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Excessive accumulation of heavy metals in global lake sediments poses a
serious threat to lake water quality and ecosystem security. However, there
is still a knowledge gap in comparison of heavy metal variation and pollution
in hydrologically connected lakes. In this study, concentrations of As, Cd,
Cr, Cu, Hg, Pb, and Zn in sediments of two hydrologically connected lakes,
Xingkai Lake and Xiaoxingkai Lake, were determined during the hydrologically
connected periods (May and September) and disconnected period (January
and July) in 2021. We found the range of As was 2.58~14.35 mg/kg, Cd was
0.050~0.21 mg/kg, Cr was 28.58~262.3 mg/kg, Cu was 3.12~28.05 mg/kg,
Hg was 0.0030~0.14 mg/kg, Pb was 10.87~58.86 mg/kg, and Zn was
18.21~90.73 mg/kg. Heavy metal concentrations were lower than grade |
level in Chinese soil quality standards with significant spatial and temporal
differences in the basin. Overall, most of the sampling sites in Xingkai
Lake and Xiaoxingkai Lake were at the uncontaminated level and moderate
ecological risk during the sampling period. Two lakes showed different heavy
metal compositions, accompanied by higher contamination level and higher
potential ecological risk in the small lake than those in the large lake based on
analysis of the geo-accumulation index and potential ecological risk index.
Besides, the contamination level and potential ecological risk in May and
September were higher than those in January and July, mainly due to human
activities and hydrological connectivity. The ecological risks were moderate
for Cd and Hg, and low for As, Cr, Cu, Pb, and Zn. Correlation and PCA analyses
showed that Cd mainly originated from anthropogenic sources, while other
metals mainly came from natural sources. These findings elucidate the effects
of agriculture and hydrological connectivity on heavy metals in sediments, and
provide scientific basis for the reasonable management of lake ecosystem.
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Introduction

Heavy metal pollution is one of the most concerning
issues globally, and is considered as typical pollutant in
the environment due to their high toxicity, environmental
persistence, bioaccumulation, carcinogenicity, and complex
mechanisms with multiple sources and pathways (Yu et al,
2021; Miranda et al., 2022). Heavy metals are discharged into
lakes through multiple natural and anthropogenic pathways
such as atmospheric deposition, rain wash, and surface runoff,
and then deposit in the sediments (Yu et al,, 2021), resulting
in increasing heavy metal concentrations in global lakes from
1970s to 2010s (Zhou et al, 2020). Although many studies
on heavy metal pollution in lakes have been carried out
(e.g., Veeranam Lake in India, Suresh et al, 2012; Poyang
Lake in China, Feng et al, 2019), it is still necessary to
conduct relevant studies on individual lakes due to their
differences in local economic development, pollution sources,
and geographical conditions, particular for hydrologically
connected lakes that characterized by complex hydrodynamics
and landscape heterogeneity (Teng et al., 2020).

Lake sediment shows strong adsorption capacity for heavy
metals and thus reduces the pollution level of overlying water
(Xu et al, 2017). However, heavy metals are released into
water under changing environmental conditions, including pH
(Zhang Y. et al, 2018), dissolved oxygen, salinity, nitrogen,
and phosphorus (Liu M. et al,, 2019; Wang et al,, 2021), and
in turn cause secondary pollution to the water environment
(Liu M. et al, 2019), influencing the structure and function
of lake ecosystem (Xu et al, 2017). Moreover, heavy metal
pollution in lakes has changed from single metal pollution
to mixed metal pollution (Zhou et al,, 2020), associated with
complex interactions with clay, Fe-Mn oxides, and organic
matter by means of ion exchange, complexation and chemical
adsorption (Yuan et al, 2014; Yu et al, 2021). Sediment
adsorption and desorption capacity play a key role in regulating
the bioavailability and bioaccumulation of heavy metals along
the food chain in lakes that ultimately endangers human health
(Coelho et al,, 2018). Therefore, it is crucial to understand
heavy metal pollution and ecological risk and their interactions
with environmental variables in sediments for the scientific
management of lakes.

China is increasingly concerned about heavy metal risks
and impacts, due to the rapid development of urbanization,
industrialization, and agriculture that are considered as main
sources of heavy metals in lakes (Xu et al, 2017; Han
et al, 2020; Zhou et al, 2020). In particular, long-term
irrational use of chemical fertilizer, pesticide, herbicide, and
mulching film in agricultural activities can lead to severe
heavy metal pollution in lake sediments (Li et al, 2017;
Peng et al, 2020). Cd, Hg, As, Cu, Pb, Cr, and Zn show
high pollution levels and potential ecological risk in 71% of
provinces in China, and thus are considered as key management
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targets for relevant administrative agencies (Xu et al,, 2017).
Understanding the temporal and spatial variation of heavy
metals and differentiating the source of the metal accumulation
in surface sediment are critical for sediment quality assessment
and lake ecosystem protection.

Xingkai (Khanka) Lake, a shallow transboundary lake
shared by China and Russia, is the largest freshwater lake
in northeast China. Lots of large farms have been built
concomitant with rapid shrinkage and fragmentation of
wetlands (Song et al, 2012; Yuan et al, 2018). Moreover,
continuous use of fertilizer, pesticide, and herbicide in
agriculture activities contributed to increased concentrations of
nutrients and heavy metals and decreased water quality in the
entire basin (Yuan et al, 2021). As a consequence, the water
quality of Xingkai Lake and its hydrologically connected lake
(Xiaoxingkai Lake) has changed from oligotrophic to eutrophic
which may affect water quality in the Russian part of this lake
(Piao and Wang, 2011). Nevertheless, little is known about
the heavy metal pollution and ecological risk in Xingkai Lake
and Xiaoxingkai Lake. Understanding the temporal and spatial
variation, pollution and ecological risk of heavy metals in
sediments of these two lakes is helpful to provide a scientific
basis for ecological assessment of water quality and effective
basin management.

