cr, Ni, Cu,
and Pb by bio-tissues were much higher in LM (Kabata-
Pendias and Pendias 2001; Yang et al. 2008).

Heavy metal accumulation in S. salsa and potential
for phytoremediation

Cr is regarded toxic to plant with concentrations greater than

0.5 mg/kg (Bonanno and Lo Giudice 2010). In this study, both
Cr concentrations in S. salsa at MM and LM exceeded the
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Fig. 8 Accumulation factor for roots, stems, leaves, and litters in Suaeda salsa of middle marsh (MM) and low marsh (LM)

phototoxic threshold (Fig. 2), indicating that intertidal plants
showed serious Cr contamination. This study also indicated
that the mobility of Cr differed among plants or tissues. It was
found that the R/L and R/S ratios for Cr in MM were mostly
greater than 1, indicating that the mobility of Cr from the roots
to shoots or leaves was very weak. Similar results were drawn
by Baldantioni et al. (2004). The reason for the low mobility
of Cr from roots to shoots might be due to the metabolism of
the element (Shewry and Peterson 1974). By comparison, the
R/L and R/S ratios for Cr in LM were mostly less than 1,
which was consistent with Kéhkonen et al. (1997) who found
that Elodea canadensis generally accumulated more Cr in the
leaves than in the roots or shoots. Ni is thought to have toxic
effects on plants. The mobility of Ni in plants varies between
species, from mobile in some plants (Tiffin 1971; Thiesen and
Blincoe 1988) to immobile in others (Sajwan et al. 1996). In
this study, the R/L and R/S ratios for Ni in S. salsa at MM
were mostly greater than 1, while those at LM were less than
1, indicating that Ni was immobile in the former and mobile in
the latter. According to Bonanno and Lo Giudice (2010), Ni
concentrations in plants were poisonous over 5 mg/kg. In this
study, the majority of Ni concentrations in the shoots and roots
were below 5 mg/kg except the values in the litters, indicating
that Ni accumulated in S. salsa might not lead to toxic effect.
Cu is a vital plant nutrition and needed for various enzymatic
activities of oxidation-reduction (Fiirtig et al. 1999) and will
cause toxic effects as the concentrations in plants greater than
15~20 mg/kg (Kabata-Pendias and Pendias 2001). Borkert
et al. (1998) also found that Cu appeared to be toxic to corn

@ Springer

and rice at plant concentrations exceeding 20 mg/kg. In this
study, the Cu concentrations in S. salsa at MM and LM were
below the phytotoxic threshold (Fig. 4), indicating that Cu
contamination was not serious in plants. Cu is generally
accumulated in the roots and seldom transported to above-
ground parts (Baldantoni et al. 2009). However, we drew a
different result. During the growing season, the R/L and R/S
ratios for Cu in S. salsa at MM and LM were less than or
approximated 1, indicating that a fraction of Cu in roots were
transported to aboveground parts. The reason might be related to
the low concentration of Cu in sediments of the Yellow River
estuary (Fig. 6). Fiirtig et al. (1999) indicated that, only under
long-term exposure, high Cu concentrations might affect root
energy metabolism, while in the low concentration, Cu would be
transferred well to stems and leaves. Pb is not essential in plant
organisms and can prove toxic. Wu et al. (2012) found that Pb
could induce osmotic and oxidative stresses and disturbances in
energy metabolism in S. salsa after exposure for 1 month.
According to Ross (1994), Pb concentrations were considered
to have toxic effect on plants as the values exceeded the phyto-
toxic range (30~300 mg/kg). Pb concentrations found in all
organs of S. salsa ranged from 0.29 to 14.8 mg/kg, which were
far lower than the phytotoxic range. Although Pb concentrations
in stems and leaves were higher than those in roots (R/L<1.0,
R/S<1.0), this could not verify that the Pb in S. salsa had strong
mobility since previous studies have indicated that exhaust fumes
were one of the important sources of Pb pollution and the
aboveground organs of plant could directly accumulated Pb from
surrounding environment (Ross 1994; Mohammed et al. 2011).
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Regarding translocation of metals to aboveground tissues,
three strategies are known to be employed by plants (Baker
1981). With the exclusion strategy, shoot concentrations are kept
low until a critical sediment concentration is reached, toxicity
ensues, and unrestricted metal transport results. With the indica-
tor strategy, uptake and transport to shoots are passively regulated
so that tissue concentrations are proportional to environmental
concentration. With the accumulator strategy, metals are actively
concentrated in plant tissues, reflecting a highly specialized
physiology (Windham et al. 2003). In this study, the allocation
ratios of Cr, Ni, and Pb in roots and stems decreased during the
growing season, while those in litters increased. Allocations of
Cr, Ni, and Pb in S. salsa litters reached 31.25-51.31, 28.49—
42.58, and 29.55-66.79 % (in MM) and 36.73-48.60, 41.70—
57.87, and 33.30-60.64 % (in LM), respectively (Table 3), which
indicated that the heavy metals (especially Cr, Ni, and Pb)
uptaken by S. salsa could be greatly excluded by litter fall. As
mentioned above, although intertidal sediments of the Yellow
River estuary were not contaminated by heavy metals, Ni had
high eco-toxic risk of exposure due to its values exceeded the
threshold of Class I (40 mg/kg) occasionally. Because the loading
of heavy metals in the Yellow River estuary is increasing (State
Oceanic Administration of China 2013), intertidal sediments
may be seriously contaminated if no effective measures are taken
to control the import of pollutants in the future. Thus, the use of
biomonitors living and growing in intertidal zone could yield
valuable information not only on the presence of anthropogenic
stressors but, more importantly, on the adverse influence the
stressors are having on the environment (Ngayila et al. 2009;
Chang et al. 2009). According to the different capacity for metal
uptake, species able to accumulate relatively high metal concen-
trations in the aboveground tissues could be good candidates for
phytoextraction (Deng et al. 2004). In the intertidal zone of the
Yellow River estuary, S. salsa is the most prevalent halophytes
and it has strong adaptations to environmental stresses (such as
high salinity, flooding, and sediment burial) (Han et al. 2005).
According to the present results, although heavy metal concen-
trations in sediment were higher in MM, their stocks in S. salsa
were much lower compared to LM. Cr and Ni in S. salsa at LM
also had greater mobility compared with those at MM. In addi-
tion, the [AFJpjane of Cr, Ni, Cu, and Pb in LM, especially [AF]q0
and [AF]sem of Cr and [AF ], of Ni, was much higher than that
in MM. These indicated that the S. salsa at LM had many
advantages which made it an appropriate test species for all four
heavy metals.

Conclusion

Heavy metal concentrations of S. salsa in MM and LM were
different and both had temporal variations over all sampling
periods. The metal concentration quotient for roots/stems

(R/S), roots/leaves (R/L), stems/leaves (S/L), and accumula-
tion factors [AF] indicated that S. salsa grown in LM was
more suitable for potential biomonitor or phytoremediation of
Cr, Ni, Cu, and Pb if intertidal sediments were seriously
contaminated with increasing of pollutants loading (especially
heavy metals) in the Yellow River estuary. Thus, the role of
S. salsa at LM should be seriously considered when planning
activities of biomonitor or phytoremediation in intertidal zone
of the Yellow River estuary in the future.
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