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Abstract: The Hongze Lake serves as the first important transfer and storage path along the East
Route of the South-to-North Water Diversion Project SNWDP-ER). After the Project began operating
in 2013, eutrophication in the lake has created increasing public concern regarding the direct
effect on water quality from the project. In this paper, we used multivariate statistical methods
to examine the variances between water quality variables at four site groups (inlets and outlets in
the study area) and during three seasons (wet, normal, and dry seasons) in Eastern Hongze Lake.
We also used redundancy analysis (RDA) to analyze environmental factors” impact on water quality.
We found that (1) the concentrations of nitrogen and phosphorus were exceeding the standard values;
(2) No significant spatial heterogeneity regarding nitrogen and phosphorus among the inlet/outlet of
Eastern Hongze Lake existed in normal and wet seasons, and there was no evidence demonstrating
that SNWDP-ER could improve eutrophication or even contribute to eutrophication in the dry season;
(3) Environmental factors (land use, water diversion, and population) have limited influences on
water quality, which was possibly caused by the overly-high river input and artificial input of nitrogen
and phosphorus. Thus, it is critical to reinforce the control of pollution sources and enhance the
ecological restoration.

Keywords: water quality; multivariate statistical; redundancy analysis; inlet/outlet; Eastern Hongze
Lake; South-to-North Water Diversion Project

1. Introduction

One of the world’s most serious water quality problems is eutrophication, which directly causes
toxic algal blooms, fish mortality, declines in biodiversity, and other related ecological problems [1].
In addition, water is much more likely to feature eutrophication due to human activities in densely
populated and economically developed areas [2]. However, the major human factors affecting water
quality include socio-economic development [3,4], land cover change [5,6], and water conservancy
project construction [7,8]. Water diversion is included in water conservancy projects, which can change
nutrient concentration distributions [9,10].

Earlier studies of water diversion mainly focused on restoring eutrophic lakes. Water diversion
and dilution is a common engineering measure in order to directly introduce clean river water to dilute
nutrient concentrations, thus controlling lake eutrophication [11,12]. Water diversion is often used to
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promote the replacement of lake water with clean river water [9,13]. However, previous research has
proven that water diversion and the dilution of certain components at different areas will produce
varying effects on different aspects of water quality [14,15]. A great deal of previous research also
points out that, in fact, the transfer of water may produce negative effects on a system’s water quality
and biological environment [16], and even aggravate algal outbreaks under some circumstances [17].
Taking this into account, it is necessary to evaluate any impact on eutrophication after the operation of
water diversion projects.

The South-to-North Water Diversion Project SNWDP) was built in order to improve Northern
China’s water shortages. The Eastern, Western, and Middle routes of the SNWDP transfer water
from the Yangtze River to northern regions. Concurrently, there are many eutrophic lakes along the
SNWDP’s route. A deeper understanding of any impact between these lakes and water diversion
would greatly benefit lake management or restoration.

Hongze Lake is the fourth largest freshwater lake in China, and also the first of the regulating lakes
along the Eastern Route of the SNWDP (SNWDP-ER) (Figure 1). As the intersection point of the main
stream and branches, the Eastern Hongze Lake is both a sink for pollutants from the upper reaches of
the Huai River, and a source of pollutants for the Huai River’s lower reaches and SNWDP-ER [18].
Several prior studies have found that Hongze Lake has high nutrient pollution; this is mainly owing to
nitrogen and phosphorus exceeding standards, causing widespread eutrophication in the lake [19-23].
Therefore, the interrelationship between the Eastern Hongze Lake and the SNWDP-ER could affect the
project’s water diversion success or failure.
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Figure 1. Illustrative map of the Hongze Lake of China.

In addition, after the SNWDP-ER was put into operation in 2013, few studies were performed to
analyze water quality at the inlet and outlet of Eastern Hongze Lake. As such, we used multivariate
statistical methods to examine the variances between water quality variables at four site groups
(inlets and outlets in the study area) and during three seasons (the wet, normal, and dry seasons).
We also used redundancy analysis (RDA) to analyze environmental factors’ impact on water quality.
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This study’s aims were: (1) to characterize the spatiotemporal change of water quality in the Eastern
Hongze Lake’s important watercourses; (2) to identify the relationship between environmental factors
and water quality; and (3) to examine the effects of the SNWDP-ER on water quality. This study may
provide information relevant to the restoration of wetlands and serve as a valuable base and reference
for the management of the SNWDP-ER, Hongze Lake, and Huai River Basin.