The principal goal of our study was to investigate the
temporal and spatial variation of different heavy metals in
the surface sediment and to evaluate their potential ecological
risks in two hydrologically connected lakes. We also examined
the interactions between heavy metals and environmental
variables to identify the primary driving factors. Our hypotheses
were that: (1) heavy metals show significant temporal and
spatial differences in sediments; and (2) different potential
ecological risks of heavy metals in two lakes although they are
hydrologically connected.

Materials and methods

Study area

Xingkai Lake basin (44° 30’ - 45° 30" N, 132° 00’ - 132°
50’ E) (Figure 1) is an important breeding area and migration
habitat for waterfowl, including Grus japonensis, Grus vipio,
and Ciconia boyciana (Jin and Zhai, 2006), with an open water
area of 4,190 km? and a catchment area of 16,890 km? (Sun
et al,, 2018). Xingkai Lake is a typical semi-enclosed shallow
lake (mean water depth 3.5 m) and is characterized by frequent
strong winds and low water transparency (Yuan et al,, 2021).
Xiaoxingkai Lake is an inland shallow lake (mean water depth
1.8 m) with a volume of 3.3 x 10 m? water. These two lakes
are formed in a Cenozoic tectonic depression and divided by
a nature sandy ridge, and their hydrological connectivity is
controlled by floodgates. Large amounts of natural silt minerals
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were brought into the lakes by inflow rivers, leading to the
dominance of silt with a content ranging from 61.9 to 93.8%
in sediments (Sun et al, 2018). The climate is characterized
by a temperate continental monsoon, with below-freezing
temperatures from October to April. The annual precipitation
is 574 mm, up to 80% of which takes place from May to
September (Song et al.,, 2012). The annual water inflow into the
entire catchment is 55.68 x 108 m?, and the annual outflow is
17.2 x 10® m>. The main inflow coming from the Muling River
contributes more than 70% of the total inflows of Xiaoxingkai
Lake. The Song’acha River is the single outflow channel through
which the water of Xingkai Lake flows into the Ussuri River
(Jin and Zhai, 2006).

Sample collection and processing

According to the technical manual of lake ecology survey
(Huang, 2000), combined with the characteristics of geography
and surrounding environment in the study area, a total of 15
sampling sites were set up. Of all sampling sites, there were
nine sites (XCZH, X25L, XXKL, XHX, XDH, XYZ, XKK, XEZ,
and X31L) in Xiaoxingkai Lake and six sites (DBPZ, DLWZ,
DXKL, DBYT, DYZ, and DEZ) in Xingkai Lake, as shown in
Figure 1. Of these sites, X25L, X31L, XCZH, XDH, and XKK
were at irrigation channels that connected with Xiaoxingkai
Lake, XXKL was a tourism site with shipping activity, XYZ, XEZ,
DLWZ, DYZ, DXKL, and DEZ were near flooding gates between
Xingkai Lake and Xiaoxingkai Lake, DBPZ, and DBYT were
fishing sites, while XHX was at the center of Xiaoxingkai Lake.

Surface sediment (0-10 cm) samples were collected using a
grab sampler from each sampling site during the hydrologically
connected periods (May and September) and disconnected
period (January and July) in 2021 in Xingkai Lake and
Xiaoxingkai Lake, and then stored in sealed bags at -18°C for
subsequent analysis. The collected sediment samples were dried
at 60°C, and then crushed and homogenized using a ceramic
mortar and pestle. The ground samples were sieved through
a 2-mm-mesh screen for soil organic matter (OM) content by
loss-on-ignition method (Zhu et al,, 2021) and through a 63-
pm-mesh screen for determination of heavy metals, including
Chromium (Cr), Copper (Cu), Zinc (Zn), Cadmium (Cd),
Arsenic (As), Mercury (Hg), and Lead (Pb).

All sediment samples were analyzed in the Analysis and
Measurement Center of Northeast Institute of Geography
and Agroecology, Chinese Academy of Sciences. Cd and Pb
were measured using an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS, ICAP Qc, Thermo Fisher, Germany).
Concentrations of Cr, Cu, and Zn were determined by
Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES, Perkin-Elmer Corp., Norwalk, United States). As and
Hg were measured using Atomic Fluorescence Spectrometry
(AFS, AFS-9750, Haiguang Instrument Co., China). Soil total
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TABLE 1 The values of Gl and their indicated pollution levels.

Class Value Pollution level

0 GI<0 Practically uncontaminated

1 0<GI<1 Uncontaminated to moderately contaminated
2 1<GI<2 Moderately contaminated

3 2<GI<3 Moderately to heavily contaminated

4 3<GI<4 Heavily contaminated

5 4<GI<5 Heavily to extremely contaminated

6 5<GI Extremely contaminated

nitrogen (TN) was determined using the modified Kjeldahl
method (Kjeltec Auto Analyzer, Behr Labor Technik, Germany),
and soil total phosphorus (TP) was measured by alkali
fusion-Mo-Sb Anti spectrophotometric method with a UV-Vis
spectrophotometer (Lambda750, PerkinElmer, United States).

