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Abstract: Determining the spatiotemporal water quality patterns and their corresponding driving
factors is crucial for lake water quality managements. This study analyzed hydrological data and
concentrations of 11 water quality parameters, including total nitrogen, total phosphorus, ammonia
nitrogen and chlorophyll-a (Chl-a), for water samples collected from 15 sampling sites between
2009 and 2014. The water quality of sites in the northern Poyang Lake-Yangtze River waterway was
influenced by different environmental parameters compared to sites in central lake, especially for
Chl-a concentration. All pollutant parameters were significantly higher in the river phase (water
level <14 m) than in the lake phase (water level >14 m) (p < 0.05). These results were confirmed
via principal component analysis, which identified three principal components that explained over
79% of the dataset variance. Among all the parameters related to climatic factors, eutrophication
and organic pollution were the most important contributors in water quality. Dilution was the
controlling factor that drove the seasonal variability in the water quality of the Poyang Lake, China.
This work further indicated that regulating pollutant effluents in tributaries and water level within
the lake could improve the water quality in Poyang Lake, which may give some impetus for water
quality management.

Keywords: nutrient indicators; water quality parameters; water level fluctuations; principal
component analysis; Poyang Lake

1. Introduction

Natural lakes serve the ecosystem by providing drinking water, food and means of transportation
and recreation [1,2]. Achieving and maintaining the purity of lake water has long been an urgent
objective of water resources management and government decision makers [3]. However, the ongoing
urbanization and population expansion substantially increase the loading of nutrients (including
nitrogen and phosphorus) into lakes, thereby deteriorating water quality [4]. Therefore, a better
understanding of water quality variations and their driving factors is a critical objective for lake water
quality management.

Intra- and Inter- annual water level fluctuations (WLFs) play important roles in structuring
aquatic communities and influencing water quality [5-7]. White et al. [5] found that inter-annual WLFs
resulted in notable variability in the water quality parameters in the Laurentian Great Lakes region.
While Kurata [8] argued that a low water level slightly affects the water quality of Lake Biwa. The
water quality parameters in flood-plain lakes with great WLFs, such as Poyang Lake and Dongting
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Lake in China, may be greatly influenced by intra- and inter-annual WLFs, which reflect the uneven
temporal-spatial distributions of hydrodynamic conditions and play important roles in pollutants
transport and degradation [9]. Flow rate and residence time were also agreed to be important factors
for pollutants mobility and degradation. However, the specific relationship between water quality
parameters and WLFs in flood-plain lakes with seasonal variable velocities remains unexplored.

Poyang Lake, ranking the largest freshwater lake in China, is located in the middle and lower
reaches of the Yangtze River. This lake serves as a habitat for rare migratory birds in winter and it has
been listed as a globally important eco-region by the World Wide Fund for Nature. The water quantity
and quality of Poyang Lake not only affect the economic development of humans and societies in the
basin, but also partially determine the status of the water environment in the lower reaches of the
Yangtze River. However, under the dual pressure of global climate change and the impoundment of
the Three Gorges Reservoir, the water mass exchange between Poyang Lake and the Yangtze River
has been altered, thereby affecting the WLFs of the lake [10,11]. The more frequent occurrence of
low water levels and the earlier decline in winter water level and the longer river-phase period of
Poyang Lake have greatly affected its ecological functions [12,13]. Previous studies have shown that
the water quality of Poyang Lake is steadily deteriorating [14]. Algal bloom events were even recorded
occasionally in local studies [15]. Besides, Poyang Lake receives a substantial input of nutrients
from its tributaries, which may already be pushing the lake toward a near- irreversible change in its
ecological characteristics [16]. Previous studies also showed that low flow velocities and higher water
residence times in rivers and lakes will hinder the mobility of pollutants and reduce oxygen levels,
resulting in relative bad water quality [17]. However, the highest water level and lowest velocities of
Poyang Lake both occurred in summer, and vice versa in winter, which is different from other rivers or
lakes [18]. Furthermore, the inverse relationship between pollutants levels and flow was often found
for polluted rivers or lakes. Thus, it is necessary to examine the corresponding relationship in Poyang
Lake. Therefore, the spatiotemporal variability in the water quality parameters of Poyang Lake must
be investigated, and the relationship of such variability with the hydrological conditions in this large
flood-plain lake must be examined further.