2. Materials and Methods

2.1. Study Area

Hongze Lake (33°06'N-33°40'N, 118°10'E-118°52'E) is located in western Jiangsu Province, China.
This lake receives water from the main branches of the Huai River, Chi River, New Huaihong River,
Xinbian River, and Xinsui River. The lake’s catchment is 15.94 x 104 km?2. Hongze Lake has a
high water exchange rate and large variations in its water volume; therefore the lake’s water level
varies seasonally [23]. Hongze Lake serves as the first important transfer-store along the path of the
SNWDP-ER. The eastern part of Hongze Lake includes several important inlets and outlets: this is
where the Huai River enters the lake and Hongze Lake feeds into the river, as well as the location of
the SNWDP-ER’s inlet and outlet (Figure 1).

The Huai River is the main source of water for Hongze Lake, accounting for more than 70% of
the lake’s total catchment inputs [18]. Hongze Lake’s major outlet has two important functions: it
serves as the water channel to the San River, which flows into the Yangtze River, while also serving as
the water channel to the Yellow Sea and the Main Irrigation Channel for North Jiangsu. In addition,
the SNWDP-ER introduced the construction of a new inlet, with the water channel to the Yellow Sea
and the Main Irrigation Channel for North Jiangsu as its outlet.

2.2. Layout of Monitoring Sites and Sample Collection

Monitoring sites S1-59 (Figure 1) are located, respectively, at the outlet of the Huai River,
the outlet of Hongze Lake flowing into the Yangtze River, the outlet of the SNWDP-ER, and the
inlet of the SNWDP-ER, which is also the outlet to the Yellow Sea and irrigation channels (Table 1).
These sites were monitored once a month for one year, from August 2014 to July 2015. These months
was divided into three seasons based on water level. January to March is the dry season, April to
September is the wet season, and October to December is the normal season [23]. Sampling was
repeated three times at each monitoring site.

Table 1. The information of monitoring site grouping.

Site Groups Monitoring Sites Location Information Land Use (LU)  Population (Pop)
the outlet of  In the location, the water quality Second largest
G1 S1,S2,S3 the Huai of Hongze Lake is affected by Flood plain population
River the upstream water [24]. (large town)
In the location, where the water Third lareest
the outlet of from Hongze Lake to Yangtze Residential 5
G2 54, S5 . - population
Hongze Lake  River, eventually empty into the area (small town)
East Sea of China.
In the location, a new inlet has The minimum
a3 S6.S7 the outlet of been built by the SNWDP-ER Farmland opulation
! SNWDP-ER between the Yangze River and P ( p’ll )
Honze Lake. vitlage
In the location, the inlet of
ca 58,59 the inlet of SNWDP-ER (S4). This is also the Urban area Largest population

SNWDP-ER  outlet to the Yellow Sea and the (urban)
Subei Irrigation Channel.

The monitoring sites where water samples were collected were required to be at least 5 m from
the river bank, and 0.5-m-deep when measured from the surface of the water. Samples were collected
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by using 1000 mL organic glass hydrophores. Sampling was repeated three times at each monitoring
site. The samples were stored in iceboxes until analyzed.

We choose eight water parameters. All of these parameters are related to water pollution
indicators, which are also influenced by anthropogenic activities. The three data parameters,
electrical conductivity (EC), dissolved oxygen (DO), and pH, were obtained through on-site
measurement using a HQ30d water quality analyzer at monitoring sites. Other parameters were
obtained through laboratory experimentation. Total nitrogen (TN) was measured with ultraviolet
spectrophotometry (UV2800, UNICO Company, San Diego, CA, USA). Total phosphorus (IP),
ammonium nitrogen (NH3-N), and chlorophyll-a (Chl-a) were measured with a spectrophotometer
(DR2800, Hach Company, Loveland, CO, USA). Chemical oxygen demand (CODyy,) was measured
using the potassium permanganate method.

2.3. Data Analysis

Multivariate statistical analyses were widely applied to the water quality distribution
analysis [25-28]. Non-parametric tests were employed to evaluate data normality [29]. The Levene
test was applied to analyze the homogeneity of variance in the data. Multiple comparisons using
the Dunnett’s test were used to identify if there is a significant difference in water quality among
monitoring site groups. Redundancy analysis (RDA) and spearman rank correlation analysis were
used to identify the relationship between water quality parameters and environmental variables [30].
The SPSS 17.0 and CANOCO 5.0 were used to deal with multivariate statistical analysis and
redundancy analysis, respectively.