Assessment and homology analysis of
heavy metal pollution

The ecological risk and detected heavy metal contamination
were quantified in this study. The Geo-accumulation index (GI)
and Hakanson’s potential ecological risk index (PERI) were used
to spatially quantify the pollution status and potential threats
caused by heavy metal concentrations. Pearson correlation
coefficient and principal component analysis were used to
deduce the statistical relation of heavy metal homology.

Geo-accumulation index

Geo-accumulation index was proposed by Muller (1969),
which has been widely used to assess the pollution degree of
heavy metals in sediments and to determine the impact of
human activities on the environment. Therefore, it is considered
to be an important parameter to distinguish the concentration
level of heavy metals induced by human influence and nature
(Zhang P. et al,, 2018; Liu et al,, 2022). The index expression is
shown as Equation 1:

Ci
)

GI = 1
°8:(1 55,

(1)

In the equation, GI is the Geo-accumulation index of heavy
metals, Ci is the measured concentrations of heavy metals
in sediments, in mg'’kg™!. Bi is the geochemical background
value measured in the deposition of heavy metals, and the
background values of soil heavy metals in Heilongjiang Province
are adopted. 1.5 is a constant that allows for variations
in background values possibly caused by diagenesis and
weathering (Loska et al,, 2004). According to the GI value,
heavy metal pollution is divided into seven levels, ranging
from practically uncontaminated to extremely contaminated, as
shown in Table 1.
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FIGURE 1
Location of sampling sites in Xingkai Lake and Xiaoxingkai Lake.

Potential ecological risk index

The index of potential ecological risk is proposed by
Hakanson (1980), which simultaneously regards the heavy
metal concentrations in sediments, type of pollutant, level
of toxicity, and sensitivity of water bodies to heavy metal
pollution (Zhang P. et al, 2018), and thus is usually used
to comprehensively assess the potential impact of heavy
metals on lake ecosystems. Equation 2 is used to calculate
the ecological risk value of individual heavy metals in
sediments:

Ei = T; x (Ci/By) (2)

Equation 3 calculates the comprehensive ecological risk of
heavy metals in sediments:

RI

= 3)

>
i=1

where RI is the comprehensive potential ecological risk index,

E;

E; is the individual potential ecological risk index of heavy metal
i. Ti is the toxicity coefficient of heavy metal i (Cr = 2, Cu =5,
Zn =1, As = 10, Cd = 30, Hg = 40, Pb = 5) (Vi et al, 2011).
Ci is the measured value of heavy metal i in the sediment. Bi is
the background value of heavy metal i in study area. Potential
ecological risk of heavy metals in sediments are divided into five
levels, and the specific classification is shown in Table 2.
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Inverse distance weighted

Inverse distance weighted (IDW) method was applied to
simulate and predict heavy metal content based on the clear
spatial distribution of heavy metals in the surface sediment
as an exact interpolator, according to the consideration of
data characteristics, sampling site setting and literature data
(Chen et al., 2018). IDW interpolation uses a linearly weighted
combination of a set of sampling points to determine pixel
values for unsampled points (Haldar et al., 2020). Moreover,
IDW is a deterministic method for multivariate interpolation
of a known scattered set of points (Song et al,, 2015), and
can process extreme values (outliers) in a data set to make a
comprehensive prediction of values in an unknown region (Wu
etal, 2021). The general IDW interpolation formula is shown in
Equations 4, 5:

Z(x) = Z?leizi/zzl:lwi

w; = di_u (5)

(4)

where Z(x) is the predicted value at an interpolated point x,
Z; is a known point, # is the total number of known points
used in interpolation, d; is the distance between point i and the
prediction point, and w; is the weight assigned to point i. Greater
weighting values are assigned to values closer to the interpolated
point. Considering the distance increases with decreasing the
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TABLE 2 Classification of potential ecological risks according to Ei and Rl values (Hakanson, 1980; Yi et al., 2011; Liu et al., 2021).

Ei Potential ecological risk for single regulator RI Ecological risk for all factors
Ei <40 Low RI <95 Low

40 < Ei < 80 Moderate 95 <RI <190 Moderate

80 < Ei <160 Considerable 190 < RI < 380 Considerable

160 < Ei < 320 High RI > 380 Very high

Ei > 320 Very high

weight (Shepard, 1968; Chen et al., 2018), u is the weighting Results

power that determines how the weight decreases as the distance

increases.

Statistical analysis

The patterns of heavy metal composition in sediments are
visualized using non-metric multidimensional scaling (NMDS)
based on Bray-Curtis distance. Similar metal compositions were
grouped together on a two-dimensional NMDS diagram. Stress
values are used to determine the number of dimensions. A stress
value less than 0.1 is considered a good ordination of the data
(Stauffer et al., 2014; Yuan et al., 2018).

Principal component analysis (PCA) is widely applied
to identify the underlying factors and further explain their
structure and internal relationships through transforming
and rearranging correlated variables into a reduced set of
new independent, orthogonal components, which are called
principal components (PCs) (Gao et al, 2016). In this study,
PCA of all metals with the varimax rotation of the standardized
component loadings was conducted to distinguish the sources of
possible pollutions. The Kaiser-Meyer-Olkin test and Bartlett’s
test were performed to evaluate the validity of PCA, which
required that the Kaiser-Meyer-Olkin (KMO) values should be
more than 0.5 and Bartletts test be significant (<0.001). The
loadings in PCA illustrated the extent to which each original
variable contributes to the PCs. The association coefficients
between variables and factors reflect the degree of proximity
between them. Such proximity increases with the absolute value
(loading) of a coefficient.

