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Nine units in new-born intertidal zone of the Yellow River estuary, China were examined for concentrations of
heavy metals (Pb, Cr, Cu, Zn and Ni) in sediments and plants. Heavy metal levels in surface sediments were in
the order of Zn N Pb ≈ Cr N Cu ≈ Ni and generally increased in a seaward direction except for Z6 (Tamarix
chinensis-Suaeda salsa zone) and Z7 (S. salsa-T. chinensis zone) units. Significant differences in metal concentra-
tions of the 9 units were observed in the profiles (p b 0.01). Heavymetal levels in the shoots or roots of different
plants decreased in the order of Zn N Cu N Pb N Ni N Cr and differed among plants or tissues. The roots at Z2
(Calamagrostis pseudophragmites zone), Z3 (Imperata cylindrical zone) and Z4 (Phramites australis zone) units
accumulated greater metals than shoots [TFs (translocation factors) b 1], while the shoots at Z1 (Sparganium
minimum-Potentilla supina zone), Z7 and Z8 (S. salsa zone) units accumulated greater metals than roots (TFs
N 1), implying that intertidal plants showed different pathways in metal accumulation and internal transporta-
tion. Except for Pb, the concentrations of Cr, Cu, Zn and Ni in sediments were lower than the criteria of Class I rec-
ommended by the Environmental Quality Standard for Soils of China. Although heavy metal levels in intertidal
zone were generally the lowest (Cr, Cu, Zn and Ni) or relatively moderate (Pb) compared with other estuaries
or bays in Asia and Europe, high eco-toxic risk of Pb and Ni exposure still could be observed at Z4, Z6 and Z9
(mudflat zone) units. S. salsa was more suitable for the potential biomonitor or phytoremediation of all five
heavy metals if intertidal sediments was seriously contaminated with increasing of pollutants loading in the
Yellow River estuary.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Heavymetals are serious pollutants due to their toxicity, persistence
in natural conditions and ability to be incorporated into food chains
(Armitage et al., 2007; Sakan et al., 2009; Wang et al., 2013). Estuaries
are zones of complex interaction between fluvial and marine processes
that may act as a geochemical trap for heavy metals bonded in the sed-
iments. The mixing of continental river water and marine salt water
usually leads to flocculation and accumulation processes of heavy
metals, which are mainly controlled by water/particle interactions and
solution chemistry, such as sedimentation, flocculation, organic and in-
organic complexation, adsorption and sediment resuspension (Flegal
et al., 1991; Moran et al., 1996). In addition, evolution of the composi-
tion of the particle in the mixing zone of the estuary indicates that
heavy metals do not behave conservatively and that they are also
Fuzhou 350007, China.
@yic.ac.cn (C. Wang).
affected by the changing physico-chemical conditions, such as salinity,
pH and redox (Calmano and Hong, 1993; Comans and van Dijk, 1988).
Heavymetals released into coastal marsh are generally bound to partic-
ulate matter, which eventually settle down and be incorporated into
sediments. Marsh plants can take up large quantities of sediment-
bound metals, releasing them as they decay (Baldantoni et al., 2004).
In general, factors affectingmetal accumulation by plants can be biolog-
ical (e.g., species, growth stage, generation) and non-biological
(e.g., temperature, season, salinity, pH, metal concentration) (Bonanno
and Giudice, 2010). In recent years, there has been an ever-increasing
interest in discussing the fate of heavy metals in coastal marshes
(Comans and van Dijk, 1988; Griscom et al., 2000; Turner, 2000) and
the metal-accumulation plants for environmental remediation applica-
tion (termed as ‘phytoremediation’) (Chaney et al., 1997; Deng et al.,
2004; Peng et al., 2008). Previous studies have showed that coastal
marshes were generally recognized to be important reservoirs or sinks
as filters, retaining heavy metals that exist in water, sediments, plants
and other organisms (Arias et al., 2005; Prokisch et al., 2009). The
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heavymetals retained inmarshmay also have significantly toxic effects
on wildlife (Zhang et al., 2010a). Thus, studies on distribution and geo-
chemical behavior of heavy metals in sediments and plants are signifi-
cant for interpreting the geochemistry of heavy metals in the estuaries
and elucidating the physical, chemical and biological processes that
happen between the land and the ocean (Wang and Liu, 2003).