The objective of this study was therefore to investigate the variability in the water quality of
Poyang Lake and its corresponding driving factors. By investigating the seasonal variability of the
water level and the 11 water quality parameters for the water samples that were collected from 15 sites
in Poyang Lake between 2009 and 2014, we sought to elucidate how the water quality of the lake is
influenced by water regime.

2. Materials and Methods

2.1. Study Area

Poyang Lake is located at the southern bank of the Yangtze River in Jiangxi Province, China
(Figure 1). Jiangxi Province accounts for 97% of the total catchment of the Poyang Lake basin, which
has a typical subtropical monsoon climate with an average annual temperature of 17.6 °C and a
mean annual precipitation of 1450 mm to 1550 mm that is mostly concentrated in the summer (July).
Poyang Lake nourishes a drainage area of 16.22 x 10* km?, and plays a significant role in supplying
freshwater and fish, restricting flooding, regulating the climate, and degrading pollutants in the area.
It is primarily fed by the Gan, Fu, Xin, Rao and Xiu Rivers, and it is freely connected to the Yangtze
River at Hukou. The discharge from the tributaries greatly increases from April to June, with the water
level rising. Then the discharge from the tributaries decreases gradually in July-August while the high
water level in the Yangtze River impedes the drawdown of the lake, resulting in the highest water level
during this period. The water level of the lake gradually decreases from September and the lowest
water level in Poyang Lake usually occurs in January (dry season) (Figures 1 and 2). Consistently
with water level fluctuations, the lake area changes seasonally and reaches its peaks in summer (about
4000 km?) [19]. However, the velocities of flow within the lake were opposite to the water level



Water 2016, 8, 296 30f16

variations, for example, in the dry season, the lake takes on riverine features with the highest velocity,
and lowest velocity in the wet season.
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Figure 1. Seasonal variations of Poyang Lake, China (winter (January) on the left, summer (July) on
the right) and location of the sampling sites.
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Figure 2. Water level variations of Poyang Lake from 2009 to 2014 (the dashed squares represent the
sampling duration).
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2.2. Sampling Sites and Sample Collection

Figure 1 shows the distribution of the sampling sites throughout Poyang Lake and its tributaries.
These 15 sampling sites were selected on the basis of the size of the lake and its proximity to rivers and
human activities. Site 1 was adjacent to the outlet of Rao River, which is the most polluted among the
Poyang Lake tributaries, while site 7 was located in the outlet of Xiu River, of which the upper stream
is the Zhelin Reservoir. Site 4 was set at the Duchang gauge station within the lake. Site 8 was located
at the outlet of a subsidiary lake (Bang Lake). Sites 10 to 15 were located in the northern Poyang
Lake-Yangtze River waterway, and site 15 is situated at the junction of Poyang Lake and the Yangtze
River. In addition, all sampling sites were covered with water throughout the entire year despite the
seasonal variation in the water levels of Poyang Lake (Figure 1). Data on monthly water level of site 4
(Duchang) were obtained from the Hydrological Bureau of Jiangxi Province. Since estimates of sewage
from tributaries into the lake for different years are difficult to acquire, and given the fact that the
Jiangxi Province accounts for about 97% of the Poyang Lake basin, outlet of which is the Poyang Lake.
Data on inter-annual sewage discharge into the rivers in Jiangxi Province obtained from the Jiangxi
Water Resources Bulletin, was used as a proxy for sewage flow into the lake. In addition, monthly
discharge and pollutant concentrations (TP and NH4—N) from five main tributaries from 2009 to 2011
were gathered to analyze the pollutant variation within the year.

