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Abstract The effects of water transfer projects on water
channels and the receiving water involved need to be un-
derstood. In this research, the compositions and particle
size distributions of surface sediment and the Cd, Cr, Cu,
Ni, Pb, and Zn contents and distributions in the sediment
along a water transfer route from the Wangyu River to
Taihu Lake, China, were studied. The correlative relation-
ship between the grain size trend and heavy metal content
distribution suggested that heavy metals in Wangyu River
sediment have affected the heavy metal contents of Taihu
Lake sediment through silt and clay migrating in the
transferred water. Enrichment factors and potential eco-
logical risk values were calculated. Low levels of poten-
tial ecological risks are posed at 20 sampling sites in
Taihu Lake, but higher-to-serious risks (potential ecolog-
ical risk values >275) are posed at all Wangyu River sites.
Toxicity of heavy metals (Cd, Cu, Zn, and Ni) in the
Wangyu River sediments is more serious than those in
the Taihu Lake, but is similar to the entrance of Gonghu
Bay. Multivariate statistical analyses (Pearson correlation,
cluster, and factor analyses) suggested heavy metals in the
study area have many sources, and the relationships be-
tween particle migration and heavy metal contents indi-
cated transferring water are likely to lead to adverse eco-
logical risks being posed in Taihu Lake.
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Introduction

Taihu Lake is the third largest freshwater lake in China, with a
surface area of approximately 2338 km2. There are many eco-
nomically developed cities around Taihu Lake. Industrial and
agricultural wastewater discharges into Taihu Lake have led to
the water being seriously polluted (Jin et al. 2010; Wang et al.
2014). Water transfer is an important way of restoring lakes
(Hosper andMeyer 1986; Jagtman et al. 1992; Wu et al. 1999;
Hu et al. 2008). A water transfer project has been formally
running since 2002 to improve water quality and decrease
the risk of algal blooms occurring in Taihu Lake (Hu et al.
2008). Water from the Yangtze River is transferred to Taihu
Lake through theWangyu River, and water is discharged from
Taihu Lake into the Taipu River.Water transfer has had clearly
positive effects on Taihu Lake by decreasing total phytoplank-
ton and nitrogen concentrations and improving the eutrophi-
cation status of the lake (Liu et al. 2007; Qian et al. 2008; Hu
et al. 2008; Li et al. 2011). However, water transfer could
cause heavy metals in sediment to be transported into Taihu
Lake or sediment in the lake to be resuspended, increasing the
risks of heavy metals having toxic effects in the lake ecosys-
tem. A number of studies have focused on changes in nitrogen
and phosphorus concentrations in Taihu Lake, but few studies
of the effects of water diversion on heavy metal pollution in
Taihu Lake have been performed (Fan et al. 1997; Liu et al.
2007; Qian et al. 2008; Li et al. 2011).

Heavy metals are considered to be the most persistent pol-
lutants of sediment because they cannot be decomposed under
natural conditions (Zheng et al. 2013). Some heavy metals are
required by organisms but can be toxic if their concentrations
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are too high. Heavy metals were easily deposited on the sed-
iment surfaces and immobilized through adsorption and coag-
ulation (Jain et al. 2008). It has been shown in many studies
that sediment may act as both a sink and a source of contam-
inants in an aquatic system (Adams et al. 1992; Burton and
Scott 1992; Delgado et al. 2002; Wang et al. 2012). Zheng
et al. (2008) found that more than 90 % of heavy metal con-
tents were related to the suspended particles and sediments.
The distributions of heavy metals in sediments can provide
evidence of anthropogenic influences on aquatic systems.

The Wangyu River is the most important channel in-
volved in the diversion of water from the Yangtze River
to Taihu Lake. A large amount of sediment is suspended
during the transfer of water through the Wangyu River
(Wang et al. 2013). Pollutants in the Wangyu River may
be brought into Taihu Lake by water transfer and may
affect water quality in Taihu Lake. Due to the high-
content suspended particles of Yangtze River, the heavy
metal pollutants with the suspended particle movement
were deposited into the sediments of the main stream and
lake (Zhai et al. 2010). Disturbances caused by the water
diversion scheme can cause heavy metals in sediment in
the Yangtze River and the Wangyu River to be released
into the water or the sediment to be resuspended, potential-
ly affecting the quality of the diverted water. It is therefore
vital that the heavy metal pollution statuses of the Wangyu
River and Yangtze River are determined so that the effects
of the water diversion scheme can be understood.

Hydrodynamic changes can lead to the redistribution of
suspended particles and the nutrients and heavy metals asso-
ciated with the particles. The deposition and resuspension of
suspended particles mean that the sedimentary environment
can constantly change. Sediment transport paths and hydro-
dynamic changes can be determined by identifying changes in
grain size parameters (Petitjohn and Ridge 1938; Plumley
1948; Gao and Collins 1991). These spatial variations like
mean, sorting, skewness, and kurtosis are called grain size
trends (Jia et al. 2003; Poizot and Me’ar 2010). According
to the McLaren model, sediment transport in natural environ-
ments follows two patterns. In the downstream direction, sed-
iment tends to become finer, better sorted, and more negative-
ly skewed or coarser, better sorted, and more positively
skewed. Information on sediment transport paths can help
gain an understanding of the transport of heavy metals
(McLaren and Little 1987).

As mentioned above, water is transferred from the
Yangtze River to Taihu Lake through the Wangyu River to
improve water quality in Taihu Lake, which suffers eutro-
phication, and prevent cyanobacteria accumulating. Large
amounts of sediment carrying heavy metals and other pol-
lutants have been deposited along the Wangyu River and in
Taihu Lake. It is important to determine whether the water
transfer project has affected the heavy metal contents of

Taihu Lake sediment and the potential risks posed by heavy
metals in Taihu Lake sediment. There is no systematical
research and reporting on the topic. We collected surface
sediment samples from along the water transfer route and
determined grain size parameters for the samples and the
spatial distributions of the heavy metals Cd, Cr, Cu, Ni, Pb,
and Zn in the Wangyu River and Taihu Lake. Our aim was
to assess the potential ecological risks posed by sediment
transported along the water transfer route and to assess the
effects of the water diversion project on particle migration
and heavy metal contents. The study was performed with
the intention of providing data to support the operation and
management of the Yangtze River to Taihu Lake water
transfer project and similar projects elsewhere in China
and around the world.

