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ABSTRACT
Sewage treatment plant (STP) effluent has been used as ecological
supplementary water in dry and polluted urban rivers. However, more
consideration should be given to the impact of STP effluent on water
quality and the environment. In this paper, a typical urban tributary river
of Dianchi was selected to study the impact of STP effluent on water
quality and plankton communities. Using a paired-sample t-test, factor
analysis and canonical correspondence analysis, changes in water quality,
plankton communities and their relationships were analyzed. The results
showed that STP effluent decreased the concentrations of suspended
solid, chemical oxygen demand, five-day biological oxygen demand
(BOD5) and total phosphorus. However, it significantly increased the
concentration of nitrate, total nitrogen and nitrate nitrogen (NO3-N). A
distinct shift in the phytoplankton community from Chlorophyta (green
algae) to Bacillariophyta (diatoms) occurred after the influx of STP effluent
and further analysis indicated that this shift was primarily caused by the
increase in NO3-N and facilitated by the seasonal rise in water
temperature. Zooplankton communities were less sensitive to changes in
water pollution condition than phytoplankton communities and the
zooplankton community structure of the Chuanfang River was mainly
influenced by water temperature.

KEYWORDS
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Introduction

Dianchi Lake (24�51 0N, 102�42 0E) is a well-known shallow plateau lake located in Kunming,
Yunnan province in the south-west of China. With the rapid expansion of urban land use and the
lack of sewage treatment systems, large amounts of sanitary sewage were carried into Dianchi Lake
via the inflowing rivers. This process caused eutrophication and a rapid deterioration in water qual-
ity in Dianchi Lake (Huang et al. 2014; Li et al. 2014). To reduce the pollution in Dianchi Lake, the
Kunming city government has invested tens of billions of Chinese Yuan to promote six types of pol-
lution control projects in the Dianchi Lake basin: (1) a lakeside sewage interception and transporta-
tion system construction project, (2) a water diversion and water conservation project, (3) an
inflowing river regulation project, (4) an agricultural and rural non-point source management proj-
ect, (5) an ecological restoration and construction project and (6) an ecological dredging project.
Among the six projects, the inflowing river regulation project plays a very important role because
inflowing river water is the main contributor of exogenous pollution in Dianchi Lake. Statistically,
Dianchi Lake received an average of 72%, 78% and 80% of its chemical oxygen demand (COD), total
phosphorus (TP) and total nitrogen (TN), respectively, from 35 major inflowing rivers (KEPB 2011).
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Although the sewage interception of the rivers effectively prevented point source pollution, it also
decreased the river flow, dramatically changing the hydrological conditions of the urban rivers due
to an insufficient natural water supply (Gren 2008).

To cope with the dilemma of water shortage and water pollution in urban rivers, in 2009, the
Kunming city government began to recharge the urban rivers with sewage treatment plant (STP)
effluent. STP effluent can meet the Class 1A standard stipulated by the Chinese ‘Discharge Standard
of Pollutants for Municipal Wastewater Treatment Plants (GB 18918-2002)’ (e.g. COD � 50 mg/L,
TP � 0.5 mg/L, ammonia nitrogen (NH3-N) � 5 mg/L and TN � 15 mg/L). From the perspective
of landscape values, the reuse of STP effluent created significant social benefits, as the malodorous
black river water was largely replaced by the ‘relatively cleaner water’ obtained from the advanced
treatment (coagulation-filtration and disinfection) of secondarily treated effluent (via chemical,
physical and biological treatment methods; Sun et al. 2013). With regard to the protection of Dia-
nchi Lake, the main focus was to reduce the pollutants in the inflowing rivers. However, the effects
of the influx of reused STP effluent on the water environment and the ecological components of the
‘recharged urban rivers’ remained unknown.

To identify the impact of STP effluent on the urban river eco-environment, a typical urban river,
the Chuanfang River in the Dianchi Lake basin, was studied. A large proportion of the river water
came from the reused STP effluent (Li et al. 2012). Using a series of statistical methods, including
correlation analysis, a paired-sample t-test, factor analysis and canonical correspondence analysis
(CCA), the overall changes in water quality and plankton communities in the Chuanfang River and
the reasons for these changes, as well as the relationship between water quality and plankton com-
munity structure in different seasons, were analyzed and discussed.