3. Results

3.1. Water Quality in Eastern Hongze Lake

Data from the monitoring sites at important water channels in the eastern part of Hongze Lake
showed that the TP values ranged from 0.02 to 0.22 mg/L (mean value was 0.11 mg/L), TN values
ranged from 1.63 to 1.97 mg/L (mean value was 1.78 mg/L), NH3-N values ranged from 0.4 to
0.61 mg/L (mean value was 0.48 mg/L), CODyy, values ranged from 3.9 to 6 mg/L(mean value was
4.67 mg/L), Chl-a values ranged from 11.19 to 16.67 ug/L (mean value was 13.12 pug/L), DO values
ranged from 5.64 to 11.8 mg/L (mean value was 8.5 mg/L), EC values ranged from 21.7 to 53.9 ps/cm
(mean value of 36.02 ps/cm), and pH values ranged from 6.76 to 9.32 (mean value was 8.38) (Figure 2).

The concentrations of water quality parameters during wet, normal, and dry seasons in monitoring
sites are displayed in Table 2. The mean concentration of TN was lowest in the dry season and highest
in the wet season. On the contrary, the mean concentration of DO was highest in the dry season and
lowest in the wet season. The mean concentrations of TP and CODy, were highest in the normal
season and lowest in the dry season. Meanwhile, the mean concentration of NH3-N did not vary much
during the three seasons.

Table 2. Summary of surface water quality in three seasons.

Water Quality Dry Season Normal Season Wet Season Standard for
Parameters (Units)  Mean + S.D. Mean =+ S.D. Mean =+ S.D. Grade I11

EC (us/cm) 45.99 £ 6.09 39.21 £5.78 29.44 + 3.04
pH 8.66 £ 0.23 8.24 £ 0.38 8.30 £ 0.45

DO (mg/L) 9.57 +1.03 9.83 +£0.77 729 +0.6 >5.0

CODpwp, (mg/L) 444403 4.87 + 0.55 4.69 +0.36 <6.0
Chl-a (ug/L) 11.88 £0.5 1331£13 13.64 £ 1.14

TN (mg/L) 1.73 £ 0.05 1.79 + 0.08 1.81 +0.05 <1.0

TP (mg/L) 0.07 £ 0.02 0.15 £ 0.04 0.10 £ 0.04 <0.05

NH;3-N (mg/L) 0.48 £ 0.04 0.47 £ 0.05 0.48 £ 0.04 <1.0
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Figure 2. Water quality of monitoring sites in the eastern part of Hongze Lake. Solid circle is extreme

value; hollow circle is discrete value.
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According to China’s Environmental Quality Standards for Surface Water (GB3838-2002),
the mean concentrations of TP and TN were far in excess of Grade Il values. The mean concentrations
of NH;3-N and CODy, were below the standard value. The mean concentration of DO was much
higher than the standard value. These values indicate that there was a serious risk of eutrophication in
Eastern Hongze Lake.

3.2. Temporal and Spatial Variations of Water Quality among Site Groups

As shown in Figure 3, the results of multiple comparative analyses prove that the five water
quality parameters of G1, G2, G3, and G4 groups exhibit some changes. In normal and wet seasons,
the average concentration of ammonium nitrogen in the G3 group is significantly higher than that
of the other groups (p < 0.05). In the dry season, the average concentration of TN in the G2 group
is significantly lower than that of the other groups (p < 0.05), the average concentration of total
phosphorus in the G1 group is significantly lower than that of the other groups (p < 0.05). In dry and
normal seasons, the average concentration of EC in the G4 group is significantly higher than that of G2
and G3 groups (p < 0.05). In normal and wet seasons, the average concentration of DO in the G1 group
is significantly lower than that of G3 and G4 groups (p < 0.05). Meanwhile, there were no significant
variations detected in pH, CODyyy,, and Chl-a. The mean concentration of TN in all groups was over
1.0 mg/L during all three seasons, as the TP was over 0.05 mg/L. When comparing this data with the
values outlined in the Grade III water standard shows, our research indicates that water pollution is
serious in the study area.
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Figure 3. Mean = standard error values for the water quality parameters among G1, G2, G3, and G4 in
the dry, normal, and wet seasons.