The Yellow River is the second largest river in China and is well
known as a sediment-laden river in the world. In recent years, approx-
imately 1.68 × 108 tons of sediment is carried to the estuary and depos-
ited in the slow flowing delta, which forms an extensive intertidal zone
and specialmarsh landscape (Xuet al., 2002).Meanwhile, approximate-
ly 4.40 × 105 tons of pollutants (including 1,110 tons of heavy metals)
from the cities and industrial and mining enterprises in the Yellow
River basin were carried to the estuary (State Oceanic Administration
of China, 2013). Presently, the Yellow River Delta is an important eco-
nomic development area in Shandong Province of China. With the
rapid development of industrialization, urbanization and agricultural
practices in the coastal zone of the Yellow River Delta, the ecological
health of estuarine ecosystem are threatening by loading excessive pol-
lutants (especially threatened by heavy metals) (Tang et al., 2010). The
coastalmarsh in the YellowRiver estuary is predominantly composed of
silts and clayey silts, reflecting the fact that the suspended materials
discharging into the estuarine region are dominated byfinegrained par-
ticles (about 73.6% is b32 μm during flood season) (Deng et al., 2008).
The plants in the coastalmarsh also contribute to the spatial distribution
of sediment grain size due to the influence of vegetation in attenuating
tide energy (Yang, 1999). Previous studies have showed that particle
size significantly influenced the fate and accumulation of heavy metals
in coastal marsh sediments (Breslin and Sanudo-Wilhelmy, 1999; Gao
and Li, 2012; Zhang et al., 2001, 2011). Fine grained sediments often
show higher concentrations of heavymetals due to their greater surface
to volume ratio and enrichment of organic matter and Fe-Mn oxides
(Rae, 1997; Williams et al., 1994), but how the sediment grain-size in-
fluences the spatial distribution of heavy metals in marsh sediments of
the Yellow River estuary remains scarce. Since coastal marshes are gen-
erally recognized as an important filter for retaining heavy metals, the
distribution, variation and transportation of the heavy metals in sedi-
ments andplants, to a great extent, affects the accumulation and chronic
poisoning of wild animals or human by food chains (Prokisch et al.,
2009; Tang et al., 2010). However, insufficient information is available
in the Yellow River estuary concerning the distribution of heavy metal
concentrations in sediments and plants and the abilities of different
plants or tissues to absorb and transport metals. Understanding the re-
lated knowledge will provide insight into choosing suitable plants for
marsh phytoremediation systems in the future.

In this paper, heavy metal concentrations (Pb, Cr, Cu, Zn and Ni) in
intertidal zone of the Yellow River estuary were determined by in situ
sampling and ICP-MS (Inductively coupled plasma mass spectrometry)
analysis. The primary objectives of this study were i) to investigate the
spatial distribution of heavy metals in sediments across the intertidal
zone, (ii) to determine the differences in heavy metal levels accumulat-
ed by shoots or roots of different intertidal plants, and (iii) to discuss the
potential use of intertidal plants for biomonitor or phytoremediation.

2. Study area and methods

2.1. Study area

This study was carried out in intertidal zone of the northern Yellow
River estuary, which is located in theNature Reserve of the Yellow River
Delta (37°35′N ~38°12′N, 118°33′E ~119°20′E) in Dongying City,
Shandong Province, China. Both tides and waves influence sediment
transportation and accumulation in intertidal zone. The tide in intertidal
zone is irregular semidiurnal tide and the mean tidal range is
0.73–1.77 m (Li et al., 1991). Under fair weather conditions, the Yellow
River estuary coast is less influenced by waves and tides play the
dominant role in controlling sedimentation in intertidal zone. Coastal
marsh is the main marsh type, with an area of 964.8 km2, accounting
for 63.06% of the total area of the Yellow River Delta (Cui et al., 2009).
Themarsh soil is dominated by salt soil and themainmarsh vegetations
include Suaeda salsa, Phragmites australis and Tamarix chinensis (Sun
et al., 2013; Tian et al., 2005). The width of the coastal marsh in the
Yellow River estuary ranged from 4 km to N10 km, and from the land
to the sea, a well-developed intertidal zone typically contains 9 distinct
units (Fig. 1): a Sparganium minimum and Potentilla supina zone
(S. minimum is dominant species, Z1), a Calamagrostis pseudophragmites
zone (Z2), a Imperata cylindrical zone (Z3), a P. australis zone (Z4), a
S. salsa and P. australis zone (S. salsa is dominant species, Z5), a
T. chinensis and S. salsa zone (T. chinensis is dominant species, Z6), a
S. salsa and T. chinensis zone (S. salsa is dominant species, Z7), a pure
S. salsa zone (Z8) and mudflat zone (Z9). The aboveground and below-
ground biomasses of the plants in intertidal zone are shown in Fig. 2
(Dong et al., 2010). This sequence of geomorphic units is complete in in-
tertidal zone of the Yellow River estuary due to less human activities,
which generally comprises three areas in a seaward direction: high
marsh (Z1, Z2, Z3 and Z4), middle marsh (Z5, Z6 and Z7 units) and
low marsh (Z8 and Z9), at the elevations of 2.4–3.5 m, 1.0–2.5 m and
−1.0–0.9 m, respectively (Song et al., 2010). The physical and chemical
properties of topsoil (0–10 cm) in high marsh, middle marsh and low
marsh are shown in Table 1.