Materials and methods

Study area and sediment sampling

Taihu Lake (30° 56′–31° 33′ N, 119° 53′–120° 36′ E) is a
large, shallow (mean depth 1.9 m) lake adjacent to the
Yangtze River. The Wangyu River, to which Taihu Lake
provides many tributaries, is the main channel through
which water is transferred from the Yangtze River to
Taihu Lake (Fig. 1). Water was transferred intermittently
between 2002 and 2013. When the Taihu Lake water
quality required, a sluice gate in the northeastern part of
Taihu Lake was opened to allow water to run from the
Yangtze River into Gonghu Bay, which has a surface area
of 163.8 km2 (Wang et al. 2014). Water balance in Lake
Taihu was maintained by discharging water from the lake
through the Taipu River. Between 1 January and 5
October 2013, about 1670 × 106 m3 of water was trans-
ferred from the Yangtze River and about 927 × 106 m3 of
that entered Lake Taihu, with about 438 × 106 m3 being
discharged through the Taipu River.

Significant horizontal differences have been found in
the water quality and ecosystem structure of Taihu Lake.
The northern and western parts of the lake have worse
water quality than the eastern and southern parts (Hu
et al. 2008; Li et al. 2011). Li et al. (2011) used the
Lagrangian particle tracking concept and a three-
dimensional environmental fluid dynamic code model to
assess the environmental impacts on Taihu Lake of trans-
ferring water from the Yangtze River. They marked test
Bparticles^ with red triangles and released them in the
inlets of Gonghu Bay, then marked the end positions of
the particles that were recovered on a map to find the
pathways water parcels followed through the polluted part
of the lake. In previous studies, it was found that trans-
ferring water through the Wangyu River, as an emergency
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measure, could temporarily improve the water quality and
mitigate algal blooms in some parts of Lake Taihu
(Gonghu Bay, Meiliang Bay, the central part of the lake,
the east coast area, and the south coast area) (Hu et al.
2008; Li et al. 2011; Zhai et al. 2010). We collected sed-
iment samples at 32 locations along the route along which
transferred water passes in July 2013. The sampling sites
are marked on Fig. 1. The sampling sites were on the
Yangtze River (YZ-1) and the Wangyu River (WY-1–
WY-9), in Gonghu Bay (GH-1–GH-5), Meiliang Bay
(ML-1–ML-5), the central part of Taihu Lake (CA-1–
CA-4), in the south coast area (SA-1–SA-2), and the east
coast area (EA-1–EA-6).

Grain size measurements

A Malvern 2000 laser analyzer (Malvern Instruments,
Malvern, UK) was used to determine the grain size distri-
bution of each sediment sample. Grain size parameters

were calculated using a moment method (McManus
1988), and the results are shown in Table 1. The mean
particle size and the sorting, skewness, and kurtosis pa-
rameters were used to simulate the grain size trends in the
sedimentary environment (McLaren 1981).

Heavy metal analyses

Each sediment sample was freeze-dried, ground, and ho-
mogenized. A 0.2-g aliquot of the sample was then digested
in a mixture of 6 ml HNO3, 1 ml H2O2, 4 ml HF, and 0.5 ml
HCLO4 (all ultrapure) on a hot plate. When digestion was
complete, the sample was allowed to become almost dry,
then the residue was redissolved in 1 mmol/l HNO3

(McLaren and Bowles 1985). The Cd, Cr, Cu, Ni, Pb, and
Zn concentrations in the solution were then determined by
inductively coupled plasma atomic emission spectroscopy
using an automatic filling procedure. Each sample was

Fig. 1 Water transfer route and
sampling locations in Taihu Lake,
the Yangtze River, and the
Wangyu River. YZ Yangtze River,
WYWangyu River, MLMeiliang
Bay, GH Gonghu Bay, EA east
coast area, SA south coast area,
CA central area
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analyzed in triplicate. Blank extractions (i.e., with no sedi-
ment sample) were also performed.

Enrichment factors and potential ecological risks

The enrichment factor (EF) is an effective method for
assessing the contamination status of sediment. We calcu-
lated EFs using the method described by Franco-Uria
et al. (2009). EFs can help gain an understanding of an-
thropogenic contributions to heavy metal pollution. The
EFs were calculated using the equation

EF ¼
Cn=Cref
� �

sample

Bn=Bref
� �

background

;

where Cn is the content of the heavy metal of interest in the
sediment, Cref is the reference element content of the sediment,
Bn is the content of the heavy metal of interest in unpolluted
sediment, and Bref is the reference element content of unpollut-
ed sediment. The background contents were determined from
the appropriate minimum contents, which can be considered to
be the natural heavy metal contents of Taihu Lake sediment
(Selvaraj et al. 2004; Wang et al. 2014). The reference element
was selected taking the stability of the element under natural
conditions and the degree to which anthropogenic pollution
affects the content of the element in the environment into con-
sideration. Aluminum, iron, and some radioactive elements are
usually used as reference elements (Zhang and Liu 2002;
Franco-Uria et al. 2009; Tang et al. 2014), but different re-
searchers have used different elements.