Data-processing software Excel 2016, SPSS 26, and R
4.1.0 were used to conduct statistical analysis of data. IDW
interpolation method in Arcgis 10.2 was used to analyze spatial
differences of heavy metals across the study area. Pearson
correlation analysis was used to explore the relationships
between the physicochemical properties and heavy metals,
and one-way ANOVA and two-way ANOVA were applied to
identify significant spatial and seasonal differences of heavy
metals in sediments. Means =+ standard errors of heavy
metal concentrations and environmental variables are reported
further. Significant results are reported at the 95% confidence
level (p < 0.05).
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Characteristics of heavy metals in the
sediment

The characteristics of heavy metals, TN, TP, and OM in the
sediment of Xingkai Lake and Xiaoxingkai Lake were shown
in Table 3. Average concentrations of metals in the surface
sediments were ranked by Cr > Zn > Pb > Cu > As > Cd > Hg.
Regarding to the coeflicient of variation, the dispersion degree
of Zn was the smallest with a low CV value of 0.26, while Hg
showed the largest dispersion degree with a high CV value of
0.73. By contrast, the dispersion degrees of TN, TP, and OM
were relatively higher (one-way ANOVA, p < 0.05) compared
with those of heavy metals.

Cd, Cu, OM and TN showed significant spatial differences
(two-way ANOVA, p < 0.05) at all sampling sites, and the
significant temporal differences (two-way ANOVA, p < 0.01)
were observed in As, Cd, Cr, Hg, and TP from January to
September. However, the interaction of site and sampling time
had no effects on heavy metals and nutrients.

IDW spatial interpolation model was used to predict the
spatial distribution of heavy metals in sediments (Figure 2).
Taking the spatial distribution of metals as a whole, we found
that there were two different distribution trends of seven heavy
metals in two lakes. The spatial distribution trends of As, Cr,
Cu, and Pb were similar, showing low-high-low concentrations
distribution pattern from the western region to the eastern
region. By contrast, heavy metals of Cd, Hg, and Zn showed
higher concentrations in the western region compared to those
in the eastern region (one-way ANOVA, p < 0.05), especially
Cd (one-way ANOVA, p < 0.01). Besides, heavy metals in
Xingkai Lake showed significant difference compared with those
in Xiaoxingkai Lake (one-way ANOVA, p < 0.01), except Cuand
Zn.

Heavy metal compositions in the
sediment

The compositions of heavy metals in two lakes were

further explored using NMDS (Figure 3). In Xingkai Lake,
heavy metals in different months were mainly distributed
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TABLE 3 Characteristics of heavy metals (mg/kg), TN (mg/kg), TP (mg/kg), and OM (%) in sediments of Xingkai Lake and Xiaoxingkai Lake.

Cr Cu Zn As Cd Hg Pb OoM TN TP

Min 28.58 3.12 1821 2.58 0.050 0.0030 10.87 026 256.5 142.9
Max 262.3 28.05 90.73 14.35 021 0.14 58.86 31.93 12361 1989
Mean 60.31 11.80 47.17 9.21 013 0.040 19.09 3.26 1474 563.3
SD 36.34 5.35 12.19 2.66 0.040 0.030 6.72 5.67 2124 404.8
cv 0.60 045 0.26 029 0.30 0.73 0.35 1.74 1.44 0.72
Two-way ANOVA Site 0.092 0.031 0.10 0.39 0.00044 0.75 0.17 0.012 0.018 0.49

Time 0.00096 035 0.12 0.0011 0.0045 0.00010 0.067 039 033 0.00010
Time x Site 053 0.82 0.59 0.78 0.44 0.79 0.99 041 037 0.21

Two-way ANOVA was applied to examine the spatial and temporal differences of heavy metals, and the significant differences were represented by bold p value.

in the left lower quadrant. In contrast, heavy metals in
Xiaoxingkai Lake were mainly distributed in the right upper
quadrant. Thus, heavy metal compositions were divided into
two groups with low similarity between two lakes. Furthermore,
total heavy metal concentration in XXKL was relatively
higher than that in other sites (one-way ANOVA, p < 0.01,
Figure 4).

Meanwhile, heavy metal compositions were similar in
May, July, and September, whereas heavy metal composition
in January showed low similarity with other three months.
total
months (Figure 4), we found that the total heavy metal

Comparing heavy metal concentrations in four
concentration was lower in July than that in other months
(one-way ANOVA, p < 0.05). Among the four months,
the standard deviation of total heavy metal concentration
was higher in January (one-way ANOVA, p < 0.05), and
the CV value further calculated in January was about
twice that of other months (CV value of January was 0.41,
May 0.20, July 0.24, and September 0.27, respectively),
in

indicating high spatial variation of heavy metals

January.

Pollution and risk assessment of heavy
metals in sediments

Geo-accumulation index

The GI values of heavy metals in the sediment of each
sampling site are shown in Table 4. According to the spatial
variation of GI value, only the heavy metal Cr in XXKL was in
uncontaminated to moderately contaminated level. By contrast,
other sites were subject to uncontaminated levels. Overall, the
contamination level of heavy metals in Xiaoxingkai was higher
than that in Xingkai Lake (p < 0.05), except Pb. From the
perspective of temporal variation of GI value, the GI values
of Cr in January (0.059), Cd in May (0.004) and September
(0.208), and Hg in September (0.483) were determined to be
uncontaminated to moderately contaminated level, whereas
other heavy metals As, Cu, Pb, and Zn were at uncontaminated
level during the sampling time. In total, the contamination level

Frontiers in Ecology and Evolution

06

of heavy metals in September was higher than that in other
months (p < 0.05).