2.2. Study methods

2.2.1. Sample collection
Two typical transects perpendicular to the riverbank or extending

from the vegetated marsh zones to the mudflat were laid in intertidal
zone of the northern Yellow River estuary in May 2009. On each
transect, the surface and profile samples were taken at the above-
mentioned Z1, Z2, Z3, Z4, Z5, Z6, Z7, Z8 and Z9 zones, respectively. At
each zone, 4 surface samples were collected at a sampling depth of
0–5 cm and 2 profiles (0–60 cm) were simultaneously sampled at
10 cm interval. A total of 72 surface samples and 216 profile samples
were collected. All sediment samples were air-dried, ground and sieved
through a 100-mesh nylon sieve. Aboveground and belowground
biomasses of plants (3 replications) were collected from the same posi-
tion with sediment profile samples, with 96 samples in total. 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 samples were ground into fine powder (b0.25 mm).

2.2.2. Sample analysis
A 0.1000 g homogenized sediment sub-sample was digested with

2mLHNO3, 1mL HClO4 and 5mLHF at 160–190 °C for 16 h. The residue
was dissolved in 2mL of 4mol/L HCl and then diluted to 10mLwith de-
ionizedwater for heavymetal analysis. A 0.2000 g plant sub-samplewas
digested in amixture of 65%HNO3 (2mL) and30%H2O2 (1mL). The res-
idue was diluted with deionized water to 10 mL for analyzing heavy
metal concentrations. The concentrations of heavy metals (Pb, Cr, Cu,
Zn and Ni) in all samples were determined by Agilent 7500 ICP-MS
(Agilent Company, America). Quality assurance and quality 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 20 samples). Sediment organic matter
(SOM) was measured by K2Cr2O7 oxidation method (The Committee
of Agro-chemistry of the Chinese Society of Soil Science, 1983). More-
over, 54 samples from the 9 units were selected for grain-size determi-
nation using Coulter Laser granulometer.

2.2.3. Calculations
To study the accumulation and transportation characteristics of heavy

metals in plants, the bioaccumulation factor (BCF) and translocation
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factor (TF) of different plants were calculated by Eqs. (1) and (2), respec-
tively (Zhang et al., 2011).

BCF ¼ Cplant=Csediment ð1Þ

where, Cplant and Csediment are the average metal concentrations in
plants and sediments, respectively.

TF ¼ Cshoot=Croot ð2Þ

where, Cshoot and Croot are the average metal concentrations in shoots
and roots of plants, respectively.

2.2.4. Statistical analysis
Statistical analysis of experimental data was performed using SPSS

Version 11.0 Statistical Software Package (SPSS Inc., Chicago, U.S.A.).
The means of the replicates and the evaluation of significant differences



Table 1
Physical and chemical properties of topsoil (0–10 cm) in high marsh, middle marsh and low marsha.

Marshes Bulk density
(g/cm3)

pH Soil moisture
(cm3/cm3)

Electrical conductivity
(mS/cm)

Total nitrogen
(mg/kg)

Total phosphorus
(mg/kg)

Total Sulfur
(mg/kg)

High marsh 1.28 ± 0.08 7.90 ± 0.05 0.302 ± 0.009 3.58 ± 1.48 408.38 ± 96.69 506.59 ± 20.72 305.17 ± 67.37
Middle marsh 1.33 ± 0.03 8.55 ± 0.06 0.289 ± 0.013 5.58 ± 2.80 455.90 ± 162.07 521.09 ± 49.91 420.11 ± 33.05
Low marsh 1.64 ± 0.03 8.86 ± 0.04 0.346 ± 0.031 18.07 ± 0.43 505.45 ± 70.22 527.32 ± 10.69 466.26 ± 100.54

aReferences: Mou (2010); Sun et al.(2010); Sun et al.(2013).
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among sampling units or plants were determined by descriptive statis-
tics and analysis of variance (ANOVA), respectively. Correlations
between heavy metal concentrations and grain-size (or SOM) were
evaluated using Pearson correlation coefficients.

3. Results

3.1. Grain-size and SOM in different sediments

Particle-size analysis revealed a predominance of silt (4–63 μm) in
sediments across the intertidal zone, accounting for 76–80% of the par-
ticles at Z3, Z4, Z5, Z6, Z8 and Z9 units andmore than 80%of the particles
at Z1, Z2 and Z7 units (Fig. 3). The clay particle (b4 μm) of surface sed-
iment was relatively low, with the values of less than 10% from Z1 to Z7
units and only 16–21% at Z8 and Z9 units. The surface sediment grains
tended to become finemoving from the land to the sea as demonstrated
by a decrease in sand fraction together with an increase in clay fraction.
The grain-size distribution in the profiles showed a tendency for the
grains to become coarse in a seaward direction (Fig. 4) – i.e. an increas-
ing sand fraction and a decreasing clay fraction were observed moving
from Z1 to Z9 units. Silt dominated over all profiles and the values
ranged from 57% to 88%. Little vertical variations of grain-size occurred
at Z3, Z5, Z6, Z8 and Z9 units, while great changes were observed at Z1,
Z2, Z4 and Z7 units. Significant differences in SOM content of the 9 units
were observed in the profiles (p b 0.01) (Fig. 5). The SOM in surface
sediment of Z7 unit was significantly lower compared to other units
(p b 0.05). With increasing depth, higher values were observed in
30–50 cm depth at Z4 and Z7 units.