The potential ecological risk (PER) index concept was also
used to assess the ecological risks posed by heavy metals in
the sediment samples (Guo et al. 2010). The PER is a com-
prehensive potential ecological risk index and reflects the

sensitivity of a biological community to toxic substances.
The PER was calculated using the equations

Ci
f ¼

Ci

Ci
n

;

Cd ¼
Xn

i¼1

Ci
f ;

Ei
r ¼ Ti

r � Ci
f ;

andPER ¼
Xm

i¼1

Ei
r;

where Ci
f is a single element contamination factor, Ci is the

content of the element in the sediment, and Ci
n is the back-

ground content of the element. The background contents of
sediments in continental environments can be considered to
be the natural heavy metal contents of Taihu Lake sediment.
The background contents we used for Cd, Cr, Cu, Ni, Pb, and
Zn were 0.1, 70, 20, 28, 20, and 65 mg/kg, respectively
(Antonio and Ricardo 2003). We called the sum of the Ci

f

values for Cd, Cr, Cu, Ni, Pb, and Zn the integrated degree of
pollution (Cd). The Ei

r value is the potential ecological risk

index for a single element, and the Ti
r value is the biological

toxicity factor of a single element. The toxic factors used for
Cd, Cr, Cu, Ni, Pb, and Zn were 30, 2, 5, 6, 5, and 1, respec-
tively (Guo et al. 2010; Fu et al. 2009).

Results

Sediment compositions and grain size distributions

As shown in Fig. 2, the sediment samples were predominantly
composed of silt, and sand was the next most abundant compo-
nent. The clay contents of most of the samples were <7 %. The
mean silt content of the Taihu Lake sediment was 84.25 %, and
the mean sand and clay contents were 10.57 and 5.18%, respec-
tively. The mean silt content of theWangyu River sediment was
81.97 %, and the mean sand and clay contents were 12.18 and
5.85 %, respectively. The sand content of the YZ-1 sample
(22.5 %) was clearly different from the sand contents of the
Taihu Lake and Wangyu River samples. The differences be-
tween the sand contents of the other samples were not signifi-
cant. The fine fraction (clay + silt) content generally decreased
moving down the Wangyu River, but the sample from station
WY-9, which was the nearest Gonghu Bay, had the highest fine
fraction content of all nine samples collected along the river. The
grain size distributions at stations GH-1 andWY-9 were similar.

The grain size parameter distributions for the samples
collected from the Yangtze River, Taihu Lake, and Wangyu
River are shown in Fig. 3. According to the grain size

Table 1 Methods used to calculate the particle size parameters

Parameters Moment method (McManus 1988)a

Mean (ϕ) μ ¼ ∑
n

1
Pixi

Sorting σ ¼ ∑
n

1
Pi xi−μð Þ2

� �1
2

Skewness Sk ¼ ∑
n

1
Pi xi−μð Þ3

� �1
3

Kurtosis Ku ¼ ∑
n

1
Pi xi−μð Þ4

� �1
4

a i is the size class, Pi is the percent of particles of size xi (inφ units), and n
is the total number of size classes. The sediment samples were classified
using the scheme presented by Gao (1995)
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classification standards (Folk and Ward 1957; Gao 1995),
we found that the predominant sediment in Taihu Lake and
theWangyuRiver was coarse silt with amean particle size of
about 5.0φ. The main component of the Yangtze River sed-
iment sampleswas very fine sand (VFS, 4.7φ), and except at
station WY-7, the particle size did not obviously change
along the Wangyu River from Ehu to Caohu and to
Shengtanhu Lake. The mean grain size increased from 5.5
to 4.9φ from station GH-1 to station GH-5 in Gonghu Bay,
and, except for at station ML-4, the particle size changed
very little from Gonghu Bay to Meiliang Bay. The highest
and lowest particle sizes were found in the central part of
Taihu Lake and Meiliang Bay, respectively.

The mean sorting coefficient, skewness, and kurtosis param-
eters were analyzed using one-way ANOVAs, and the results
are shown in Fig. 3b–d. The parameters for the Yangtze River
andWangyuRiver samples were significantly different from the
parameters for the Taihu Lake samples (p < 0.05). The sorting

coefficients for the CA-1 andCA-2 samples were lower than the
sorting coefficients for the other Taihu Lake samples, but oth-
erwise the sorting coefficients for the Taihu Lake samples varied
little. The samples from the Yangtze River and Wangyu River
stations all had extremely positive biases, and the samples from
stations GH-1 to GH-5 started with positive biases and gradu-
ally changed to strongly negative biases. Moving across the
central part of Taihu Lake, the samples started with extremely
negative biases, changed to positive biases, then changed back
to negative biases. Except for the station EA-1 sample (which
had a positive bias of 0.47), the samples from the stations in the
south and central parts of Meiliang Bay all had negative biases
or extremely negative biases. Kurtosis varied in a similar way to
skewness. The kurtosis values for the Yangtze River and
WangyuRiver sampleswere significantly higher than the values
for the Taihu Lake samples. The lowest kurtosis values were
found for the Gonghu Bay samples and the samples from the
central part of Taihu Lake.

Fig. 2 Spatial variations in the
particle size distributions of the
surface sediment samples

Fig. 3 Distributions of the
particle parameters for the
sediment samples
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Spatial distributions of the heavy metals in sediment
along the water transfer route

The Cd, Cr, Cu, Ni, Pb, and Zn contents of the sediment
samples along the water transfer route are shown in Fig. 4.

The differences between the metal contents of the sediment
samples in the different parts of the study area were generally
significant. The degrees to which Taihu Lake sediment sam-
ples and Wangyu River sediment samples were contaminated
with heavy metals were different. The Cd, Cu, Zn, and Ni

Fig. 4 Spatial distributions of the
a Cd, b Cr, c Cu, d Ni, e Pb, and f
Zn contents (mg/kg) of the
sediment samples collected along
the water transfer route (red dots:
the concentration exceeds the soil
environmental quality standards
primary standard criteria)
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contents were higher in the Wangyu River samples than in the
Taihu Lake samples. In contrast, the Cr and Pb contents were
lower in the Wangyu River samples than in the Taihu Lake
samples. One-way ANOVA analysis indicated that the spatial
distributions of the Cd and Zn contents in the Taihu Lake
sediment samples were uniform except in Gonghu Bay.
However, the Cd, Cu, Ni, and Zn contents of the Gonghu
Bay and Wangyu River samples were very similar. In partic-
ular, the heavy metal contents were higher at station GH-1 (the
entrance to Gonghu Bay) than at the other Gonghu Bay

stations. The metal contents, particularly the Cd, Cu, Ni, and
Zn contents, in the Gonghu Bay samples decreased from sta-
tion GH-1 to station GH-5.