Seasonal sampling campaigns were implemented at these sites (1 = 15) from 2009 to 2014. A total
of 360 (15 sites x 4 seasons x 6 years) surface water samples (0 m to 0.5 m) were collected. Since
the water level has typical variations from winter (January) to spring (April), summer (July) and
fall (October), water quality samples were collected accordingly (every three months) to analyze
relationships between water quality and water level fluctuations (Figure 2). Water temperature
(T), pH, dissolved oxygen (DO), and electrical conductivity (EC) were measured using a Hydrolab
DataSondeb5 sensor in situ. The Secchi depth (SD) was determined using a Secchi disk in situ. Vertically
integrated water samples were collected with acid-clean 10 L plastic buckets and kept at 3 °C in
a portable refrigerator before they were transported to the laboratory. The standard methods of
the American Public Health Association [20] were followed in estimating of suspended solids (SS),
chemical oxygen demand (CODyy,), total nitrogen (TN), total phosphorus (TP) and ammonia nitrogen
(NH4-N). To estimate the chlorophyll-a concentration (Chl-a), the water samples were first filtered
through pre-combusted (450 °C for 4 h) Whatman GF/F filters (47 mm) and then measured with
a spectrophotometer after extraction in hot 90% ethanol [21]. The temporal and spatial variations
of the nutrient indicators including TN, TP, NHs—N and Chl-a were examined and 11 parameters
were used for the principal component analysis (PCA). NH4—-N concentration was found the most
important nutrient factor controlling the presence frequency of aquatic vegetation, which is crucial for
degradation of pollutants [22].

2.3. Statistical Analysis and Visualization

In reference to the study of Akyuz et al. [23], we examined the seasonal variations at each sampling
site using a relative seasonal average (RMses p):

se,s,p

X
R]\/Ise,s,p = X
s,p

where Xse,s,p is the average parameter (p) value for each season (se) of the study period at each site (s)
and X p is the average parameter at each site over the entire study period (2009-2014). The se =1, 4,7,
10 denotes winter, spring, summer and fall respectively. X, was then divided by the average over all
sites (X ) as follows:
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where RS;, represents the variations between different sampling sites (s) for each parameter (p).
The mean concentration of this site is higher than the mean over all stations if RS; , > 0, and vice-versa
if RSsp < 0.

The nutrient indicators including TN, TP, NH;—N and Chl-a were visualized using three-dimensional
plots with time as the x-axis and the sampling sites as the y-axis. The skewness and kurtosis values of all
the variables except for TN were far from the normal distribution. Therefore, a non-parametric
Kolmogorov-Smirnov test (K-S test) was performed to examine the difference between groups.
The statistical analyses, including the calculation, Pearson correlation analysis, K-S test, visualization,
and probability density analyses were implemented in R 3.1.3 software [24]. The spatial distribution of
sampling sites and indices was mapped using the ArcGIS 10.2 software.

2.4. PCA

PCA was conducted to identify important water quality parameters and to investigate the possible
sources of pollutants under different water regimes. PCA was performed for the same sites in different
water level phases, which were examined using two typical water regimes in Poyang Lake, namely,
river phase (low water level phase) and lake phase (high water level phase). Eleven variables were
included in the PCA on the basis of the correlation matrix and the corresponding significance level.
PCA was performed using the CANOCO software (Version 4.5) (Microcomputer Power, New York,
NY, USA) to ascertain the importance of environmental parameters. Kaisere-Meyere-Olkin (KMO) and
Bartlett’s tests were applied to examine the compatibility of the data with the PCA. The significance of
the variables (loadings) in the PCA was determined with the vertical distance of each arrow from the x
or y axis, and the scatter point showed the PCA scores of the different sampling sites.