3.2. Heavy metal distributions in different sediments

3.2.1. Distributions in the surface sediments
The concentrations of heavy metal in surface sediments of the inter-

tidal zonewere generally in the order of Zn N Pb≈ Cr N Cu≈Ni (Fig. 6).
Variations of Cu, Zn and Ni concentrations were similar in a seaward di-
rection, with the maximums occurring at Z9 units. Although similar
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Fig. 3. Grain-size distribution in surface sediments.
variations of Pb and Cr concentrations were observed within the inter-
tidal zone, the highest values occurred at Z8 and Z9 units, respectively.
Heavy metal concentrations generally increased from the land to the
sea except for Z6 and Z7 units. The values at Z9 unit were approximately
32.0–66.2% higher than those at Z1 unit.

3.2.2. Vertical distributions in the profiles
Significant differences in heavy metal concentrations of the 9 units

were observed in the profiles (p b 0.01) (Fig. 5). The Pb concentrations
at Z1 and Z5 units decreased with increasing depth, while those at Z2,
Z3, Z6, Z8 and Z9 units decreased at 0–30 cm depth and fluctuated
greatly at 30–60 cm depth. The Cr concentrations at Z2 and Z3 units,
or the Cu and Ni concentrations at Z1 and Z3 units, or the Zn concentra-
tions at Z1, Z3 and Z8 units also decreased with increasing depth, while
at other units, the Cr, Cu, Zn andNi concentrations showeddifferent ver-
tical variations. The highest concentrations of all five heavymetals were
observed in 30–50 cm depth at Z4 unit (Fig. 5).

3.3. Heavy metal distributions in different plants

The concentrations of heavy metal in the shoots or roots of different
plants generally decreased in the order of Zn N Cu N Pb N Ni N Cr (Fig. 7).
The highest values of Pb, Cr, Cu, Zn and Ni in shootswere observed at Z1
unit. Except for Z1 unit, the concentrations of heavy metal in the shoots
of different plants generally increased from the land to the sea (Fig. 7a).
The highest concentrations of Zn, Cu and Pb in roots also occurred at Z1
unit while those of Ni and Cr were observed at Z2 unit. From Z3 to Z8
units, Zn and Cu concentrations in the roots of different plants fluctuat-
ed greatly compared to Pb, Cr and Ni (Fig. 7b). The BCFs of Zn and Cu in
different plants obtained from 8 units were higher than those of Pb, Cr
and Ni (Fig. 8). The highest BCFs of Pb, Cr, Cu and Zn were observed at
Z1 unit while that of Ni occurred at Z7 unit. The TFs of all five metals
at Z1 unit were very high while those at other units generally increased
from the land to the sea. The highest TFs of Pb, Cr, Cu and Zn occurred at
Z8 unit while that of Ni was observed at Z7 unit (Fig. 8).

4. Discussion

4.1. Distribution of heavy metals in sediments

The concentrations of heavy metal in sediments were generally re-
lated to pollutant inputs, physical characteristics (e.g., grain-size) and
the chemical conditions of the sedimentary environment (Williams
et al., 1994). In this study, the inter- and intra-sites variability of heavy
metal levels in intertidal zone appeared to be influenced by these fac-
tors, but the significance of each of these factors varied among 9 units.
Influence of metal input was clearly observed by higher heavy metal
concentrations at Z8 and Z9 units. Presently, the heavy metal loading
of the Yellow River estuary is increasing due to human activities (State
Oceanic Administration of China, 2013) and approximately 1,110 tons
of heavy metals were discharged into Bohai Sea in 2012, which in-
creased by 59.5% and 73.4% compared to 2010 and 2011, respectively
(State Oceanic Administration of China, 2011, 2012, 2013). These
heavymetals could bemixedwith seawater or sediments near the estu-
ary and had significant influences on the metal concentrations in sedi-
ments of low marsh by tidal fluctuation. Although the middle marsh
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was also greatly affected by tidal fluctuation, the very low concentra-
tions of heavymetal in surface sediment of Z7 unitwere observed across
the intertidal zone (Fig. 6). Previous studies indicated that topography
significantly affected metal mobility and availability (Bockheim, 2005;
Du Laing et al., 2009; Zhang et al., 2011). The sites that were subjected
to intensive tidal washing generally had lower metal concentrations,
while those subjected to relatively lower water flow facilitated the de-
position of metal particles (Mistch et al., 2009). Because Z7 unit was lo-
cated in the transitional zone ofmiddlemarsh and lowmarsh, the lower
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Fig. 7. Heavy metal distributions in the shoots (a) and roots (b) of different plants.
heavymetal concentrations in surface sedimentweremainly correlated
with their strong mobility in the profiles. In the transitional zone, the
gradient of topography generally decreased and the movement of
water in sediment greatly enhanced, whichwas favorable for themobil-
ity of heavy metals. Accompanied by strong mobility of water in sedi-
ment, the salinity in water could also promote heavy metal mobility
through complexation with salt anions and ion exchange between the
cations and the metal ions (Du Laing et al., 2008; Li et al., 2011). These
explanations could be demonstrated by the similar distributions of all
five metals in the profile of Z7 unit and the great increase in metal con-
centrations at depth of 20–40 cm (Fig. 5). Except for Z6 and Z7 units,
heavymetal concentrations in surface sediments in a seaward direction
generally increased, reflecting the joint influences of pollutant inputs
and tidal fluctuation on the distributions of heavy metals across the in-
tertidal zone.