The highest Cd and Zn contents (81.53 and 1434.17 mg/kg,
respectively) were found at station WY-4, and the highest Cu
and Ni contents (145.67 and 45.58 mg/kg, respectively) were
found at station WY-6. These contents were much higher than
the contents at all of the other Taihu Lake stations (Fig. 4).
However, the highest Cr and Pb contents were found at station
EA-5 in Taihu Lake. In particular, the heavy metal contents at

Fig. 5 Scatter plots showing the
relationships between the heavy
metal contents and the aluminum
contents of the sediment samples
collected along the water transfer
route
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station GH-1 (at the entrance to Gonghu Bay) were higher than
the heavy metal contents at the other Gonghu Bay stations.
Some high contents were found in the central part of Taihu
Lake and in the east coast area. The Cd contents varied spatially
less than the other metal contents of the Taihu Lake samples.

The total metal contents of the Taihu Lake sediment sam-
ples decreased in the order Zn > Cr > Cu > Ni > Pb > Cd. The
total metal contents of the Wangyu River sediment samples
decreased in the order Zn > Cu > Ni > Cd > Cr > Pb. It was

clear that the Cd, Cu, Ni, and Zn pollution statuses were more
serious in the Wangyu River than in Taihu Lake. The Cd, Cu,
Ni, and Zn contents of the samples from Gonghu Bay and the
Wangyu River were very similar.

EFs and PER values

Aluminum is one of the most abundant metal elements in the
Earth’s crust. Aluminum is stable in the environment, so we

Fig. 6 Enrichment factors (EFs)
for the heavy metals in the sedi-
ment samples collected along the
water transfer route
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used it as a reference element. Scatter plots showed that there
were clear relationships between the aluminum content and
the Cd, Cr, Cu, Ni, Pb, and Zn contents (Fig. 5), with the data
for 50–70 % of the sampling points falling within the 95 %
confidence interval around the regression line.

The EF method is a normalization method that is widely
used to identify human influences on heavy metal pollution.
The calculated EFs for the sediment samples from along the
water transfer route are shown in Fig. 6. EFs allow the degree
of pollution to be divided into five levels, shown in Table 4.
On the whole, the EFs for the different parts of the study area
suggested that the different areas had different pollution sta-
tuses. The Cd EFs for the Wangyu River and Yangtze River
samples were >5, indicating that these samples were clearly
polluted. The Cd EFs for the Taihu Lake samples were 0.50–
2.77, and the mean was 1.66. Sediments at several sampling
points in Gonghu Bay, Meiliang Bay, and the eastern part of
Taihu Lake were categorized as moderately polluted with Cd,
but the sediment samples from the other sampling points were
classed as unpolluted. The highest Cr EF was found at station
GH-1, and sediment at this station was classed as clearly pol-
luted. The Cr EFs for the Taihu Lake samples were higher than
the Cr EFs for the Yangtze River and Wangyu River samples
except for the samples from stationsWY-2, WY-3, WY-4, and
WY-5. The highest Cu and Zn EFs were found for the sedi-
ment from station WY-3, which was clearly polluted. The
highest Pb EFs at most stations were <2, suggesting that sed-
iment at these stations is unpolluted with Pb. The Ni EFs at
some of the sampling points in Gonghu Bay and the central
and eastern parts of Taihu Lake, where the sediment was
classed as moderately polluted, were higher than the EFs for
the Wangyu River samples.

The different pollution levels are shown in Table 4 (Guo
et al. 2010). The calculated PER values for each heavy metal
and the comprehensive indices are presented in Table 2. The

degree of metal contamination in the Taihu Lake sediment sam-
ples decreased in the order Cd > Cu > Pb > Ni > Cr > Zn. The
degree of metal contamination in the Wangyu River sediment
samples decreased in the order Cd > Cu > Zn > Ni > Pb > Cr.
The Cd range for the Taihu Lake samples was 1.98–16.34, and
the mean was 4.96. This indicates that sediment in Taihu Lake
suffers low to moderate heavy metal contamination (Fu et al.
2009). However, the Cd range for the Wangyu River samples
was 34.54–533, and themeanwas 195, indicating that sediment
in theWangyu River suffers high levels of metal contamination.

The mean Ei
r values for heavy metals in the Taihu Lake and

Wangyu River sediment samples decreased in the order
Cd > Cu > Zn > Ni > Pb > Cr. The PER values for the
Taihu Lake samples were 13.03–329.75, and the mean was
58.06. The PER values for the Wangyu River samples were
275.5–1544.5, and the mean was 542.3. The PER values were
therefore much higher in the Wangyu River samples than in
the Taihu Lake samples.

The lowest and highest PER values were found for the
samples from stations EA-3 and WY-5, respectively. The
highest PER value (1544.5) may have been caused by the high
heavy metal contents of the WY-5 sample. The PER value
indicated that sediment at WY-5 poses serious potential eco-
logical risks. The PER values for stations GH-1, GH-5, YZ-1,
and WY-1–WY-9 were 250–1544, indicating that higher de-
grees of ecological risk are posed at these sites. About 93 %
(20 sites) of the Taihu Lake stations had PER values <150, so
low levels of potential ecological risk are posed at these sites.
From Table 3, it can be seen that the PER values in the seven
parts of the study area varied greatly, especially at the stations
on the Yangtze River and Wangyu River. Severe potential
ecological risks are posed by heavy metals in sediment in
the Yangtze River and Wangyu River. The PER values were
higher for the Gonghu Bay stations than for the stations in the
other parts of Taihu Lake (Table 4).