3. Results

3.1. Spatial-Temporal Variations

According to K-S test, the water quality variables, except for T, EC, and SS, showed significant
inter-annual variations (p < 0.05). The highest EC (164.6 ps/cm), SS (73.98 mg/L), and CODyp
(3.5mg/L), and the lowest DO level of (7.55 mg/L) were recorded in 2011. For the nutrient indicators
only, the highest Chl-a concentration was observed in the same year, while TN concentration was
significantly higher in 2011 and 2014 (Figure 3). The TP concentration was significantly lower in 2013
(p < 0.05). Thus, the water quality in 2011 may be the worst among six years under investigation
concerning TN, SS, CODyy,, TP and Chl-a. 2011 was a typically dry year with an average water level
of 10.96 m, with much less freshwater flow into the lake (Figure 2).
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Figure 3. Spatial and annual variations in the total nitrogen (TN), total phosphorus (TP), ammonia
nitrogen (NH4—N) and chlorophyll-a concentration (Chl-a) of Poyang Lake.

The values of all the nutrient indicators largely varied across the seasons. In all 15 sampling sites,
the seasonal average TN concentration relative to the annual change (2009-2014) peaked in winter.
For example, RM],S],TN = 1.42, RM],SZ,TN = 1.18, RMl,s4,TN = 149, RMl,sS,TN = 14, RMl,sll,TN = 135,
and RM; 15 Tn = 1.4, which indicated a remarkably high TN concentration in the dry season. While the
minimums of RM;e s TN Were mostly confined to summer (July) (sites 1, 4, 5, 8 to 15) (Figure 4). Notably,
the RMge s TN Vvalues of the sampling sites in the Poyang Lake- Yangtze River waterway were kept
minimal in July. The seasonal variations in NH4—N were similar to TN. The maximum and minimum
RMgses,NHa-N Values across all stations were 2.88 (winter) and 0.12 (summer), respectively.

At individual stations, the maximum seasonal average values of TP relative to the annual average
(2009-2014) from the southern to northern lake were confined in January, April and October (see Table
S1). These values reflected the relatively high TP level in sites 1, 10, and 8. Furthermore, an obvious
shift in maxima was observed from spring in the central lake stations to winter and autumn in the
Yangtze-connected northern lake. Such observation indicated that the water quality of the stations in
the central and northern lake was controlled by different environmental parameters. However, the
corresponding minima of TP all occurred in summer, during which RM; s Tp ranged from 0.43 to 0.78
(Figure 4).

The seasonal patterns of variations in Chl-a (RMg s chl-a) Were more complex. The maximum
values of seasonal average relative to the annual average (RMge s Chi-a) Occurred in both April, July and
October, and more prone to be July (Figure 4). Besides, Figure 4 shows that the highest RMc¢ s chi-a
values were recorded in sites 6, 7, 8 (1.93, 1.77, and 1.55, respectively). However, the minimum of
RMge s Chi-a Values all occurred in winter (January), during which the lowest and highest RM¢ ¢ chi-a
values were observed in site 1 (0.31) and site 11 (0.78), respectively. Chl-a concentration showed an
opposite seasonal pattern compared to other nutrient parameters, that is, the minimum RMge g chi-a
value was confined to winter, which could be attributed to the relatively low water temperature and
underwater light conditions of Poyang lake in January [25].
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Figure 4. Spatial and seasonal variations of TN, TP, NH4-N and Chl-a in Poyang Lake.

The variations between stations were compared using RSs , which was normalized to zero to
illustrate the proximity between the average parameter value for a specific station and the average
parameter value for all stations from 2009 to 2014. For TN, TP, and NH4-N, the highest and lowest
RSs p values all occurred in sites 1 and 7, respectively (Figure 5). Besides, Sites 6 to 9 in the central
lake tended to have a lower concentration of nutrients. For Chl-a, the highest RS, value (1.15) was
recorded in site 8 in the Bang Lake outlet. A higher Chl-a concentration was observed in the central
part of the lake. Figure 5 also notably shows that stations in Yangtze-connected northern lake had a
relatively low RSg cp-o. Furthermore, the RSq cpj-a, RSs NH4-N, and RS tp values tended to have higher
magnitudes than the RS iy value, which indicated relatively small spatial variations in TN.
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Figure 5. Ratios of the average TN, TP, Chl-a, and NH4—N values for each site relative to the all-site
average between 2009 and 2014.