Potential ecological risk index

The PERIs of heavy metals showed significant spatial (one-
way ANOVA, p < 0.05) and temporal differences (one-way
ANOVA, p < 0.05) in the sediment of the study area (Table 5).
The temporal variation of individual potential ecological risk
and comprehensive potential ecological risk of Cd and Hg
showed that they were at moderate to considerable ecological
risk levels in May and September, and low ecological risk level in
January and July. While other metals were at low ecological risk
level during the sampling period. According to the variation of
E; value, Cd and Hg were considered at moderate ecological risk
in most of the sampling sites, whereas other heavy metals As, Cr,
Cu, Pb, and Zn showed low ecological risks in all sampling sites.
In terms of RI value, most of the sampling sites were considered
at moderate risk (Table 5). The RI value was particularly higher
in XXKL with considerable ecological risk (one-way ANOVA,
p < 0.01), while DEZ, XDH, and XKK showed lower RI values
with low ecological risk in sediments compared to other sites
(one-way ANOVA, p < 0.01).

When taking all sampling sites apart into two lakes,
Xiaoxingkai Lake faced higher ecological risks compared with
Xingkai Lake in September (one-way ANOVA, p < 0.05).
In addition, the overall ecological risk in Xingkai Lake and
Xiaoxingkai Lake was lower in January and July than that in May
and September (one-way ANOVA, p < 0.05).

Pollution source identification

Correlations between metals and nutrition
elements

The correlations between heavy metals and nutrition
elements in sediments were visually expressed in Figure 5. Most
of heavy metals showed positive relationships with each other.
Cr showed strongly positive correlations with As (r = 0.578,
p < 0.05), Cu (r = 0.779, p < 0.001), Hg (r = 0.607, p < 0.05),
Pb (r = 0.772, p < 0.001), and Zn (r = 0.818, p < 0.001). Cu
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Spatial distribution of heavy metals in sediments in two lakes using IDW spatial interpolation model.
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was strong positively correlated with As (r = 0.699, p < 0.01),
Hg (r = 0.724, p < 0.01), Pb (r = 0.901, p < 0.001), and Zn
(r = 0.658, p < 0.01). As was positively correlated with Hg
(r = 0.606, p < 0.05) and Pb (r = 0.736, p < 0.01). Zn showed
positive relationships with As (r = 0.585, p < 0.05), Hg (r = 0.748,
p < 0.01), and Pb (r = 0.624, p < 0.05). Meanwhile, Hg and Pb
had a strong positive correlation (r = 0.601, p < 0.05). However,
Cd showed no significant relationship with other metals or
nutrients.

Of all nutrition elements, OM was only strong positively
correlated with TN (r = 0.997, p < 0.001), whereas OM and TN
were not significantly correlated with any metals. By contrast,
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TP showed strong positive correlations with heavy metals,
including Cr (r = 0.538, p < 0.05), Cu (r = 0.767, p < 0.001),
Hg (r = 0.755, p < 0.001), and Pb (r = 0.624, p < 0.05).

Principal component analysis of heavy metals

The results of PCA of heavy metal contents in sediments are
listed in Table 6. Firstly, the applicability of PCA was tested by
Kaiser-Meyer-Olkin (KMO) to verify the adequacy of the sample
and Barlett tests to examine the independence of each variable,
with the results that KMO of 0.611 (>0.5) and Barlett test value
of 0 (<0.05), indicating that the data is suitable for PCA.
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TABLE 4 The spatial and temporal variations of Geo-accumulation index (Gl) value for heavy metals in sediments.

GI value
Cr Cu Zn As Cd Hg Pb
XHX —0.665 ~2.607 —0.963 —3.465 —9.509 —10.580 —2.202
XCZH —0.522 ~2.705 —0.990 -3.012 —9.881 —11.420 ~2.155
X25L —0.732 —2.624 —0.865 ~3.006 —9.448 —10.849 —1.961
XDH ~1.001 ~3.742 ~1.580 ~3.465 ~10.099 ~12.189 ~2.327
XKK —1.144 ~3.205 —1.251 ~3.375 ~9.567 —11.984 ~2.336
X31L -0.138 ~2.490 —0.866 -3.158 ~9.900 —10.613 —2.124
XEZ —0.471 ~2.528 —0.884 -3.176 —9.498 ~10.740 ~2.043
XYZ —0.596 ~2.607 —0.956 —3372 —9.847 —11.184 —2.113
XXKL 0.530 ~1.967 —0.293 ~2.856 —-9.392 —10.342 —1.340
DBYT —0.639 -3.351 —0.716 —3.466 —9.255 ~11.252 ~2.699
DBPZ —0.932 —3.210 —0.819 ~3.360 —8.923 —10.693 ~2.280
DLWZ —0.881 ~3.183 ~0.808 ~2.975 —9.016 ~10.633 ~2.338
DXKL —0.296 ~3.353 ~0.826 ~3.330 ~9.228 ~11.019 ~2.564
DYZ —0.458 ~3.436 —0.844 ~3.499 ~9.293 ~11.657 ~2.576
DEZ —1.241 ~3.786 ~1.187 ~3.559 ~9.573 —12.134 ~2.572
January 0.059 ~1.304 ~1.182 —0.625 —0.215 —0.494 -1171
May —0.698 —1.213 ~1.053 —0.100 0.004 —0.153 —0.681
July —0.964 ~1.629 ~1.365 —0.279 —0.233 —1.489 —0.976
September —0.801 —1.275 —1.095 —0.062 0.208 0.483 —0.925

The GI values were marked in bold if considered to be second (uncontaminated to moderately contaminated) or higher pollution degree.