Table 2 Basic statistics for the
potential ecological risk (PER)
values for the sediment samples

Cd Er PER

Cd Cr Cu Ni Pb Zn

Taihu Lake Average 4.96 44.48 1.06 4.96 3.37 3.51 0.69 58.06

Maximum 16.34 307.44 2.37 12.32 9.51 6.98 2.24 329.75

Minimum 1.98 6.37 0.51 2.29 1.25 1.93 0.29 13.03

Wangyu River Average 195 539 0.25 14.56 6.23 0.28 11.66 542.3

Maximum 533 1541 0.74 36.42 9.77 0.75 22.06 1544.5

Minimum 34.54 290 0.03 2.21 2.13 0.06 1.22 275.5

Table 3 Potential ecological risk
(PER) values for the sediment
samples from different areas

Districts Yangtze
River

Wangyu
River

Gonghu
Bay

Meiliang
Bay

Center
area

South coast
area

East coast
area

PER 376.55 542.33 91.17 35.86 31.70 47.69 48.19
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Multivariate statistical analysis

The correlation coefficients for the relationships between
the contents of the different metals in the samples and the
sediment parameters are presented in Table 5. Positive
correlations were found between the Cd and Zn contents
(r = 0.750), Cr and Pb contents (r = 0.919), Cu and Ni
contents (r = 0.847), Cu and Zn contents (r = 0.794), and
Ni and Zn contents (r = 0.864) of the sediment samples.
We deduced from the good correlations between the Cu,
Ni, and Zn contents that these three metals may have been
supplied by the same sources and that the other metals did
not have common sources. Positive relationships were al-
so found between the PER values and the Cd contents
(r = 0.767), Cu contents (r = 0.774), and Zn contents
(r = 0.807) of the sediment samples. The sorting coeffi-
cient, skewness, and kurtosis positively correlated with
each other and also strongly positively correlated with
the Cu and Zn contents and the PER values.

The cluster analysis results were the same as the Pearson
correlation analysis results, and the cluster analysis den-
drogram is shown in Fig. 7a, in which the 15 parameters
are grouped into three significant clusters. Cluster 1

included Cr and Pb; cluster 2 included Cd, Cu, Ni, Zn,
PER, mean grain size, sorting coefficient, skewness, kur-
tosis, silt, and clay; and cluster 3 included only sand.
Cluster 1 showed that the Cr content was strongly related
to the Pb content. Cluster 2 indicated that the Cd, Cu, Ni,
and Zn contents were mainly responsible for the PER
values and that the mean grain size, sorting coefficient,
skewness, and kurtosis were similar and strongly associat-
ed with silt and clay grains. Cluster 3 showed that the metal
contents were not significantly related to the sand content.

Factor analysis gave two factors with eigenvalues >1
explaining 83.75 % of variability in the parameters
(Fig. 7b). The first factor accounted for 76.22 % of vari-
ability and had high positive loadings for Cd, Cu, Ni, Zn,
PER, mean grain size, sorting coefficient, skewness, kur-
tosis, silt, and clay. This showed that the Cd, Cu, Ni, and
Zn contents made significant contributions to the PER
values. Factor 2 accounted for 13.45 % of the variability,
mainly in the Cr and Pb contents. Cluster analysis
grouped all 15 parameters into three statistically signifi-
cant clusters, and factor analysis gave two factors, and the
cluster and factor analysis results matched the Pearson
correlation analysis results well.

Table 4 Standards used to
determine the degree of
contamination from the
enrichment factors (EFs), Ei

r
values, and potential ecological
risk (PER) values

EF Pollution level
Ei
r

Pollution lever PER Pollution lever

<2 Low <40 Low <150 Low

2–5 Moderate 40–80 Moderate 150–300 Moderate

5–20 Obvious 80–160 Higher 300–600 Severe

20–40 High 160–320 Much higher >600 Serious

>40 Serious >320 Serious

Table 5 Pearson correlation coefficients for the relationships between the variables

Cr Cu Ni Pb Zn Cd PER Mean grain Sort Skewness Kurtosis Clay Silt Sand

Cr 1.000

Cu −0.074 1.000

Ni 0.252 0.847 1.000

Pb 0.919 −0.285 −0.018 1.000

Zn −0.364 0.794 0.864 −0.574 1.000

Cd −0.344 0.459 0.362 −0.383 0.750 1.000

PER −0.452 0.774 0.469 −0.521 0.807 0.767 1.000

Mean grain 0.121 0.070 0.026 0.041 0.098 0.081 0.029 1.000

Sort −0.578 0.639 0.472 −0.690 0.748 0.543 0.720 −0.127 1.000

Skewness −0.505 0.606 0.435 −0.643 0.676 0.463 0.627 0.133 0.814 1.000

Kurtosis −0.417 0.654 0.483 −0.568 0.589 0.427 0.681 −0.286 0.805 0.704 1.000

Clay 0.793 0.186 0.234 −0.256 0.446 0.763 0.431 0.380 0.222 0.223 0.226 1.000

Silt 0.794 0.055 0.029 0.235 −0.026 0.680 −0.177 0.290 −0.375 −0.216 −0.419 −0.049 1.000

Sand −0.273 −0.091 −0.073 −0.184 −0.060 −0.010 −0.092 −0.361 0.329 0.171 0.372 −0.144 −0.981 1.000

The italicized values indicate positive correlations between variables
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Discussion

Grain size parameters and sediment sources

The amount of a heavy metal that will be bound to sedi-
ment will be determined by the sediment particle size
distribution, the sediment mineral composition, the redox
state of the system, and the physical transmission medi-
um. The main factor that influences the heavy metal dis-
tribution is the sediment grain size distribution (Aprile
and Bouvy 2008). The continuous deposition of fine par-
ticles carrying heavy metals can increase the heavy metal
content of sediment (Casado-Martínez et al. 2006). Silt
was the main component of the sediment in our study
area, accounting for more than 80 % of the total sediment
mass. However, sediment from station YZ-1 on the
Yangtze River had a lower silt content (about 70 %) than
did the sediment from the other stations. During water
transfer periods, most of the sand that is transferred will
have settled in the estuary and some of the silt will have
entered Gonghu Bay from the Wangyu River.