Methods

Study area

The Chuanfang River, located in Xishan District of Kunming City, is a typical urban tributary river
of Dianchi Lake. To mitigate pollution in the Chuanfang River, a river regulation project was con-
ducted between 2006 and 2010 to intercept and divert the wastewater from the upper reaches to the
First Sewage Treatment Plant of Kunming. The wastewater was treated with an oxidation ditch, a
biological filter and UV disinfection reach the Class 1A standard of GB 18918-2002. The wastewater
was discharged into the lower reach of the Chuanfang River, a 5.4-km-long open channel that was
also restored in the regulation project (Figure 1). To investigate the water quality and plankton spe-
cies of the Chuanfang River, five sampling points, S0, S1, S2, S3 and S4, were established along the
river approximately 1 km apart. Among the five sampling points, S0 is hardly affected by the influx
of STP effluent because it is approximately 400 m upstream of the recharging point. The water envi-
ronments of S1, S2, S3 and S4 are all influenced by the STP effluent, as the STP serves as a constant
water source of the Chuanfang River.

The water quality was monitored monthly from September 2013 to August 2014, and the plank-
tonic species were investigated in October 2013, December 2013, March 2014 and July 2014. The
water samples were collected at a depth of 0.3–0.5 m below the water surface using an organic glass
sampler. Water temperature (WT), dissolved oxygen (DO) and pH were measured in situ via a
multi-parameter meter (ARDREL/2800, Hach Company, USA; http://www.hach.com). The samples
were then stored at 4 �C in a polyethylene bottle rinsed with the same sampling water. Suspended
solid (SS, Gravimetric method, GB/T 11901-1989), COD (Potassium dichromate titration method,
GB 11914-1989), BOD5 (Dilution and seeding method, HJ 505-2009), NH3-N (Nessler’s reagent
spectrophotometry, HJ 535-2009), NO3-N (UV spectrophotometry, HJ/T 346-2007), nitrite nitrogen
(NO2-N, N-(1-Naphthyl) ethylenediamine dihydrochloride spectrophotometry, GB 7493-1987), TN
(Potassium persulfate digestion UV spectrophotometry, HJ 636-2012) and TP (Ammonium molyb-
date spectrophotometry, GB/T 11893-1989) were measured according to Chinese standard methods.
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To count cladocerans and copepods in the zooplankton, a 5000-mL sample was filtered through a
10-mm mesh, and the filters were stored frozen with 4% buffered formalin. The 1000 mL samples of
phytoplankton and zooplankton were preserved with 1.5% Lugol’s iodine solution on site and then
precipitated for 48 h to concentrate the volume to 5%. The zooplankton were identified and quanti-
fied following the methods proposed by Shen et al. (1979) and Hu and Wei (2006). The phytoplank-
ton were identified and counted in a hemocytometer under an automated microscope using a
method mainly based on the work of Hu and Wei (2006). Phytoplankton species were identified to
the lowest taxonomic level possible (species or genus level), and taxa abundances, including colonial
and filamentous forms, were quantified by counting single cells.

Statistical analysis

A Pearson correlation analysis was performed to explain the changes in water quality parameters
before and after the influx of STP effluent. A paired-sample t-test was used to explore the difference
in water quality between S1 and the other four sampling sites (i.e. S0, S2, S3 and S4; Mustapha et al.
2012). The paired-sample t-test eliminated the influence of seasons and enabled us to focus on spa-
tial changes in the river water quality. The null hypothesis was that the paired samples were not sig-
nificantly different. Meanwhile, Pearson correlation coefficients of the paired samples were also
calculated to determine the spatial associations of water quality parameters between S1 and the other
four sampling sites.

To elucidate the effects of STP effluent and sewage on the plankton species of the Chuanfang
River, a factor analysis technique was adopted to process the selected simultaneously monitored
water quality parameters (Ghorbani-Aghdam et al. 2013; Sulthana et al. 2014). Before the factor
analysis, the selected water quality parameters, except pH, were log(x + 1) transformed to reduce

Figure 1. Map of Chuanfang River and the sampling sites.
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skewed distributions. The standard scores of the main factors (eigenvalue >1) were calculated and
then used as the environmental variables of phytoplankton and zooplankton assemblages in a CCA.
WT was also used as an individual environmental variable and was log(x + 1) transformed and stan-
dardized. To simplify the analysis and reduce the interference of rare species, the phytoplankton in a
CCA were categorized by genus, and only the dominant genera were included. For phytoplankton,
the dominant taxon (genus) was defined based on the following two rules: (1) the relative abundance
of the taxon was more than 10% in at least one sample, and (2) the taxon was identified in at least
four samples. For zooplankton, the dominant taxon was defined as having an occurrence frequency
of no less than 25% (i.e. 5 out of 20 samples). Species data were square-root transformed and the sig-
nificance of the first canonical axis and all canonical axes was evaluated using a Monte Carlo permu-
tation test (999 permutations). The paired-samples t-test, Pearson correlation analysis and factor
analysis were performed using the SPSS 19.0 package, while CCA was performed using CANOCO
4.5 (TerBraak et al. 2002).