TABLE 5 Potential ecological risk index (PERI) of heavy metals in sediments at different sampling months and sites.

Ei value RI value
Cr Cu Zn As Cd Hg Pb
XHX 1.892 3.606 0.638 10.904 42.096 69.628 3.948 132.712
XCZH 2.089 3.369 0.626 14.927 32511 38.895 4.077 96.494
X25L 1.806 3.566 0.683 14.990 43.913 57.756 4.664 127.379
XDH 1.499 1.642 0.416 10.903 27.965 22.815 3.620 68.861
XKK 1.358 2.383 0.522 11.607 40.422 26.302 3.597 86.192
X31L 2.727 3911 0.682 13.487 32.096 68.023 4.167 125.094
XEZ 2.164 3.809 0.674 13.326 42.402 62.297 4.406 129.078
XYZ 1.985 3.606 0.641 11.629 33.305 45.783 4.197 101.148
XXKL 4.333 5,620 1.015 16.633 45.644 82.098 7.172 162.515
DBYT 1.926 2.153 0.757 10.895 50.200 43.699 2.797 112.427
DBPZ 1.572 2.374 0.705 11.724 63.169 64.363 3.739 147.646
DLWZ 1.629 2.419 0.710 15.312 59.239 67.087 3.593 149.989
DXKL 2.444 2.150 0.701 11.977 51.130 51.328 3.072 122.802
DYZ 2.184 2.030 0.693 10.651 48.894 32.995 3.046 100.493
DEZ 1.269 1.593 0.546 10.216 40.262 23713 3.054 80.652
January 3.925 3.323 0.675 8.202 33.464 39.985 3.130 92.704
May 1.843 3312 0.721 14.213 44.772 54.712 4.814 124.387
July 1.537 2.425 0.582 12.362 38.293 21.381 3.812 80.392
September 1.722 3.099 0.702 14.370 51.997 83.846 3.951 159.687

The values of the comprehensive potential ecological risk index (RI) and the individual potential ecological risk index (Ei) of heavy metals were presented and were marked in bold if
considered to be moderate or a higher ecological risk.
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FIGURE 5

Pearson correlations between heavy metals and nutrition
elements in sediments. The color and size of all circles indicate
the strength of the correlations. The significant differences were
represented by *p < 0.05, **p < 0.01, and ***p < 0.001.

Based on the PCA result, the concentrations of As, Cd, Cr,
Cu, Hg, Pb, and Zn could be divided into a two-component
model, which accounted for 83.94% of all of the data variation.
The initial component matrix (F1) showed that As, Cr, Cu,
Hg, Pb, and Zn had strong positive loads and their values
were greater than 0.80 with a cumulative contribution rate of
64.21%, suggesting these metals were possibly derived from
similar sources. In the second component (F2, a contribution
rate 0f 21.35%), Cd showed much higher values than other heavy
metals (p < 0.05), indicating a notably different source for Cd
compared with other metals.

Discussion

Spatial and temporal distribution of
heavy metals

in Taihu Lake
(Rajeshkumar et al,, 2018), the significant seasonal difference

Consistent with a previous study
was observed in most of heavy metals, including As, Cd, Cr,
and Hg, which were selected as the priority control heavy
metals, due to their prevalently high concentrations in lake
sediments (Xu et al, 2017). On the one hand, the distinct
hydrodynamics in different seasons causes great difference
in sediment resuspension process, thus transforming metal
speciation from stable to labile fractions and changing the
content of heavy metals in sediments (Huang et al.,, 2012; Tang
et al,, 2020). In fact, Xingkai Lake basin is freezing with weak
water fluidity under the ice in January, whereas Xingkai Lake
and Xiaoxingkai Lake showed strong hydrological connectivity
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with high water flow velocity in May, July, and September.
On the other hand, consistent with Sun et al. (2019) that the
highest mean concentration of total heavy metals occurred in
the freezing period, resulting from the contribution of ice cover
to the accumulation of chemical substances in sediments, such
as anoxic condition and less bioturbation at the water-sediment
interface (Jansen et al, 2021). Moreover, the NMDS result of
heavy metal composition visibly distinguished January from
other months, which further confirmed the accumulation
characteristics of heavy metals in sediments in January.

As expected, heavy metals in Xingkai Lake showed
significant difference compared with those in Xiaoxingkai
Lake, with low similarity between two lakes. This may be
caused by their different sources of heavy metals, Xingkai
Lake is a transboundary lake receiving metal source from
both China and Russia, whereas Xiaoxingkai Lake is separated
from Xingkai Lake by a natural sandy ridge with main metal
source coming from surrounding farmland. Based on the IDW
spatial interpolation model, heavy metals showed noticeably
different variations in eastern, central, and western regions in
two lakes. Compared with the central and western regions, heavy
metal concentrations in the eastern region were relatively lower,
attributing to a large area of natural lacustrine marsh around
the eastern region with respect to pollutant retention function
compared to the great contribution of pollutant source from
large area of farmland in the western region. Particularly, total
heavy metal concentrations at a unique tourism site (XXKL)
were significantly higher (one-way ANOVA, p < 0.05) than
those in other sites in the Xingkai Lake basin, mainly due to
heavy fuel oil burning in the ship emissions during navigation
process (Wen et al., 2018).