The mean grain size reflects the hydrodynamic intensi-
ty (motive energy) of the sedimentary environment, so the
hydrodynamic intensity can explain particle size trends
(Burghard 2007). Differences between the mean particle
sizes in Gonghu Bay and Wangyu River showed that
these two areas had high-energy sedimentary environ-
ments. The sorting value can indicate the particle sizes
and the degree of uniformity (Gao and Collins 1992).
The Wangyu River samples had poor sorting characteris-
tics (sorting values >3.0). Skewness can indicate the rel-
ative positions of the median and mean particle sizes and
reflect energy differences during the deposition process
(Gao and Collins 1992). The Wangyu River sample skew-
ness values were 2.0–3.0, and the Gonghu Bay sample

skewness values were 0–1.0. The skewness values for
the samples from most of the other areas were <1.0, indi-
cating negative to extremely negative bias. Kurtosis can
indicate the main source of sediment and allow the parti-
cle size frequency curve to be characterized. The kurtosis
values for all of the Taihu Lake and Wangyu River sam-
ples were >1.0, indicating that multiple sources or multi-
ple factors affected the sediment in these areas. The re-
sults described above were consistent with the sediment
components that were identified (i.e., silt was the domi-
nant type of sediment).

In summary, the sediment samples from the Wangyu
River estuary had small particle sizes and were well
sorted, indicating that suspended solids that settled there
had been flushed into the area in diverted water. The sed-
iment samples from Gonghu Bay were coarser, better
sorted, more positively skewed, and strongly influenced
by the diverted water. The sediment samples from
Meiliang Bay, the central part of Taihu Lake, and the east
coast of Taihu Lake were finer, better sorted, more nega-
tively skewed, and less affected by the diverted water.
Numerous persuasive articles have been published
asserting that differences in sediment grain size parame-
ters indicate the hydrodynamic intensity of a sedimentary
environment (McLaren and Bowles 1985; Le Roux 1994;
Burghard 2007). We concluded that the differences in the
grain size parameters indicated that Gonghu Bay was
more affected by the diverted water than were the other
parts of the study area.

Assessment of ecological risks posed by heavy metals
in sediment in Gonghu Bay affected by transferred water

According to Harikumar and Nasir (2010), heavy metal
contents below the Beffects range low^ will influence

Fig. 7 a Dendrogram showing
the clusters of variables. b Three-
dimensional diagram showing the
factor analysis results
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biological growth little and heavy metal contents equal to
or greater than the effects range low, but less than the
Beffects range median^ will exert medium influences on
biological growth. Heavy metal contents at or higher than
the effects range median will have strong adverse biolog-
ical effects. The Pb contents of our samples suggested that
Pb will have little or no biological effect in the study area.
Cr, Cu, and Zn may have some biological effects in the
study area because the contents of these metals fell be-
tween the effects range low and effects range median
values for the metals. Our results indicated that Ni, Cd,
Cu, and Zn are likely to have adverse biological effects in
the Wangyu River. The PER index for each metal, the Ei

r,
and the pollution degree classifications indicated that each
heavy metal except for Cd had a low potential ecological
r i sk . Meta l min ing , fe r t i l i ze r p roduc t ion , and
electroplating are generally the main anthropogenic
sources of Cd to the environment (ATSDR 2008). There
are a lot of metal processing plants, agricultural areas, and
waste disposal sites around Taihu Lake and the Wangyu
River, and these may have been the sources of Cd to
sediment in the study area.

The Cd and Zn EFs were higher for the Yangtze River
and Wangyu River samples than for the Taihu Lake sam-
ples. It was clear that sediment in the study area is pol-
luted with heavy metals because the EFs for most sites
were >2. Higher Cd, Cr, Cu, and Zn EFs were found in
the Wangyu River and Gonghu Bay samples than in the
other samples. The comprehensive PER indices for the
Taihu Lake samples indicated that Cd, Cr, Cu, Ni, Pb,
and Zn in sediment currently pose low levels of risk.
However, the comprehensive PER indices for the
Yangtze River and Wangyu River samples indicated that
Cd, Cr, Cu, Ni, Pb, and Zn could pose high-to-serious
ecological risks. The Gonghu Bay samples had higher
PER indices than did the other Taihu Lake samples.
These results indicate that transferring water into Taihu
Lake may increase the potential ecological risks posed
by heavy metals in sediment in Gonghu Bay.

Relationships between particle migration and heavy metal
contents

No correlations were found between the contents of some
of the metals, suggesting that the metal contents were not
controlled by a single factor but by multiple factors. Suresh
et al. (2011) found that a high correlation coefficient for the
relationship between two metal contents indicates that the
metals have a common origin and are transported together.
Heavy metals may adsorb to the surfaces of fine particles
in sediment. The silt and clay contents of our samples pos-
itively correlated with the Cd, Cu, Ni, and Zn contents. The

relationships between sediment parameters and heavy met-
al contents can provide evidence of anthropogenic effects
on an aquatic system and of the potential risks related to
the discharge of waste produced by humans (Zhang et al.
2014). Srikanth et al. (2013) and Lin et al. (2002) found
that heavy metals may adsorb onto the surfaces of fine
particles in sediment. The sand contents of our samples
negatively correlated with the heavy metal contents, the
PER values, and the mean particle sizes (Srikanth et al.
2013). From the correlations mentioned above, we con-
cluded that the Cd, Cu, Ni, and Zn contents positively
correlated with the sorting coefficients, skewness values,
and kurtosis values. This suggested that the sorting coeffi-
cient, skewness value, and kurtosis value could be used to
determine the degree of heavy metal contamination caused
by anthropogenic activities.