3.2. WLFs and Physical—Chemical Parameters

Table 1 presents the Pearson’s correlation coefficients of water level and the 11 water parameters.
These coefficients must be interpreted with caution because the water quality parameters reflect both
spatial and temporal variations (Figure 3). For the physical parameters, water level was significantly
correlated with T, SD, and EC (p < 0.05). The pollutant indices were negatively related to water level
(TN at a significant level of 0.01, CODy, and SS at a significant level of 0.05, and TP and NH4—N at
an insignificant level). Water level was also remarkably negative relative to DO concentration. It has
been proved that DO concentrations are negatively related to temperature [26]. Moreover, a low water
level phase is characterized with higher velocities, which further increase the DO concentration in
water. Owing to the special climate and hydrological process of Poyang Lake, the high water level
was confined to the warm wet season, during which substantial freshwater discharge flows from
the tributaries into the lake. However, the lake displays river-like characteristics as the water level
gradually goes down in the cool dry season.

The nutrient indicators, except for TN, did not show any notable correlation with water level.
However, Figure 4 reveals that these indicators showed remarkable seasonal variations. Fang [27]
considered 14 m as the characteristic water level that divides the lake and river phases of Poyang
Lake. Therefore, this level was further used to examine the different responses of all the water quality
parameters to WLFs in Poyang Lake. The whole dataset was divided into lake and river phases on the
basis of the water level in Duchang station. Table 2 compares the water quality parameters between
these phases. The K-S test revealed that these parameters exhibited significant differences between
these phases (p < 0.05). Specifically, the TN concentration in the river phase (1.87 mg/L) was much
higher than that in the lake phase (1.34 mg/L). Despite being insignificantly correlated with water
level, TP also showed a notable variation, which indicated that a threshold might exist for TP and that
TP concentration would substantially decrease when the water level exceeded the threshold. A similar
trend was also observed in NH4-N and Chl-a with a significance of p < 0.05.
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Table 1. Pearson’s correlation matrix for water-level and selected water quality parameters.

Parameters Water-Level PH T SD EC DO CODpym SS TN TP NH,4-N Chl-a
Water-level 1 - - - - - - - - - - -
PH —0.22 1 - - - - - - - - - -
T 0.75 ** —0.2 1 - - - - - - - - -
SD 042* —0.26 0.64 ** 1 - - - - - - - -
EC —0.76 ** 0.33 0.7 ** —0.48* 1 - - - - - - -
DO —0.57 ** 0.38 0.76 ** —0.57 ** 0.58 ** 1 - - - - - -
CODwmn —043* 0.33 —0.36 —0.18 0.45* 0.12 1 - - - - -
SS —0.5* —0.16 —0.34 —-04 0.25 0.32 0.07 1 - - - -
TN —0.74 ** 0.23 —0.64 ** —0.41* 0.78 ** 0.53 ** 0.45* 0.54 * 1 - - -
TP —0.31 —0.08 —0.25 —0.14 0.34 041* —0.11 0.45* 0.35 1 - -
NH4-N —0.26 0.36 —-0.27 0.11 0.18 0.21 0.12 —-0.12 0.04 —0.27 1 -
Chl-a 0.29 —0.01 0.07 —0.06 —0.07 —0.18 0.06 —0.06 0.02 —0.08 —041* 1

Notes: * The correlation is significant at the 0.05 level (two-tailed); ** The correlation is significant at the 0.01 level (two-tailed).

Table 2. Comparison of water quality parameters between the river and lake phase of Poyang Lake from 2009 to 2014.