Results and discussions

Analysis of water quality

The values of the water quality parameters of the Chuanfang River are shown in Figure 2(a,b). The
subtropical monsoon climate prevails in the Dianchi Lake basin, and the WT of the Chuanfang
River, which ranged from 8 �C in December 2013 to 22.7 �C in July 2014 during the monitoring
period, was consistent with the features of the local climate (Huang et al. 2014; Wu et al. 2014).
Monthly changes in WT at the five sampling sites were generally similar. There were eight months
during the monitoring period when the WT at S1 was higher than at S0, with an apparent difference
of as much as 3.5 �C in December 2013. In contrast, in March 2014, when the STP effluent was
pumped to S0, the WT at S0 became higher than at S1. These phenomena were thought to be caused
by the influx of STP effluent at S0. The temperature differences may be related to the type of treat-
ment, such as using an oxidation ditch and UV disinfection. Generally, the pH values ranged from 7
to 9, but the changes did not show any regular pattern with the seasons or spatial factors. The pH of
water in the Chuanfang River could be influenced by many factors, such as acids and alkalis, photo-
synthesis and respiration.

The concentrations of DO varied considerably, ranging from 0.7 to 12 mg/L. The concentration
of DO at S1 was relatively high throughout the entire monitoring process (from 4.72 to 12 mg/L),
while at S2, S3 and S4, the minimum concentration of DO was only approximately 1 mg/L. How-
ever, cultivated submerged plants (which were abundant in February 2014) and green algae (mainly
observed at S0 and S4, where the water was relatively stagnant) were commonly found in the Chuan-
fang River during the monitoring period. The oxygen produced by the photosynthesis of these
plants or micro-plants was an important component of DO in the water of the Chuanfang River,
which could largely explain why the river water was oversaturated with DO in certain months.

The concentration of suspended solid (SS) at S1 was relatively low, ranging from 1 to 18 mg/L,
and its mean value was 8.7 mg/L. This result indicated that the removal rate of SS in the First STP of
Kunming was satisfactory. However, the concentration of SS at S0 ranged widely, from 5 to
104 mg/L. The water at S0 was mainly from the overflow of upstream wastewater, where the flow
condition was poor. Therefore, we assumed that the polluted water at S0 could be substantially puri-
fied by self-purification over several months until the next overflow event. This assumption could
explain the fact that the water pollution at S0 was mitigated before the rainy season, whereas it was
suddenly aggravated in June when the rainy season was just beginning.

As indicators of organic pollution, BOD5 and COD showed similar changes. The concentrations
of BOD5 and COD were lower at S1, ranging from 1.55 to 11.08 mg/L and from 6.59 to 33.27 mg/L,
respectively, than at all other sampling points. In addition, the spatial changes in the concentrations
of BOD5 and COD after the influx of STP effluent were moderate in most of the months, which
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Figure 2. (a) Water quality parameters of Chuanfang River during the monitoring period, September 2013 to August 2014. March
is marked with a circle because in this month, the STP effluent was pumped to the S0 to clean the river channel, making the data
at S0 very different from the other months. Water temperature (WT), dissolved oxygen (DO), suspension solid (SS), five-day biolog-
ical oxygen demand (BOD5) and chemical oxygen demand (COD). (b) Water quality parameters of Chuanfang River during the
monitoring period, September 2013 to August 2014. March is marked with a circle because in this month, the STP effluent was
pumped to the S0 to clean the river channel, making the data at S0 very different from the other months. Ammonia nitrogen
(NH3-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), total nitrogen (TN) and total phosphorus (TP).

JOURNAL OF FRESHWATER ECOLOGY 701



could be explained by variation in the amount of inflowing sewage (particularly the storm sewage)
into the Chuanfang River in addition to other unknown sources.