Conclusions

The Cd, Cr, Cu, Ni, Pb, and Zn contents and spatial distribu-
tions, compositions, and particle size characteristics of sedi-
ment along a water transfer route were analyzed. The Cd, Cu,
Ni, and Zn contents, sorting coefficients, skewness values,
kurtosis values, EFs, and PER values were high in the
Yangtze River, Wangyu River, and Gonghu Bay samples.
These areas have relatively high water flows during water
transfer periods. These results suggest that Cd, Cu, Ni, and
Zn may cause adverse effects on aquatic ecosystems in
Gonghu Bay during water transfer periods. The EFs for the
sediment samples indicated that sediment in the study area is
polluted to a significant degree with Cd. The PER values
indicated that about 93 % of the sampling sites (20 sites) in
Taihu Lake suffer only low levels of potential ecological risk
from heavy metals in sediment but that all of the Wangyu
River sites suffer high-to-serious levels of potential ecological
risk. In particular, sediment at station GH-1 had a PER value
of 250, indicating moderate potential ecological risk.

The statistical analyses led to the conclusions below.

1 The EFs and PER values indicated that Cd, Cu, Ni, and Zn
toxicity is more serious in Wangyu River sediment than in
Taihu Lake sediment but similar to sediment at the en-
trance of Gonghu Bay.

2 The relationship between particle migration and the heavy
metal contents showed that Cd, Cu, Ni, and Zn have the
same source and may currently be adsorbed to silt and clay
particles in sediment.

3 Multivariate statistical analyses indicated that the high tox-
icity levels in the Wangyu River are likely to pose addi-
tional adverse health risks to aquatic ecosystems in Taihu
Lake during water transfer periods.

2664 Environ Sci Pollut Res (2017) 24:2653–2666



Acknowledgments We also appreciate the generous financial support
of this work provided by the National Science Fund for Creative Research
Groups of China (No. 51421006), the Program for Changjiang Scholars
and Innovative Research Team in University (No. IRT13061), the
National Science Fund for Distinguished Young Scholars (No.
51225901), the Key Program of National Natural Science Foundation
of China (No. 41430751), the National Natural Science Foundation of
China (No. 51579073), the Fundamental Research Funds for the Central
Universities (No. 2015B25314), and PAPD.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Adams WJ, Kimerle RA, Barnett JW Jr (1992) Sediment quality and
aquatic life assessment. Environ Sci Technol 26:1865–1875

Aprile FM, BouvyM (2008) Distribution and enrichment of heavymetals
in sediments at the Tapacura River basin, northeastern Brazil.
Brazilian Journal of Aquatic Science and Technology 12(1):1–8

Antonio CG, Ricardo P (2003) Heavy metal sedimentary record in a
Galician Ria (NW Spain): background values and recent contami-
nation. Mar Pollut Bull 46(10):1253–1262

ATSDR (2008) Agency for Toxic Substances and Diseases Registry.
Division of Toxicology and Environmental Medicine. Public
Health Statement of Cadmium. US Department of Health and
Human Services. Atlanda

Burton GA Jr, Scott KJ (1992) Sediment toxicity evaluations, their niche
in ecological assessments. Environ Sci Technol 26:2068–2075

Burghard WF (2007) The influence of grain-size analysis methods and
sediment mixing on curve shapes and textural parameters: implica-
tions for sediment trend analysis. Sediment Geol 202:425–435

Casado-Martínez MC, Buceta JL, Belzunce MJ, DelValls TA (2006)
Using sediment quality guidelines for dredgedmaterial management
in commercial ports from Spain. Environ Int 32(3):388–396

Delgado I, Alcantara-Carrio J, Alejo I, Alonso I, Louzao M (2002)
Influence of hydrodynamics and sedimentary characteristics of
Barqueiro Ria on Arealonga beach dynamics. J Coas Res 36:231–
239 (Special issue)

Fan C, Ji J, Zhang W, Wu Q, Chen K, Chen Y (1997) Comprehensive
evaluation and preliminary prediction for water quality and eutro-
phication of Gonghu Bay. Transactions of Oceanology and
Limnology 3:19–22 (in Chinese)

Folk RL,WardWC (1957) Brazos river bar: a study in the significance of
grain size parameters. J Sediment Petrol 27(1):3–26

Franco-Uria A, Lopez-Mateo C, Roca E, Fernandez-Marcos ML (2009)
Source identification of heavy metals in pasture land by multivariate
analysis in NW Spain. J Hazard Mater 165:1008–1015

FuC, Guo J, Pan J, Qi J, ZhouW (2009) Potential ecological risk assessment
of heavy metal pollution in sediments of the Yangtze river within the
Wanzhou section. China Biol Trace Elem Res 129:270–277

Gao S, Collins M (1991) A critique of the BMc Laren method^ for defining
sediment transport paths-discussion. J Sediment Petrol 61(1):143–146

Gao S, Collins M (1992) Net sediment transport patterns inferred from
grain-size trends, based on definition of Btransport vectors^.
Sediment Geol 81:47–60

Gao S (1995) A fortran program for grain-size trend analysis to define net
sediment transport pathways. Computer & Geosciences 22(4):449–452

Guo W, Liu X, Liu Z, Li G (2010) Pollution and potential ecological risk
evaluation of heavy metals in the sediments around Dongjiang
Harbor, Tianjin. Procedia Environ Sci 2:729–736

Hosper H,MeyerML (1986) Control of phosphorus loading and flushing
as restoration methods for Lake Veluwe, the Netherlands. Aquat
Ecol 20:183–194

Harikumar PS, Nasir UP (2010) Ecotoxicological impact assessment of
heavy metals in core sediments of a tropical estuary. Ecotoxicol
Environ Saf 73:1742–1747

Hu WP, Zhai SJ, Zhu ZC, Han HJ (2008) Impacts of the Yangtze River
water transfer on the restoration of Lake Taihu. Ecol Eng 34:30–49

Jagtman E, VanDerMolenDT,Vermij S (1992) The influence of flushing on
nutrient dynamics, composition and densities of algae and transparency
in Veluwemeer, the Netherlands. Hydrobiologia 233:187–196

Jain CK, Gupta H, Chakrapani GJ (2008) Enrichment and fractionation of
heavy metals in bed sediments of river Narmada, India. Environ
Monit Assess 141:35–47

Jin Z, Cheng H, Chen L, Li X, Zhu G, Zhuang G, Qian N (2010)
Concentrations and contamination trends of heavy metals in the
sediment cores of Taihu Lake, East China, and their relationship
with historical eutrophication. Chin J Geochem 29:33–41