River Phase Lake Phase
Parameters

Mean SD Mean SD

PH 8.20 0.79 7.89 0.74

T (°C) 16.69 8.40 26.55 6.27

SD (m) 0.36 0.19 0.45 0.26
EC (us/cm) 161.22 77.98 105.75 36.73
SS (mg/L) 58.76 56.35 41.89 46.55
DO (mg/L) 9.31 2.72 7.08 1.20
CODyp, (mg/L) 2.95 1.34 2.64 0.75
TN (mg/L) 1.87 0.71 1.34 0.49
TP (mg/L) 0.11 0.10 0.06 0.03
NH4-N (mg/L) 0.37 0.42 0.26 0.41

Chl-a (ug/L) 4.53 4.27 5.57 4.25
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3.3. PCA Results

Before conducting the PCA, the data were normalized to have zero means and unit variances to
account for the different measurement units and to equalize the effects of all the parameters on the total
variance in the dataset. Scree plot was used to identify the number of principal components (PCs) to be
retained, and a pronounced change was observed after the third eigenvalue (KMO test = 0.71; Bartlett’s
test of sphericity = 0.00) (Figure 6a). Therefore, three PCs explained over 79% of the total variance (with
each component explaining 50.2%, 20.7%, and 8.9% of the variance). Figure 6¢,d present the loadings
of these components, with the arrows representing the loading of parameters. The first component
(PC1) has strong negative loadings for water temperature and positive loadings for TN, TP, EC, and
DO, thereby suggesting nutrient and natural input pollution. This finding can be explained by the fact
that an increase in water temperature leads to a decrease in DO and reinforces the dilution effect in the
high water level regime. Moreover, most of the variability in the data is related to temperature change,
which is strongly correlated with water level. PC2 is positively correlated with Chl-a and negatively
correlated with SS. This component represents the influence of phytoplankton growth (eutrophication),
which is hindered by a high SS concentration. PC3 is largely contributed by CODjy, and represents
the influence of organic pollutants that are mostly related to human activities, such as domestic and
industrial discharges, and to decaying plant and animal matter. Figure 6b presents the PCA scores,
with the symbols representing the scores of the sampling sites. The PCA ordination results show a
clear separation between the river and lake phases. Those sampling sites with a high water level (lake
phase) have higher T, Chl-a, and SD and lower TN and TP, whereas those with a low water level have
higher TN, TP, NH4—-N, EC, DO, and SS (Figure 6b). Those samples that were collected from the lake
phase have a significantly lower mean PC1 score than those that were collected from the river phase
(p < 0.05). However, no significant difference was observed between the mean PC2 scores of these
groups. Sites 10 to 15, which are located in the river channel to the Yangtze River, have high SS and low
Chl-a, which is consistent with the spatial analyses results presented in Section 3.1. Figure 6b shows
the low mean PC2 scores of sites 10 to 15 (shown in red color), thereby indicating a relatively low risk
of algal bloom in the northern Poyang Lake-Yangtze River waterway. Interestingly, site 8 has a high
Chl-a and low SS, which indicates that this site is mainly influenced by phytoplankton growth (PC2).

(a) - (b)

site 8

Engivalue
PC2

PC1 PC2 PC3 PC4 PCS PC6 PCT PCE PCY9 PCIO 47

-1.5 1.5

Component PC1

Figure 6. Cont.
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Figure 6. Principal component analysis (PCA) results of different water regimes. (a) scree plot of PCA;
(b) PCA scores, where the squares represent the lake phase, the circles represent the river phase, and
the red color represents the sampling sites in the northern Poyang Lake—Yangtze River waterway;
(c) loadings of PC1 and PC2; and (d) loadings of PC1 and PC3.