Concentrations of As, Cr, and Zn were higher in lakes
compared with marsh, dry farmland and paddy in the Xingkai
Lake basin (Shi and Tian, 2020), indicating an enrichment effect
of these three metals via surface runoff. In comparison, Cu
showed lower concentrations in lakes, which may due to bio-
utilization and complex physicochemical processes along the
transmission pathway. Besides, Cd and Pb were relatively stable
in different land use types in the Xingkai Lake basin.

The chemical forms and mobility of heavy metals are
controlled by environmental variables, such as pH, redox
potential and nutrients (Kang et al., 2017). We found positive
correlations between most metals and TP, suggesting that
the sediment nutrients had a great influence on the metal
concentrations in the Xingkai Lake basin, which was consistent
with studies in other lakes (Zhang H. et al,, 2018), may due
to high TP in the sediment in Xingkai Lake basin can reduce
the mobility of metals by forming new materials such as low-
solubility phosphates (Li et al., 2015). However, consistent with
previous studies (Li et al, 2015), the concentrations of most
metals showed weak correlations with OM and TN, indicating
that the variations in OM and TN did not play significant roles in
metal enrichment. Moreover, due to the dominance of silt with
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TABLE 6 Principal component analysis to distinguish the sources of possible pollutions with total variance explanation and component matrices of heavy metal concentrations in the sediment of
Xingkai Lake and Xiaoxingkai Lake.

Component Initial eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings
Total % of variance Cumulative% Total % of variance Cumulative% Total % of variance Cumulative%
1 4.49 64.20 64.2 4.49 64.21 64.21 438 62.60 62.60
2 1.38 19.7 83.9 1.38 19.74 83.94 1.49 21.35 83.94
3 0.49 7.04 91.0
4 035 4.96 95.9
5 0.19 2.66 98.6
6 0.074 1.06 99.7
7 0.024 035 100
Component matrix Rotated component matrix® Component score coefficient matrix
F1 F2 F1 F2 F1 F2
Cr 0.88 -0.11 0.88 0.06 0.21 -0.041
Cu 0.92 -0.30 0.96 -0.12 0.24 -0.17
Zn 0.86 0.39 0.77 0.55 0.13 031
As 0.81 -0.058 0.80 0.097 0.18 -0.007
cd 0.094 0.98 -0.094 0.98 -0.11 0.70
Hg 0.83 0.30 0.76 0.45 0.14 025
Pb 0.89 -0.29 0.93 -0.12 0.24 -0.17

Rotation method: varimax with Kaiser normalization. The “a” marked in the upper right represents rotation converged in three iterations. The bold values represent that the correlations between the extracted principal components and the original
variables are significant and > 0.8.
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low OM content in Xingkai Lake and Xiaoxingkai Lake, heavy
metals are less likely to be combined by coarse-grained particles
in the sediment (Maslennikova et al., 2012; Kang et al., 2017).

Heavy metals pollution and potential
risk assessment

Compared with most lacustrine sediments, such as Dianchi
Lake in southwest, Taihu Lake in eastern, and Jingbo Lake
in northeast China (Guo et al, 2015 Xu et al, 2017
Li et al, 2022), heavy metal concentrations in Xingkai
Lake and Xiaoxingkai Lake were relatively lower, even
lower than grade I level in Chinese soil quality standards.
In recent years, the implementation of protection project
along the lakeshore, for instance, surrounding wetlands
restoration and sewage interception construction, can effectively
intercept pollutants from the process of migration and reduce
the risk of metal dispersal (Xu et al, 2017), and thus
leading to considerable heavy metal removal from exogenous
inflows in the Xingkai Lake basin. According to the GI
and PERI analysis, sampling sites in the Xingkai Lake
basin were at uncontaminated level and moderate ecological
risk, except for XXKL with a notably high GI value of
Cr and the highest RI value, indicating a considerable
ecological risk in this tourism site because of human tourism
behavior.

The overall heavy metal contamination level and ecological
risk in Xiaoxingkai were higher than those in Xingkai Lake
based on their GI and PERI values, mainly caused by the
direct discharge of domestic sewage from nearby villages
and agricultural wastewater from surrounding farmland to
Xiaoxingkai Lake, and then flow into Xingkai Lake after
reduction of heavy metal concentrations through adsorption,
precipitation and other processes. Furthermore, the PERI value
notably decreased with increasing lake surface area (Li et al,
2022), indicating a relatively low ecological risk level in Xingkai
Lake which had a large area.