3.3. The Correlation between Environmental Factors and Water Quality

As observable from the results of the RDA, in the normal season, the canonical axis eigenvalue
creates the highest contribution to changes in water quality, with a contribution of only 28.61%
(pseudo-F = 3.1, p < 0.01). Despite this, in other seasons, the contribution is much lower. As shown
in Table 3, the first axle displays data pertaining to water quality changes in the normal season,
accounting for 25.93% (pseudo-F = 8.1, p < 0.01), and presenting a positive correlation with LU (land
use), as shown in Figure 4. The second axle accounts for less than 3% of changes (insignificant),
and this is mainly determined by WD (water diversion). These values demonstrated that water
quality had an insignificant correlation with land use, water diversion, and population. While land
use negatively correlated with TN, TP, and NH3-N in normal and dry seasons, and water diversion
positively correlated with these nutrient parameters in all seasons. According to Table 4, as seen
from a correlation analysis, TN, TP, and NH3-N present a negative correlation with LU, and present a
positive correlation with WD. In particular, NH3-N presents a significantly positive correlation with
WD (r > 0.48, p < 0.01). Chl-a presents a negative correlation with LU and WD (r < —0.34, p < 0.05),
and presents a positive correlation with EC and DO (r > 0.5, p < 0.01).
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Table 3. The results of RDA: the explained variance (%) of the water quality parameters.

Dry Season Normal Season Wet Season
AX":S and  gyplained Explained Explained
Variables  variation Pseudo-F p Value Variation Pseudo-F p Value Variation Pseudo-F p Value
(%) (%) (%)
Canonical axes
First axis 16.25 45 0.114 25.93 8.1 0.002 ** 4.98 2.6 0.278
S‘;ﬁ’irs‘d 2.4 0.7 0.774 2.55 0.8 0.802 2.9 16 0.442
all axes 19.73 1.9 0.102 28.61 3.1 0.002 ** 8.19 1.5 0.518
Explanatory variables
LU 8.8 2.5 0.092 214 6.8 0.002 ** 4.6 2.5 0.072
WD 44 1.3 0.292 6.9 29 0.047 * 1 0.5 0.628
Pop 6.6 1.8 0.16 0.3 0.1 0.99 2.6 1.4 0.204

The values of pseudo-F and p were chiefly obtained through the Monte Carlo permutation test. LU, WD, and Pop
indicate the land use, water diversion, and population, respectively. * p < 0.05; ** p < 0.01.

Table 4. The spearman correlation analysis between water quality parameters and environmental
variables in the three seasons.

Wet Season Normal Season Dry Season

LU WD Pop LU WD Pop LU WD Pop

EC 0.25 0.00 0.13 0.75 ** 0.63 ** 0.20 —0.33 —0.26 0.38
pH 0.18 0.27* —0.01 0.22 0.29 0.26 —0.06 —0.04 —0.46*
DO 0.32* 0.31* —0.25 0.57 ** 0.61 ** —0.05 0.07 -0.17 —0.05
CODym —-0.12 0.00 —0.02 0.02 0.12 0.02 —-0.22 —0.12 —0.31
Chl-a —0.21 —0.14 —0.09 —042* —-034* —0.10 0.11 0.15 —-0.08
TN 0.01 0.22 0.02 —0.24 0.08 —0.07 —0.50 ** 0.12 -0.07
TP 0.00 0.14 0.08 —0.01 0.12 0.11 0.31 0.28 —0.11
NH3-N  —-0.29* 0.27 -0.15 -0.14 0.48 ** —0.26 -0.31 0.32 —0.02

*p <0.05* p<0.01.
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Figure 4. The results of RDA: water quality parameters and environmental variables in the wet season
(a); normal season (b); and dry season (c).

4. Discussion

There are several important characteristics in the temporal and spatial variation of water quality
in important inlets/outlets along the Eastern Hongze Lake. The mean concentration of TN and
TP is 1.78 mg/L and 0.11 mg/L, respectively, both of which are far higher than Grade-III standard
values. Previous research has proven that from 2006 to 2011, the annual mean concentration of
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TN in Hongze Lake rose from 0.792 mg/L to 2.259 mg/L, and that of TP rose from 0.098 mg/L to
0.142 mg/L [21]. The comparison of our research results with previous research results from 2011
shows that the concentration of TN and TP in the Eastern Hongze Lake has undergone no obvious
changes. Thus, eutrophication is still a major threat to Hongze Lake following the establishment of
the SNWDP-ER in 2013. Meanwhile, nitrogen and phosphorus are still major pollutants.