In addition tometal inputs, sediment grain-size and SOMplay signif-
icant role in the accumulation of heavymetals in sediment across the in-
tertidal zone (Xu et al., 1997). Higher levels of heavy metal occur in
relatively fine-grained sediments and SOM generally acts as a major
sink for metals due to its strong complexing capacity (Du Laing et al.,
2009). Thiswas tested in our study. Pearson correlation analysis indicat-
ed that significantly positive correlations were observed between clay
fraction (or SOM) and heavy metal concentrations over all sampling
units (p b 0.001) (Fig. 9). The higher concentrations of heavy metal in
surface sediments of Z8 and Z9 units corresponded well to an increase
in clay fraction in these sediments (Figs. 3, 6). In the surface sediment
of Z7 unit, the clay fraction approximated 10% and the silt fraction was
the highest (85.5%) (Fig. 3), but the heavy metal concentrations were
very low (Fig. 6). For one thing, the reason was due to the joint influ-
ences of topography, water movement and salinity at Z7 unit, which
was analyzed previously. For another, it was dependent on the SOM
content in surface sediment of Z7 unit. As mentioned previously, signif-
icantly lower SOM content was observed in surface sediment of Z7 unit
compared to other units (p b 0.05) (Fig. 5). The lowest SOM content
generally reduced its complexing capacity for heavy metals, which
was unfavorable for the conservation of metals (Zhang et al., 2011).
Moreover, the vertical distributions of SOM at some units were similar
with those of five heavy metals. Especially, both SOM and heavy metals
reached the higher values in 30–50 cm depth at Z4 unit (Fig. 5), imply-
ing the great influence of SOM on the accumulation of heavy metals in
the profile.

This study also showed that the concentrations of Cr, Cu, Zn andNi in
sediments sampled from 9 units were lower than the criteria of Class I
(Cr ≤ 90 mg/kg, Cu ≤ 35 mg/kg, Zn ≤ 100 mg/kg, Ni ≤ 40 mg/kg) rec-
ommended by the Environmental Quality Standard for Soils of China
(EQSS) (GB 15618–1995), while those of Pb mostly exceeded the max-
imumpermitted limit of Class I (Pb≤ 35mg/kg) in EQSS (Figs. 5–6). Ac-
cording to the eco-toxic threshold values established by the U.S.
Environmental Protection Agency in the sediment (U.S. EPA, 1996),
most investigated sediments at Z4, Z6 and Z9 units slightly exceeded
the upper limits for Pb (47 mg/kg), whilst those at Z4, Z6, Z8
and Z9 units were 1.01–1.61 folds higher than the upper limits for Ni
(21 mg/kg) (Fig. 5). Those indicated that the intertidal zone in the
Yellow River estuary, especially for Z4, Z6 and Z9 units, had high eco-
toxic risk of Pb andNi exposure. In comparison to the heavymetal levels
of intertidal sediments reported from other estuaries or bays in Asia and
Europe, the levels of Cr, Cu, Zn and Ni in intertidal sediments of the Yel-
low River estuary were generally the lowest, while that of Pb was rela-
tively moderate (Table 2). This related to the large volume of runoff
discharge (19.3 billion m3 in average) and sediments (1.68 × 108 tons
in average) carried by the Yellow River, which had a significant dilution
effect on the loadings of pollutant. In addition, the intertidal zone of the
Yellow River estuary was located in the core protection area of the
Yellow River Delta National Nature Reserve and was formed since the
Yellow River changed its tail channel in Qingbacha in 1996 (Chang
et al., 2004). The new-born intertidal zone was only subjected to a
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short period of effects of pollutant inputs since the 2000s. Asmentioned
previously, the heavy metal loading of the Yellow River estuary is in-
creasing due to intensive human activities. Thus, the juxtaposition of
pollution sources and the silt-rich nature of the waters into which dis-
charges are made means that there will be long-term potential conse-
quences for the intertidal zone of the Yellow River estuary if measures
are not taken to control the loading of pollutants in the future.
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4.2. Distribution of heavy metals in plants