Unlike SS, BOD5 or COD, the concentrations of NH3-N and NO3
¡-N at S1 changed greatly

from month to month, ranging from 0.248 to 18.11 mg N/L and from 1.511 to 17.24 mg N/L,
respectively. Moreover, there was a significant negative correlation between NH3-N and NO3-N
(p < 0.05), indicating the instability of the nitrification process in the First STP of Kunming.
Moreover, while the concentration of NO3

¡-N at S0 was very low (less than 0.5 mg N/L), it
increased significantly after the influx of STP effluent. This result indicated that the STP effluent
was the main source of NO3-N in the Chuanfang River (Roach and Grimm 2009). The concentra-
tion of TN remained high after the influx of STP effluent, with mean values over 10 mg N/L at S1,
S2, S3 and S4. Fundamentally, the nitrification process of the STP only changed the species of
nitrogen but did not remove the nitrogen from the water (Kelso et al. 1997). Throughout the mon-
itoring period, the concentration of TP at S1 remained relatively low, ranging from 0.040 to
0.256 mg/L, and the mean value was only 0.1 mg/L, which indicated the high phosphorus removal
rate of the First STP of Kunming. However, in most of the months, the concentration of TP in the
lower river course showed a clear increase, which indicated increased pollution levels in the
Chuanfang River.

The results of the paired-samples t-test (Table 1) showed that there were significant differences
between S1 and S0 in the water quality parameters of DO, SS, COD, BOD5, NO3-N and TP after the
influx of STP effluent (p< 0.05). The correlation coefficients (Table 1) also showed that all the water
quality parameters except WT had no significant correlations between S0 and S1 (p > 0.05). Both
analyses indicated the strong impact of the influx of STP effluent. There were significant positive
correlations between S1 and all the three downstream sampling sites (S2, S3 or S4) for SS, NH3-N,
NO3-N, NO2-N and TN. However, with increasing distance from S1 to the lower reach, the correla-
tions between S1 and S4 for the other parameters (pH, DO, COD, BOD5 and TP) were not signifi-
cant (p < 0.05). This result indicated that the downstream concentrations of SS and nitrogen
species in the Chuanfang River were mainly determined by the influx of STP effluent. More interest-
ingly, the concentration of NO3-N was significantly different between S1 and all the downstream
sampling sites, although the difference was relatively small. This result could be attributed to the
denitrification process in the Chuanfang River (p < 0.05) (Newcomer 2012; Chen 2015).

A total of 120 phytoplankton taxa, belonging to 52 genera and five classes, were identified and
quantified (Figure 3). At S0, Chlorophyta were dominant in autumn, winter and summer, with high
relative abundances. However, after the influx of STP effluent, the relative abundance of Chloro-
phyta noticeably decreased. Meanwhile, the relative abundance of Bacillariophyta increased substan-
tially in autumn, winter and summer. A closer comparison revealed that the main Chlorophyta
genera involved in these community transitions were Pediastrum and Scenedesmus, while the main
Bacillariophyta genera were Cyclotella, Fragilaria and Melosira. In spring, when the STP effluent
was pumped to S0, the total phytoplankton abundances at all five monitoring sites along the Chuan-
fang River were almost the same, ranging from 3.5£ 105 to 4.5£ 105 cells¢L¡1, and the distributions
of phytoplankton phyla were also very similar. Cryptophyta were observed only in autumn, and its
maximum relative abundance was only 15.4% at S4.

A total of 79 zooplankton taxa belonging to four groups were identified and quantified (Figure 3(b)).
There were some differences in the compositions of zooplankton collected at S0 and the other four sam-
pling sites. In winter, Cladocera were identified at S1, S2, S3 and S4 but not at S0. Only in the spring,
when the STP effluent was pumped to S0, could Cladocera be found in large quantities. The abundance
of Protozoa and Rotifera was relatively high and stable in spring and summer; the average density of
Protozoa was 1876 ind./L in spring and 2585 ind./L in summer, while the average density of Rotifera
was 240 ind./L in spring and 300 ind./L in summer. Few Cladocera could be found in the Chuanfang
River, and their density ranged from 0 to 6.4 ind./L. With an average density of 10.2 ind./L, Copepoda
were easier to find in winter, while in the other seasons, the average density was less than 2 ind./L.
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Relationships between water quality and the dominant plankton species

The main pollution sources of the Chuanfang River were well characterized by most of the water
quality parameters. Therefore, we can deduce that the shift in plankton species structure could also
reflect the influence of the main pollution sources. The water quality controlling factors were
obtained from the factor analysis of the eight selected water quality parameters: pH, DO, SS, BOD5,
NH3-N, NO3-N, NO2-N and TP. These parameters were monitored at the same time as the plankton
survey. WT was excluded from the factor analysis because it mainly depended on the seasons, while

Table 1. The paired-samples t-test and correlation coefficients of water quality indicators.