In terms of the temporal variations of GI and RI, the
contamination level and ecological risk of heavy metals in both
Xingkai Lake and Xiaoxingkai Lake in May and September
were higher than those in other months, because the intensive
agricultural activities and strong hydrological connectivity
throughout the whole basin carrying a large amount of mud
and sand in these two months that could elevate heavy metals
via sediment deposition. Hydrological connectivity coupled
with transport and transfer of heavy metals lead to distinctly
spatial differences of heavy metal distribution. Previous study
has found that Cd and Cr concentrations are higher in lakes
connected to the Yangtze River, whereas concentrations of Cu,
Zn, Pb, and As are higher in lakes disconnected with the Yangtze
River, resulting in enriched metal pollutants in connected
lakes, downstream and multi-branch (Luo et al, 2021). In
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addition to the direct transfer of heavy metals, hydrological
connectivity also has indirect effects on heavy metals. For
instance, hypoxic effect and high concentrations of nitrogen and
phosphorus caused by hydrological connectivity can improve
the bioavailability and accelerate the biogeochemical cycling
of Cd and Zn (Liu M. et al, 2019; Niu et al, 2021).
Particularly, Cd and Hg concentrations in the sediment were
generally high with relatively high ecological risk levels due
to agricultural exploration and farmland irrigation system
construction in May and September, indicating an increase of
the Cd and Hg input flux into water in agricultural seasons
and may in turn leading a serious issue for human health
by bioaccumulation and biomagnification via the food chain
(Wang et al,, 2016).

Source apportionment of heavy metals

High correlations between specific heavy metals in the
sediment may reflect similar levels of contamination and/or
release from the same sources of pollution (Yi et al, 2011).
According to PCA result, the elements, As, Cr, Cu, Hg, Pb,
and Zn were grouped together with strong positive loads
indicating that the anthropogenic sources of these heavy
metals were closely related in the sediment in the Xingkai
Lake basin. By contrast, Cd was separated from other heavy
metals, indicating a notably different source for Cd. Moreover,
compared with previous study in Xingkai Lake (Guo et al,
2015), concentrations of Cr, Cu, Pb, and Zn synchronously
decreased in sediments associated with low ecological risk
level, but Cd concentration was remained at a high level
associated with relatively high GI value, indicating a high
potential eco-risk and high contaminated level of Cd now
and in the future that strongly correlated with the long-
term fertilizer application in this area (Shi and Tian, 2020),
and further confirmed the distinct sources for Cd and other
metals.

Heavy metals in sediments mainly come from natural
sources (for example, soil erosion and rock weathering) and
anthropogenic sources (for instance, industry, agriculture,
transportation and domestic sewage) (Xu et al, 2017; Zhou
et al,, 2020). Metals of As, Cd, Cu, Pb, and Zn have been
widely used in phosphate fertilizer, pesticides, or fungicides to
control pests and diseases and promote agricultural production
in China (Yu et al, 2021; Liu et al, 2022). Cr belongs to
the iron group elements, which are easily combined with
soil oxides and is closely related to soil parent materials
(Sun et al, 2019). More than 80% of Hg originates from
industrial activities such as coal burning and petrochemical
production in China (Li et al,, 2022). Cd is always considered
as the marker of unreasonable agricultural management, and
can be fixed and deposited into the sediment in the form
of carbonate or hydroxide complex at an alkaline condition
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(Liu et al,, 2022; Miranda et al., 2022). Meanwhile, tourism may
increase heavy metal accumulation in sediments via heavy fuel
oil burning during the ship navigation process, particularly in
Cd (Wen et al, 2018). Notably, the study area is located in
an economically undeveloped region characterized by tourism
and agriculture but simple road networks. The industry in
the Xingkai Lake basin is dominated by coal mining, which
is mainly distributed in distant cities and their surroundings,
contributing negligibly to sediment metal accumulation via
atmospheric dust loading in the Xingkai Lake basin (Sun
et al, 2018). In addition, the measured concentrations of
Cd in this study were slightly higher than the background
values in soil in Heilongjiang Province, probably attributing
to the total emissions of Cd from anthropogenic sources.
On the contrary, other metals were comparable to or lower
than the background values in soil in Heilongjiang Province,
which could be derived from natural sources. Therefore,
the mixed sources of agricultural and shipping activities
had a great influence on the accumulation of Cd, while
As, Cr, Cu, Hg, Pb and Zn mainly came from natural

sources.

Conclusion

Our study presented an explicit analysis of spatial
distribution and temporal variation of heavy metals (As, Cd,
Cr, Cu, Hg, Pb, and Zn) in sediments of two hydrologically
connected lakes in the Xingkai Lake basin. Nutritional
components of TN, TP, and OM were also measured to
examine the influencing variables on heavy metals. Pollution
and ecological risk level and sources of metals were determined
based on multiple analysis methods. We found significant
spatial and temporal variations of heavy metals in relation to
human activities and hydrological connectivity in the basin.
Xingkai Lake and Xiaoxingkai Lake showed different heavy
metal compositions, and the distribution of each metal varied
from eastern to western regions in two lakes. Overall, the
contamination level and potential ecological risk of heavy
metals in two lakes were low, but relatively higher in the
small lake than those in the large lake based on the geo-
accumulation index and potential ecological risk index, mainly
caused by agricultural activities. In particular, the only tourism
site showed relatively a higher pollution level than other sites,
mainly due to heavy fuel oil burning in the ship emissions
during the navigation process. Besides, the contamination
level and potential ecological risk in May and September
were higher than those in January and July. Most of metals
showed strong relationships with TP in sediments, but not
TN and OM. Of all metals, Cd exhibited a high potential
eco-risk and high contaminated level, mainly coming from
agricultural and shipping activities. By contrast, other metals
with low concentrations mainly came from natural sources.
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These findings are in accordance with our hypotheses, and
provide a clearer understanding of heavy metal variation
and pollution in hydrologically connected lakes. Therefore,
government regulators should make efforts to reduce the use
of heavy metal products (e.g., phosphate fertilizer, pesticides,
and fungicides) and regulate ship voyage to maintain lake
ecosystem sustainability.
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