This study showed that trace metal concentrations not only differed
among plants but also varied between tissues (Fig. 7). Similar results
were drawn by many previous studies (Baldantoni et al., 2004;
Bonanno and Giudice, 2010; Demirezen and Aksoy, 2004; Deng et al.,
2004; Peng et al., 2008; Zhang et al., 2011). Pb is not essential in plant
organisms and can prove toxic. Pb concentrations found in the shoots
and roots of all sampling plants ranged from 2.04 to 11.40 mg/kg and
from 3.36 to 7.95 mg/kg, respectively, which were far lower than the
phytotoxic range (30–300 mg/kg) presented by Ross (1994). Cr is an
element regarded as toxic for plants. According to Allen (1989), Cr con-
centrations greater than 0.5mg/kgwere toxic to plants. In this study, all
shoots and roots presented Cr values (0.85–5.87 mg/kg and 2.01–3.90
mg/kg, respectively) above the phytotoxic threshold (Fig. 7), indicating
that intertidal plants showed serious Cr contamination. Cu is vital
for plant nutrition and needed for various enzymatic activities of
oxidation-reduction (Bonanno and Giudice, 2010). However, under
long-term exposure, high Cu concentrationsmay affect root energyme-
tabolism (Fürtig et al., 1999) and will cause toxic effects as the concen-
trations in plants greater than 15–20 mg/kg (Kabata-Pendias and
Pendias, 2001). In this study, themajority of Cu concentrations in inter-
tidal plants were below or close to 20 mg/kg except the values in the
shoots and roots of S. minimum-P. supina at Z1 unit (29.08 mg/kg and
26.13 mg/kg, respectively), indicating that Cu contamination was gen-
erally not serious in intertidal plants. Zn plays an important role in
plant nutrition and enzymatic activities (Bonanno and Giudice, 2010).
The average concentration in normal plants (aboveground tissues) is
66 mg/kg (Outridge and Noller, 1991) and the toxic level is up to 230
mg/kg (Borkert et al., 1998; Long et al., 2003). In this study, Zn concen-
trations in the shoots and roots of all sampling plants were 15.61–
139.74 mg/kg and 30.1–124.18 mg/kg, respectively, which were far
lower than the phytotoxic range (500–1500 mg/kg) proposed by
Chaney (1989). Ni is thought to have toxic effects on plants. According
to Allen (1989), Ni concentrations in plants were poisonous over 5
mg/kg. In this study, the majority of Ni concentrations in shoots
and roots were below 5 mg/kg except the value in the roots of
C. pseudophragmites at Z2 unit (5.89 mg/kg), indicating that Ni accumu-
lated in intertidal plantsmight not lead toxic effect.Marsh plants can ac-
cumulate heavy metals through roots and/or shoots and generally
present different pathways in the accumulation of metals between
plants and surrounding environment (Bonanno and Giudice, 2010;
Guilizzoni, 1991; Jackson et al., 1994; Markert, 1987). This study indi-
cated that heavy metal concentrations differed between tissues and
intertidal plants showed different patterns in metal absorption and in-
ternal transportation. The root tissues accumulated significantly greater



Table 2
Comparison of heavy metal concentrations (means, mg/kg) in surface sediments found in intertidal zone of the northern Yellow River estuary and other estuaries or bays.

Study area Study
period

Pb Cr Cu Zn Ni References

Yellow River estuary, China 2009.5 43.05 (35.8–51.7) 44.09 (35.9–54.7) 22.85 (15.6–29.9) 54.12 (38.2–68.3) 22.97 (17.6–28.4) This study
1995-1998 15 NA 30 100 35 Zhang et al. (2001)

Yangtze estuary, China 2004.4–11 (29.9–106.0) (27.8–82.7) (13.7–79.9) (68.1–419.1) (32.2–112.6) Hu et al. (2013)
2005.4–8 27.3 (18.3–44.1) 78.9 (36.9–173) 30.7 (6.87–49.7) 94.3 (47.6–154) 38.1 (17.6–48.0) Zhang et al. (2009)

Pearl River estuary, China 2009.3–4 79.27 109.70 65.36 244.42 50.56 Zhang et al. (2010a)
Bohai Bay, China 2008.5 25.6 (18.8–39.1) 68.6 (36.7–110) 24.0 (7.9–46.7) 73.0 (34.0–123) 28.0 (14.1–47.9) Gao and Li (2012)
Quanzhou Bay, China 2006.11 67.7 (34.3–100.9) 82.0 (51.1–121.7) 71.4 (24.8–119.7) 179.6 (105.5–241.9) 33.4 (16.1–45.7) Yu et al. (2008)
New Territories of Hong
Kong, China

NA 80 40 80 240 30 Tam and Wong (2000)

Kyeonggi Bay, Korea 1992.7–8 (33–83) (68–194) (70–323) (82–272) (144–249) Ahn et al. (1995)
Scheldt estuary, Belgium NA NA NA 82–132 413–947 32.2–53.8 Du Laing et al. (2008)
Seine estuary, France 2003.7–9 48 (18–78) NA 29 (3–45) 123 (53–188) 27 (18–43) Cundy et al. (2005)
Medway estuary, UK 65 (46–138) NA 38 (26–50) 152 (103–210) 32 (18–49)