Paired-samples t-test

Parameters
Paired
samples

Correlation
coefficients (r)

Mean of
difference~

Standard
Deviation

Standard
Error t value

Sig.
(two-tailed)

WT S0 and S1# 0.940� –1.109 1.224 0.369 ¡3.005 0.013
S2 and S1# 0.960� –0.945 1.208 0.364 ¡2.596 0.027
S3 and S1 0.926� –0.636 1.442 0.435 ¡1.464 0.174
S4 and S1 0.838� –0.627 2.105 0.635 ¡0.988 0.346

pH S0 and S1 0.146 0.035 0.601 0.181 0.191 0.853
S2 and S1 0.604� –0.089 0.255 0.077 ¡1.158 0.274
S3 and S1 0.704� 0.018 0.235 0.071 0.257 0.803
S4 and S1 0.320 0.121 0.393 0.118 1.021 0.331

DO S0 and S1# 0.099 ¡4.116 4.401 1.327 ¡3.102 0.011
S2 and S1# 0.729� ¡2.728 2.205 0.665 ¡4.103 0.002
S3 and S1# 0.738� ¡2.134 2.139 0.645 ¡3.309 0.008
S4 and S1 0.413 ¡1.996 3.390 1.022 ¡1.953 0.079

SS S0 and S1# 0.403 27.727 28.359 8.550 3.243 0.009
S2 and S1 0.774� ¡0.182 5.456 1.645 ¡0.111 0.914
S3 and S1 0.765� 0.818 7.319 2.207 0.371 0.719
S4 and S1 0.772� 1.273 6.467 1.950 0.653 0.529

COD S0 and S1# ¡0.207 20.357 28.882 8.708 2.338 0.042
S2 and S1 0.656� 1.927 6.954 2.097 0.919 0.380
S3 and S1 0.200 6.812 12.488 3.765 1.809 0.101
S4 and S1 0.453 6.060 10.863 3.275 1.850 0.094

BOD5 S0 and S1# ¡0.094 9.098 12.265 3.698 2.460 0.034
S2 and S1 0.596 0.662 2.832 0.854 0.776 0.456
S3 and S1 0.260 2.698 5.070 1.529 1.765 0.108
S4 and S1 0.316 2.775 4.978 1.501 1.849 0.094

NH3-N S0 and S1 ¡0.380 3.808 13.749 4.145 0.919 0.380
S2 and S1 0.963� 0.204 2.108 0.635 0.321 0.755
S3 and S1 0.862� 0.177 3.481 1.049 0.168 0.870
S4 and S1 0.718� 0.030 4.683 1.412 0.021 0.984

NO3-N S0 and S1# 0.391 ¡7.268 5.748 1.733 ¡4.194 0.002
S2 and S1# 0.979� ¡1.007 1.257 0.379 ¡2.657 0.024
S3 and S1# 0.956� ¡1.850 1.716 0.517 ¡3.575 0.005
S4 and S1# 0.945� ¡2.204 1.892 0.570 ¡3.864 0.003

NO2-N S0 and S1 ¡0.123 ¡0.293 0.991 0.299 ¡0.980 0.350
S2 and S1 0.975� ¡0.037 0.447 0.135 ¡0.275 0.789
S3 and S1 0.992� ¡0.050 0.384 0.116 ¡0.432 0.675
S4 and S1 0.959� ¡0.072 0.511 0.154 ¡0.466 0.651

TN S0 and S1 ¡0.272 ¡0.046 19.572 5.901 ¡0.008 0.994
S2 and S1 0.984� ¡0.465 1.819 0.549 ¡0.849 0.416
S3 and S1 0.906� ¡1.327 2.926 0.882 ¡1.504 0.163
S4 and S1 0.868� ¡1.671 3.141 0.947 ¡1.765 0.108

TP S0 and S1# ¡0.162 0.745 0.758 0.229 3.256 0.009
S2 and S1 0.521 0.057 0.115 0.035 1.653 0.129
S3 and S1 0.248 0.121 0.205 0.062 1.957 0.079
S4 and S1 0.149 0.142 0.233 0.070 2.025 0.070

Note: To compare the spatial changes in water quality parameters caused by the influx of STP effluent, the data for March 2014
were excluded from the paired-samples t-test and the correlation analysis.