4. Discussion

The water quality of Poyang Lake shows insignificant spatial variations, except in those sites
near the outlet of heavily polluted tributaries. As a typical flushing lake, Poyang Lake has a relatively
shorter water retention time (7 days to 30 days) during different water regimes [28], in comparison
with Tai Lake (270 days) and Chao Lake (136 days) [29,30]. Spatially, site 1 has the highest RSs, for TN,
TP, and NH4-N, which may be attributed that the Rao River was characterized with highest pollutants
concentration [31] (Figure S1), with average fluxes of 0.54 kg /s and 0.05 kg/s for NH4;—N and TP in
2009-2011, which were approximately 7 and 2 times higher than the Xiu River. The field survey also
reveals that the year-round dredging activities near site 1 may remarkably change the topography
of the lakebed and dredge up substantial sediment. Consistent with previous studies, site 7 has the
best water quality with relatively high SD and DO, as revealed in the PCA. Given that site 8 was
located at the outlet of Bang Lake with a developed aquaculture, this site shows high CODy, and
Chl-a, as revealed in the PCA. Furthermore, the water quality in the northern part of Poyang Lake is
different from that in the other sites, especially in terms of Chl-a concentration. Such difference may
be attributed to the river-like characteristics of the lake with relatively high velocity and amounts of
suspended solid, which have substantially decreased the underwater light conditions [24]. Similar
results were reported in the floodplain area of the Danube, which experiences flooding and a short
water residence time [32].

Poyang Lake also shows inter-annual variations in its water quality. As mentioned above, the
lake had high TN and Chl-a concentrations in 2011 and 2014. Hydrological forces, such as wind
and river flow, may constrain the dynamics of pollutants in lake systems [33]. WLFs can reflect the
hydrodynamic conditions in a large floodplain lake to some extent. Besides, the pollutants that are
discharged into the lake also exert a great effect on lake water quality. The sewage effluent was
relatively low in 2009 and 2010, while it increased by 13.4% in 2011 compared to 2010. But it did not
show great changes since 2011 (Figure 7). Meanwhile, 2011 was a typical dry year with average water
level of 10.96 m, the amount of rainfall in 2011 decreased by 49% from the previous year, and the sharp
turn from drought to flood resulted in an instantaneous surface runoff, in which substantial nutrients
flowed into the lake [34]. Therefore, the inter-annual variations of water quality were under the dual
influence of hydrological conditions (e.g., water level, discharge) and sewage flowed into the lake.
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Discharge of Sewage into the rivers of Jiangxi Province
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Figure 7. Annual variations in the discharge of sewage into the rivers of Jiangxi Province.