NA 67 76 42 138 28 Spencer (2002)

NA, not available; Values in bracket are the range of heavy metal concentrations.
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concentrations of all five metals than shoots at Z2, Z3 and Z4 units
(TFs b 1), and this trend was also observed at Z5 (for Pb, Cr, Ni), Z6
(for Cr, Cu, Ni) and Z7 (for Cr) units (Fig. 8). Similar results were
drawn by previous studies (Baldantoni et al., 2004; Cardwell et al.,
2002; Fitzgerald et al., 2003; Kähkönen et al., 1997; Outridge and
Noller, 1991). Root uptake with subsequent translocation to above-
ground tissues has been reported as the main route of metal accumula-
tion inmanymarsh plants (Jackson, 1998; Jackson et al., 1994), and this
was tested in this study. As mentioned above, higher concentrations of
heavy metal were measured in roots than those in shoots, which was
probably due to the high availability of the substrate metals as well as
their limited mobility from roots to the shoots once inside the plants
(Baldantoni et al., 2004; Deng et al., 2004). For example, Pb is rather im-
mobile in sediment and tends to be accumulated in roots, resulting in a
scarce translocation into aboveground organs (Siedlecka et al., 2001).
Also, there is nomobility of Cr from roots to the shoots and to the leaves
(Kähkönen et al., 1997). Themobility of Ni in plants varies between spe-
cies, from mobile in some plants (Thiesen and Blincoe, 1988; Tiffin,
1971) to immobile in others (Sajwan et al., 1996). The low mobility of
these heavy metals might be due to barriers or to lack of transport
mechanisms (Shewry and Peterson, 1974). By comparison, the shoot
tissues of the plants at Z1, Z7 and Z8 units accumulated greater concen-
trations of heavymetal than roots (TFs N 1), whichwas closely related to
the corresponding BCFs. The BCFs of heavymetals inmarsh plants could
reflect the capability of the plants accumulated heavy metals from sur-
rounding environment (Zhang et al., 2011). Higher BCFs of Cu and Zn
than Pb, Cr and Ni (Fig. 8) might be explained as the uptake of Cu and
Zn with lower concentration by bio-tissues (Kabata-Pendias and
Pendias, 2001; Yang et al., 2008). In this study, high TFs of heavymetals
at Z1, Z7 and Z8 units generally occurred in coincide with high BCFs
(Fig. 8), indicating that a fraction heavy metals accumulated from sur-
rounding environment by plants was transported from roots to the
shoots. Although the concentrations of heavy metal in surface sedi-
ments of Z1 and Z7 units were very low (Fig. 6), both BCFs and TFs
were very high (Fig. 8). One possible explanationwas that themetal ab-
sorptionmechanisms of the plants at Z1 (S. minimum-P. supina commu-
nity, S. minimum was dominant species) and Z7 (S. salsa-T. chinensis
community, S. salsa was dominant species) units were different with
those of the plants at other units. Many studies have reported that root-
ed species could absorbmetals through their roots and rhizomes aswell
as through their leaves because the latter provided an expanded area to
trap particulate matter, sorb metal ions, and accumulate and sequester
pollutants (Bishop and DeWaters, 1988; Levine et al., 1990; Ward,
1987; Welsh and Denny, 1980). Guilizzoni (1991) also indicated that
some rooted plants might absorb metals directly from water when
they were not readily available in sediments and/or in high concentra-
tions in surroundings. Based on these analyses, it was concluded that
the plant leaves at Z1 unit might accumulate heavy metals directly
from the Yellow River water since the metal concentrations in surface
sediment were very low (Fig. 6) and the Z1 unit was frequently influ-
enced by the Yellow river during the “water and sand regulation pro-
ject” (WSRP) every year. The purpose of the WSRP was to increase the
supply of freshwater and sediment for the Yellow River estuary by
discharging the water in Xiaolangdi Reservoir and scouring the sedi-
ment in the reservoir and riverbed (Cui et al., 2009). During the WSRP
(from June to July in each year), the river water frequently flooded the
Z1 unit, which provided the possibility for the plants to absorb metals
directly from the river water. Similarly, the plant leaves at Z7 unit
might also accumulate heavy metals directly from seawater since the
metal concentrations in surface sediment were very low (Fig. 6) and
the Z7 unit was frequently affected by the tidal fluctuation. Because Z8
unit was covered by pure S. salsa community and the metal concentra-
tions in surface sediment were very high (Fig. 6), it ws concluded that
higher TFs (N1) and BCFs at Z8 unit might be dependent on both the
mechanism of root uptake with subsequent translocation to shoots
and the mechanism of leaf absorption from seawater. The two mecha-
nisms might also coexisted in plants at Z5 (for Cu and Zn, TFs N 1) and
Z6 (for Pb and Zn, TFs N 1) units due to the relatively high BCFs
(Fig. 8) and the frequent influences of tidal fluctuation in middle
marsh. Similar results were reported by previous studies. Welsh and
Denny (1980) pointed out that in nine taxa of submersed aquatic mac-
rophytes, Pb accumulation in shoots was the result of adsorption from
water, while Cu accumulation was mainly due to absorption by roots,
even if a direct adsorption form the water into the shoots could also
occur. Campbell et al. (1985) reported that the Cu accumulated in the
stem and rhizome of Nuphar variegatum probably originated from sed-
iments, whereas Zn was mainly from the water column. However, it
was very difficult to determine, in what proportion, an element was
taken up from sediment by the roots of a plant or from water, directly
by the shoots. Also, it is very difficult to establish the amount of an ele-
ment that is transferred from roots to the shoots. For one thing, it cer-
tainly depended on the chemical behaviors of elements and also on
sediment geochemistry (Baldantoni et al., 2004; Jackson, 1998). For an-
other, different factors besideswater and sediment, such as atmospheric
dry and wet deposition onto leaf surfaces, seasonal physiology and
species-specific capacities for uptake, translocation and compartmen-
talization of trace elements,might also contribute to the differential bio-
accumulation (Bargagli, 1998; Ge et al., 2013; Song and Sun, 2014;
Zhang et al., 2010b). It was reported that the soluble and insoluble frac-
tions of heavy metals in wet and dry atmospheric deposition were
greatly different (Morselli et al., 2003), and the soluble fractionwas gen-
erally favorable for the absorption of plants (Wang and Yang, 2004).
Thus, the proportions of dry andwet deposition or the fractions of solu-
ble and insoluble heavy metals in atmospheric deposition, to some
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extent, might affect the distribution of heavy metals in intertidal sedi-
ments and the bioaccumulation capacities of different plants in the Yel-
low River estuary. Other climatic variables such as heavy rain and
violent stormmight also influence the bioaccumulation of heavymetals
by affecting the physiological traits of plants and the redistribution of
heavy metals in intertidal sediments under flooding or storm tide con-
ditions (Song and Sun, 2014). Moreover, the bioaccumulation of heavy
metals in the Yellow River estuary might also be affected by seasonal
variations of plant physiology and species-specific capacities, which
has been reported by Deng et al. (2004), and Song and Sun (2014). All
these probabilities need to be clarified in the next step.