We found that there was no significant spatial heterogeneity for TN and TP among G1, G2, G3,
and G4 in the normal and wet seasons. This may have been highly influenced by the operation of
the SNWDP-ER, which requires closing water gates to Hongze Lake in order to maintain high water
levels during most months. Then, the lake tends to retain nutrients [31]. Human activities were the
main threat to water quality [32]. Excessive purse-seine fishing and dike farming activities around the
lake are major causes of many lakes” ecological degradation in China’s eastern plain [33]. Agricultural
activities in neighboring coastal areas continuously add nitrogen and phosphorus into the lake [34].
There is also a large amount of enclosed cultivation and aquatic breeding in the Eastern Hongze Lake,
and the discharge of pond wastewater further increases nitrogen and phosphorus concentrations [35].
However, population growth has a significant impact on water quality [36]. Additionally, the study
area is an important population gathering area around the Hongze Lake.

The variance analysis demonstrates that G1 had the lowest phosphorus concentration and G2 had
the lowest nitrogen concentration in the dry season. For SNWDP-ER, it has to maintain a relatively
high water level by controlling the water output. Then, the water velocity in outlets of the Huai
River and Hongze Lake were relatively high in the dry season, which accelerates the movements
of nitrogen and phosphorus [37,38]. Moreover, the silt transported by rivers can also absorb major
nutrient salts [39]. At the same time, the rich biological groups in the intersection area of the river
and lake can play an effective role in the removal of nutrient salts. This can subsequently reduce
concentrations of nitrogen and phosphorus [40-42]. Abundant aquatic life at this intersection between
the river and the lake can also remove nutrients [43,44].

Previous studies have suggested that Hongze Lake should function in the drawdown of nutrients,
so that nitrogen concentration at the end of the flow path, which includes the lake itself, should be
lower [45]. However, there is no significant difference in the nitrogen and phosphorus concentrations
between sites G3 and G4. Our study showed that Hongze Lake plays a limited role in the removal of
nitrogen and phosphorus during water diversion along the SNWDP-ER. In contrast, the SNWDP-ER
may contribute to eutrophication in the dry season. The resulting changes in hydrology may have led
to higher a total nitrogen concentration in the Yangtze River than that of Hongze Lake [46]. Meanwhile,
the distance between the inlet and outlet of SNWDP-ER is less than 30 km. Water’s flow speed
was accelerated and water exchange volume was increased by the SNWDP-ER [24]. These limit the
purification capability of the lake. In addition, there is a concrete dam for resisting floods, which has
almost no absorption of nutrient salts.

Previous studies have also suggested that land use [47], water diversion [9], and population [36]
have a strong relationship with water quality. =~ Our research results highlight that these
environmental factors have insignificant influences on the water quality in Eastern Hongze Lake.
However, the nutrition parameters still have a negative correlation with land use, and present a
positive correlation with the existence of water diversion. The results are possibly caused by the
overly-high river input [48] and artificial input [49] in the study area. In addition, agricultural water use
and large amounts of rainfall both play important roles in dilution [50]. Thus, nitrogen and phosphorus
transported by river and water diversion represent the key problem in managing eutrophication in the
study area. In order to reduce the input of pollution and improve the lake’s purification capability
in the short term, the control strategies should focus on: (1) developing ecological agriculture with
a reasonable application of fertilizer and pesticides; (2) carrying out comprehensive improvement
of aquaculture, and integrating and optimizing the aquaculture model; (3) improving the treatment
of sewage and recycling of agricultural wastes; (4) increasing aquatic vegetation and optimizing the
configuration of plants; and (5) building a water quality purification project of artificial wetland in
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the outlet of SNWDP-ER. However, river basin management and decreasing human activities are the
more effective measures to control eutrophication in the long-term [51]. So, strengthening government
guidance and improving people’s protection can be considered as the main management policies and
measures to control eutrophication in the future.

5. Conclusions

In summary, the ecology of Hongze Lake is threatened because of high nutrient concentrations
in the water, especially TN and TP, which exceed the lake’s self-purification capability and lead
to eutrophication. The results showed that there are no helpful improvement solutions for the
eutrophication problem created by the SNWDP-ER, and the lake was also not useful in purifying water
quality in water diversion. This not only affects lake-based industries, but also drinking water and
the health of local residents. To maintain the geographic and ecological services provided by Hongze
Lake, it is critical to reinforce the control of pollution sources and exploit the ecological restoration
potential of wetlands to improve the lake’s self-purification capability.
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