~The ‘mean of difference’ equals the mean value of the data at Sm minus the mean value at S1 for the paired samples Sm and
S1 (m = 0, 2, 3, 4).

#The paired samples exhibit a significant difference (p < 0.05).
�p < 0.05 (two-tailed); �p < 0.01 (two-tailed).
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COD and TN were excluded to reduce redundant information (i.e. organic pollution and nitrogen
pollution were adequately characterized by BOD5 and the nitrogen species, respectively). In the fac-
tor analysis, the KMO (Kaiser–Meyer–Olkin) measure of sampling adequacy was 0.649, and the
result of Bartlett’s sphericity test was statistically significant (p < 0.001). Two factors (components),
F1 and F2 (eigenvalue >1), were extracted and could explain 75.1% of the total variance in the data
matrix (Figure 4(a)), indicating that F1 and F2 were the controlling factors of the eight selected
water quality parameters. The factor loadings showed that DO, BOD5, TP, and pH were well
explained by F1, with the absolute values of factor loadings on F1 over 0.8. NO3-N and NO2-N were
mainly determined by F2, with high loadings on F2 but relatively low loadings on F1. Based on the
results in analysis of water quality on the spatial and temporal variations of the water quality param-
eters, which were consistent with the inflow of sewage (in the upper reach of in the Chuanfang
River), F1 was labeled ‘Sewage Pollution Level (SPL).’ Similarly, F2 could be named ‘Nitrate &
Nitrite Pollution Level (NPL),’ primarily caused by the nitrification process of the STP. The standard

Figure 3. Abundance of phytoplankton and zooplankton in Chuanfang River.
Note: The spring season (i.e. March 2014) when the STP effluent was pumped to S0 to clean the river channel is marked with a circle.

Figure 4. Factor analysis of water quality and the dominant plankton species. (a) Plot of factor loadings after rotation. (b) Standard
scores of the extracted factors by regression method. The extraction method is principal component analysis. The rotation method
is Varimax with Kaiser normalization.
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scores of SPL (F1) and NPL (F2) were calculated, and the results are shown in Figure 4(b). The
scores were the quantitative estimations of SPL and NPL. A high score indicated a strong influence
of a certain factor on the water quality at a sampling site (Honti 2010).

The scores of SPL, NPL and WT were used as the environmental variables in a CCA, and their
influences on the dominant phytoplankton genera and zooplankton taxa were analyzed. There were
14 dominant phytoplankton genera, with a maximum relative abundance above 10% and an occur-
rence frequency approximately 20%, and their abundances were included as species data in a CCA.
In terms of zooplankton, total of 26 taxa had an occurrence frequency of approximately 25%. To
obtain the final CCA model, the explanatory powers of different environmental variables and their
combinations were explored by changing the input environmental data (Table 2). Based on the
results in Table 2, WT had the strongest influence on the plankton community structure (p < 0.01),
which could individually explain 15.2% of the variance in the dominant phytoplankton genera and
17.0% of the variance in the dominant zooplankton taxa. Although SPL and NPL both provided
considerable explanation (>8%) of the dominant phytoplankton genera, the first canonical axis
only became significant (p <0.05) when WT was included in the CCA. This result verified that the
influence of WT on the dominant phytoplankton genera was more statistically significant and foun-
dational, while SPL and NPL mainly explained the remaining variance that could not be explained
by WT (p < 0.01). Consequently, WT, SPL and NPL were all included as environmental variables in
the final CCA model to explain the phytoplankton community structure. All the three canonical
axes could explain 33.2% of the total variance in the phytoplankton genera, and the first two canoni-
cal axes could explain 27.6%. Regarding dominant zooplankton taxa, NPL alone could explain 8.3%
of the total variance. Therefore, in the final CCA model of zooplankton, only WT and NPL were
included as environmental variables, and they explained 22.3% of the total variance in the dominant
zooplankton taxa. It is worth noting that in the phytoplankton group, the explanatory power
(27.0%) of the combination between WT and NPL (WT&NPL) was greater than the sum (24.1%) of
explanatory power of WT (15.2%) and NPL (8.9%, WT + NPL), indicating that NPL could effec-
tively explain the variance in phytoplankton that could not be explained by WT.