4.3. Potential to use plants in bio-monitoring and phytoremediation

Asmentioned above, although the intertidal sediments in the Yellow
River estuary were not contaminated by heavy metals, Pb and Ni at Z4,
Z6 and Z9 units had high eco-toxic risk of exposure. 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 meausres are taken to control the import
of pollutants in the future. Thus, the use of biomonitors living and grow-
ing in intertidal zone could yield valuable information not only on the
presence of anthropogenic stressors, but, more importantly, on the ad-
verse influence the stressors are having on the environment (Chang
et al., 2009; Ngayila et al., 2009). In this study, the plant tissues at Z1,
Z7 and Z8 units accumulated more heavy metals than those at other
units (Fig. 8), indicating that S. minimum-P. supina (Z1), S. salsa-
T. chinensis (Z7) and S. salsa (Z8) was more suitable for using as biolog-
ical indicatorwhile determining environmental pressures. In addition to
biomonitor, phytoremediation may be applied to reduce, remove, de-
grade or immobilize intertidal pollutants. According to the different ca-
pacity formetal uptake, species able to accumulate relatively highmetal
concentrations in the aboveground tissues could be good candidates for
phytoextraction (Deng et al., 2004). According to the present results,
S. minimum-P. supina (Z1) and S. salsa (Z8) would be good candidates
for extracting Pb, Cr, Cu, Zn andNi, S. salsa-P. australis (Z5) for extracting
Cu and Zn, T. chinensis-S. salsa (Z6) for extracting Pb and Zn, and S. salsa-
T. chinensis (Z7) for extracting Cu, Zn and Ni, from Pb/Cr/Cu/Zn or Ni-
contaminated sediments, respectively. Other plants at Z2, Z3 and Z4
units, which have strong ability to reduce metal translocation from
roots to shoots, are more suitable as phytostabilizers for revegetation
of metal-contaminated sediment. In intertidal zone of the Yellow River
estuary, S. salsa is themost prevalent halophytes and it has strong adap-
tations to environmental stresses (such as high salinity, flooding and
sediment burial) (Han et al., 2005), and also, its abovegound and
belowgound biomasses were 4.30 and 8.04-fold higher than those of
S. minimum-P. Supina, respectively (Fig. 2), indicating that S. salsa had
many advantages which made it an appropriate test species for all
five heavy metals. Thus, when planning activities of biomonitor or
phytoremediation in intertidal zone, the role of S. salsa should be
seriouly considered.
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