Eutrophication remains one of the most pervasive environmental problems in lakes [23].
The nutrient indicators considered in the present study all showed significant seasonal variations.
Overall, an excellent water quality was observed in July, but a poor water quality was observed
in January because of hydrodynamic conditions. The K-S test revealed the differences in the
characteristics between the river and lake phases of Poyang Lake (Table 2). Figure 8 showed that
the concentrations of TN, TP, and NH4—N significantly differed between these phases. For TN, the
probability density analysis revealed 66.5% and 19.1% likelihoods of obtaining a TN concentration
lower than 1.5 mg/L in the lake and river phases, respectively. The mean TP concentration in the
lake phase (0.06 mg/L) was remarkably lower than that in the river phase (0.11 mg/L). Moreover,
the TP concentration in the lake phase showed a great tendency to range between 0.05 mg/L and
0.075 mg/L. Similar results can also be obtained for NH;—N. These founding are in accordance with
the study of Yao et al. [16] obtained by using dissolve organic matter (DOM) fluorescence. This can be
explained by the fact that although the velocities were lower in lake phase, the five tributaries produce
more freshwater discharge in the lake phase than in the river phase (Figure 9), thereby effectively
diluting the contaminants in each site. In addition, there are more aquatic organisms in lake phase
than in the river phase, which consuming more nutrients [31]. The impoundment of the Three Gorges
Reservoir also causes a large flow gradient from Hukou to the Yangtze River in the river phase, thereby
weakening the self-purification capability of Poyang Lake [35]. On the other hand, during winter, the
water levels of Poyang Lake are relatively low, and the bottom sediments are dredged up by higher
velocities to release substantial nutrients into the water [36]. Similar studies showed that a lower
water level may decrease lake water quality [5,37]. For example, Hakanson et al. [38] concluded from
their numerical models that the successive and gradual lowering of water levels might significantly
deteriorate the water quality of Lake Kinneret. However, in a relatively short time scale or in the
non-point pollution-dominated study area, an increased water level resulting from heavy rainfall and
river discharge may increase the level of pollutants [33,39]. The relationship among the hydrological,
climatic, and water quality parameters has also been studied by other authors [40,41]. The present
work found a strong correlation between water temperature and water level, as well as a negative
correlation between water level and CODy,, DO, EC, SS and TN. This finding contrasts with that
of Prathumratana [40], who studied the lower Mekong River and found that the water level was
positively correlated with TSS, TP, and CODyy,. Therefore, the water quality of Poyang Lake remains
relatively favorable and mainly controlled by point pollution. However, TP, NH4—N, and Chl-a are
not significantly correlated with water level fluctuation, which indicates that these concentrations may
be affected by certain thresholds of water level. TP was significantly positively correlated with SS in
Poyang Lake, which was agreed with other studies [41-43]. For example, Kronvang et al. [41] found
a good correlation between phosphorus and SS in an agricultural catchment (R? = 0.87). SS was an
important indicator for transportation of phosphorus and was often used as to predict total phosphorus.
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Dilution was identified as the controlling factor that drives the seasonal variability in the water quality
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The PCA results also indicate that most of the variability in the data can be attributed to seasonal
variations in temperature and eutrophication (PC1 and PC2), which are consistent with the variations
in water level. Similar results have been reported in other studies that also used PCA to investigate
water quality. Andrea et al. [44] selected 18 correlated parameters for PCA and identified seven factors
with eigenvalues larger than 1 to explain 75% of the total variance in their dataset. The parameters
were found to be related to temperature (PC1), organic pollution (PC2), natural inputs (PC3), inorganic
pollution (PC4), and so on. The lake phase has a higher phytoplankton biomass, which is mainly
attributed to the significantly higher temperature, elevated underwater light conditions, and extended
water residence time [45]. An increase in phytoplankton biomass during flooding was also reported in
other floodplains and shallow lakes [32,46]. However, the Chl-a concentration does not show the trend
of the other nutrient indices, which further indicates that the Chl-a variations cannot be explained by
the nutrients in Poyang Lake [38].

5. Conclusions

The spatiotemporal analyses of water quality variables, especially nutrient indicators, and their
relation to hydrological conditions (i.e., water level and discharge) are essential in evaluating lake
eutrophication and providing an impetus for lake management. This paper offers a unique contribution
through a case study in a large flood-plain lake. In this work, the water quality variables did not
demonstrate significant spatial variations, except for those of the water samples that were collected
from stations near the outlets of tributaries. However, significant temporal variations, especially
seasonal ones, were observed among these variables. All water quality parameters significantly
changed between the river and lake phases, with the latter showing a great possibility of resulting in
relatively excellent water quality. The inter-annual water quality variation was mainly controlled by
both pollutants effluent and hydrological conditions. While dilution was identified as the controlling
factors that drive the variability in water quality of Poyang Lake within the year. Our research
may have some impetus on water quality improvement and management, e.g., through setting total
maximum daily loads (TMDL) and regulating water level within lake. Future research must ascertain
the quantitative effect of the discharge from tributaries to provide reliable recommendations for the
improvement and maintenance of Poyang Lake.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/8/7/296/s1,
Figure S1: Variations of TP and NH4-N concentrations from five main tributaries in Poyang Lake within the year
(2009-2011), Table S1: Seasonal average values of TP relative to the annual average (2009—2014) for 15 sampling
sites (maximum Rimnge s Tp Were displayed in boldface).
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