The ordination biplot of the dominant phytoplankton genera and environmental variables is
shown in Figure 5(a). The weighted correlation coefficient (weighted r) between WT and Axis 1 was
¡0.827 (p< 0.01), indicating that the phytoplankton communities in the Chuanfang River were sig-
nificantly influenced by WT. The weighted correlation coefficient between NPL and Axis 2 was
0.923 (p < 0.01), indicating that NPL could adequately explain the variance that was not included in
Axis 1. The CCA model of zooplankton illustrated that WT exhibited a strong relationship with

Table 2. Explanatory power of different environmental variables in canonical correspondence analysis.

Groups
Environmental
variablesin CCA

Total
canonical
eigenvalues

Total
eigenvalues of
species data

Variance of
species data
explained by
canonical axes

Significance of
first canonical

axis

Significance of
all canonical

axes

Phytoplankton WTa 0.164 1.079 15.2% p < 0.01 p < 0.01
SPLb 0.088 1.079 8.2% p > 0.05 p > 0.05
NPLc 0.096 1.079 8.9% p > 0.05 p > 0.05
WT&SPL 0.228 1.079 21.1% p < 0.05 p < 0.01
WT&NPL 0.291 1.079 27.0% p < 0.01 p < 0.01
SPL&NPL 0.185 1.079 17.1% p > 0.05 p < 0.05
WT&SPL&NPL 0.358 1.079 33.2% p < 0.01 p < 0.01

Zooplankton WT 0.163 0.961 17.0% p < 0.01 p < 0.01
SPL 0.018 0.961 1.9% p > 0.05 p > 0.05
NPL 0.080 0.961 8.3% p > 0.05 p > 0.05
WT&SPL 0.178 0.961 18.5% p < 0.01 p < 0.01
WT&NPL 0.214 0.961 22.3% p < 0.01 p < 0.01
SPL&NPL 0.103 0.961 10.7% p > 0.05 p > 0.05
WT&NPL&SPL 0.235 0.961 24.5% p < 0.01 p < 0.01

aWater temperature (WT); bsewage pollution level (SPL); cNitrate & Nitrite pollution level (NPL).
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Axis 1 (weighted r = ¡0.990, p < 0.01; Figure 5(b)), while NPL was mainly related to Axis 2
(weighted r = ¡0.857, p < 0.01). However, the inclusion of NPL only increased the explanation of
the total variance by 5.3% (22.3%–17.0%), whereas NPL alone could explain 8.3%. This result indi-
cated that a considerable amount of useful information regarding the influence of NPL on the domi-
nant zooplankton taxa was actually included in WT.

The transition mechanisms of plankton community structure

Phytoplankton and zooplankton are two basic components of a water ecosystem, and they are sensi-
tive to changes in the physical environmental conditions (Roach and Crimm 2009; L�az�ar et al. 2012;
Torn�es et al. 2014; Zębek 2015). Therefore, the homogeneity of phytoplankton and zooplankton
caused by the water flow can greatly interfere with the analysis of the influence of water pollution
on the plankton community structure in a river. In the case of the Chuanfang River, the composi-
tions of plankton species or taxa at sampling sites S1–S4 were generally similar in each season. In
spring, when the STP effluent was pumped to S0, the similarity among all the five sampling sites
was enhanced. This homogeneity caused by the water flow may have weakened the influence of vari-
ation in water quality on the plankton communities in the river, which may explain why the SPL
explained very little of the variance in the dominant zooplankton taxa (Zhao et al. 2012).

Many studies show that WT can significantly influence plankton community structure (Huertas
et al. 2011; Mutshinda et al. 2013; Brito et al. 2015; Li et al. 2015; Teittinen et al. 2015; Zębek 2015).
In this study, WT had a relatively large range (from 8 to 22.7 �C) because the four plankton surveys
were conducted once in each of the four seasons of the year. Therefore, the seasonal transitions of
the plankton community structure in the Chuanfang River can be largely attributed to the variation
in WT in the CCA (Figure 5). However, the results of the CCA also showed that the joint effect of
SPL and NPL (17.1%) on the phytoplankton compositions was greater than the effect of WT
(15.2%). Furthermore, the explanatory power increased by 18.0% (from 15.2% to 33.2%) when SPL
and NPL were used as environmental variables. This result suggests that the phytoplankton commu-
nities in the Chuanfang River were more strongly influenced by water pollution than by WT,
although the effects of WT on the phytoplankton communities were more statistically significant
(Sato et al. 2002).