Jia J-J, Gao S, Xue Y-C (2003) Sediment dynamic processes of the Yuehu
inlet system, Shandong Peninsula, China. Estuar Coast Shelf Sci
57(5–6):783–801

Le Roux JP (1994) An alternative approach to the identification of
net transport paths based on grain-size trends. Sediment Geol
94:47–60

Li YP, Acharya K, Yu ZB (2011) Modeling impacts of Yangtze River water
transfer on water ages in Lake Taihu, China. Ecol Eng 37:325–334

Lin S, I-Jy H, Huang K–M, Wang C-H (2002) Influence of the Yangtze
River and grain size on the spatial variations of heavy metals and
organic carbon in the East China Sea continental shelf sediments.
Chem Geol 182:377–394

Liu WL, Hu WP, Chen YG, Gu XH, Hu ZX, Chen YW, Ji J (2007)
Temporal and spatial variation of aquatic macrophytes in West
Taihu Lake. Acta Ecol Sin 27:159–170 (in Chinese)

Mcmanus J (1988) Grain size determination and interpretation. In: Tucker
M (ed) Techniques in sedimentology. Black-well, Oxford, pp. 63–85

McLaren P, Bowles D (1985) The effects of sediment transport on grain
size distribution. J Sediment Petrol 55:457–470

McLaren P, Little DI (1987) The effects of sediment transport on contam-
inant dispersal: An example from Milford Haven. Marine Pollution
Bulletin 18 (11):586–594

Petitjohn FG, Ridge JD (1938) A textural variation series of beach sands
from cedar point. Ohio J Sediment Petrol 2(2):76–88

PlumleyWJ (1948) Black Hills terrace gravels: a study in sediment trans-
port. J Geol 56(6):526–577

Poizot E, Me’ar Y (2010) Using a GIS to enhance grain size trend anal-
ysis. Environ Model Softw 25:513–525

Qian KM, Chen YW, Song XL (2008) Long-term development of phy-
toplankton dominant species related to eutrophication in Lake Taihu.
Ecol Sci 27:65–70 (in Chinese)

Selvaraj K, Ram Mohan V, Szefer P (2004) Evaluation of metal contam-
ination in coastal sediments of the Bay of Bengal, India: geochem-
ical and statistical approaches. Mar Pollut Bull 49:174–185

Srikanth K, Iqbal A, Ramjee P, Venkateswara RJ (2013) Spatial variation
of potentially toxic elements in different grain size fractions of ma-
rine sediments from Gulf of Mannar, India. Environ Monit Assess
185:7581–7589

Suresh G, Ramasamy V, Meenakshisundaram V, Venkatachalapathy R,
Ponnu-samy V (2011) Influence of mineralogical and heavy metal
composition on natural radionuclide contents in the river sediments.
Appl Radiat Isot 69:1466–1474

Tang W, Shan B, Zhang H, Zhang W, Zhao Y, Ding Y, Nan R, Zhu X
(2014) Heavy metal contamination in the surface sediments of rep-
resentative limnetic ecosystems in eastern China. Sci Rep 4

Environ Sci Pollut Res (2017) 24:2653–2666 2665



Wang C, Liu S, Zhao Q, Deng L, Dong S (2012) Spatial variation
and contamination assessment of heavy metals in sediments in
the Manwan Reservoir, Lancang River. Ecotoxicol Environ Saf
82:32–39

Wang C, Shen C, Wang PF, Qian J, Hou J, Liu JJ (2013) Modeling of
sediment and heavy metal transport in Taihu Lake, China. J
Hydrodyn 25(3):379–387

Wang P, Liu J, Wang C, Qian J, Hou J, Ren L (2014) Seasonal, spatial
distribution and ecological risk assessment of heavy metals in sur-
face sediments from a watershed area in Gonghu Bay in Taihu Lake,
China. Terr Atmos Ocean Sci 25(4):605–616

Wu J, Wang R, Yu JY, Yu ZM, Shen XD (1999) Macrozoobenthos com-
munities of West Lake after drawing fresh water from Qiantang
River. Environ PollutControl 21:25–29 (in Chinese)

Zhai SJ, HuWP, Zhu ZC (2010) Ecological impacts of water transfers on
Lake Taihu from the Yangtze River, China. Ecol Eng 36:406–420

Zhang J, Liu CL (2002) Riverine composition and estuarine geochemistry
of particulate metals in China-weathering features, anthropogenic
impact and chemical fluxes. Estuar Coastal Shelf Sci 54:1051–1070

Zhang C, Yu ZG, Zeng GM, Jiang M, Yang ZZ, Cui F, Zhu MY, Shen
LQ, Hu L (2014) Effects of sediments geochemical properties on
heavy metal bioavailability. Environ Int 73:270–281

Zheng S,Wang P,Wang C, Hou J, Qian J (2013) Distribution of metals in
water and suspended particulate matter during thr resuspension pro-
cesses in Taihu Lake sediment, China. Quat Int 286:94–102

Zheng N, Wang Q, Liang Z, Zheng D (2008) Characterization of heavy
metal concentrations in the sediments of three freshwater rivers in
Huludao City, Northeast China. Enviro Pullut 154:135–142

2666 Environ Sci Pollut Res (2017) 24:2653–2666


	Heavy metal pollution status and ecological risks of sediments under the influence of water transfers in Taihu Lake, China
	Abstract
	Introduction
	Materials and methods
	Study area and sediment sampling
	Grain size measurements
	Heavy metal analyses
	Enrichment factors and potential ecological risks

	Results
	Sediment compositions and grain size distributions
	Spatial distributions of the heavy metals in sediment along the water transfer route
	EFs and PER values
	Multivariate statistical analysis

	Discussion
	Grain size parameters and sediment sources
	Assessment of ecological risks posed by heavy metals in sediment in Gonghu Bay affected by transferred water
	Relationships between particle migration and heavy metal contents

	Conclusions
	References