Generally, the substantial differences in the phytoplankton community structure between S0 and
the other four sampling sites in the Chuanfang River can be attributed to the influx of STP effluent,

Figure 5. Ordination biplots by canonical correspondence analysis. (a) Biplot of dominant phytoplankton genera and environmen-
tal variables. (b) Biplot of dominant zooplankton taxa and environmental variables.
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and the results of the CCA further confirmed that the degree of water pollution (SPL and NPL)
exerted an important influence on phytoplankton composition. However, a closer and more in-
depth analysis is required to determine the specific mechanisms of the phytoplankton community
transitions. In December 2013 (winter) and July 2014 (summer), the SPL at S0 was extremely high,
and Chlorophyta (especially Pediastrum in summer and Scenedesmus in winter) exhibited absolute
dominance. The plankton survey in October 2013 (autumn) showed that Chlorophyta could still
thrive at S0 even if sewage pollution was reduced to a lower level. Hence, in this study, the phyto-
plankton community shift from Chlorophyta (green algae) to Bacillariophyta (diatoms) was not
determined by the mitigation of sewage pollution. However, considering the pollution caused by the
inflow of sewage in the river, the most distinctive change in water quality in the Chuanfang River
after the influx of STP effluent was actually the sudden increase in NO3-N concentration. Thus, in
terms of water quality, NO3-N can be considered a key parameter that caused the dominant phyto-
plankton taxa to shift to diatoms in the Chuanfang River (Iriarte et al. 2013; Zhang et al. 2013;
Deng et al. 2014; Baek et al. 2015). This inference is highly consistent with the laboratory experi-
ments conducted by Deng et al. (2014). In their experiments, they also found that the dominant
phytoplankton taxa shifted from green algae to diatoms after adding KNO3 and K2HPO4 to enhance
the nutrient levels of the treatments. Furthermore, the increase in diatom abundance in summer and
autumn also indicated that the dominance of diatoms can be facilitated by increasing WT, which is
also consistent with the experiments by Deng et al. (2014). Therefore, we conclude that the increase
of NO3-N and the seasonal rise in WT made the diatoms dominant in the Chuanfang River after
the influx of the STP effluent. This conclusion is also well supported by the results of the CCA,
which showed that the explanatory power of WT&NPL (27.0%) was stronger than the explanatory
power of WT&SPL (21.1%), SPL&NPL (17.1%) or WT + NPL (24.1%). The zooplankton communi-
ties in the Chuanfang River were also significantly influenced by WT (15.9%). However, the zoo-
plankton also showed a few distinct changes in species composition with changes in the degree of
water pollution in the Chuanfang River. In the CCA model of zooplankton, NPL alone provided a
relatively good explanation (8.3%) of the variance in the dominant zooplankton taxa, and the com-
bination of WT&NPL only explained 5.3% more of the variance than WT alone. Therefore, we con-
clude that in the Chuanfang River, zooplankton communities are less sensitive than phytoplankton
to changes in water pollution status, and the zooplankton community structure of the Chuanfang
River is predominantly influenced by WT (Czerniawski et al. 2013; Wu et al. 2014; Emerson and
Bollens 2015).

Conclusions

Overall, the recharge of STP effluent is beneficial to the mitigation of water pollution in the Chuan-
fang River caused by the inflow of sewage, especially when the nitrification process of the STP works
properly. However, STP effluent also significantly increases the concentration of nitrate nitrogen,
which together with the seasonal rise in WT, makes the dominant phytoplankton species shift from
Chlorophyta to Bacillariophyta. The phytoplankton community structure of the Chuanfang River is
more strongly influenced by changes in water pollution than by variation in WT, although the
effects of WT on phytoplankton communities are more statistically significant. Zooplankton com-
munities in the Chuanfang River show a much weaker relationship with changes in water pollution
than do phytoplankton communities and zooplankton are mainly influenced by WT.

In order to reduce the high TN and TP loading in river after the water recharge, several methods
can be implemented. First, the water quality from the water treatment plant (WTP) could be
improved by decreasing the nitrogen loading. Second, in situ treatment projects could be imple-
mented to increase the river’s self-purification capacity. These in situ projects could include the use
of ecological concrete to repair the hardened riverbed and fish stocking to increase the biomass in
the river. Finally, an estuarine wetland could be built to further decrease pollutant loading.
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