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Highlights:

Water quality, hydrology and pollution were explored in TGR tributaries in 2000-2015

e Hydrodynamic and pollution heterogeneity caused variation in water quality

e Eutrophication and blooms occurred frequently downstream in spring

e High nutrient levels in tributaries were caused by impoundment and pollution loads

e Water quality was best in tributaries upstream areas during the impoundment period
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Abstract

The Three Gorges Reservoir (TGR) underwent staged impoundment during 2003—2010. Periodic
water impoundment included drainage (March to early June), low water level (June to August),
impoundment (September to October), and high water level (November to February) periods. However, the
impacts of the Three Gorges Dam (TGD) and impoundment on water quality of TGR tributaries remain
poorly understood, especially in the long term and across the entire TGR drainage basin. Herein, water
quality and hydrological indices of 27 tributaries, eutrophication of 38 tributaries, and pollution load of the

TGR were determined during 20002015 to explore spatiotemporal variations in water quality. The results
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revealed slower flow velocity in tributaries and an extended residence time with the water level rising, and
the water quality of tributaries was mainly affected by the mainstream backwater movement. Water quality
was good in more than 60% of tested sites, had the best condition in the impoundment period, and it
increased over time. Spatially, water quality in tributary upstream was better than in the backwater area,
and worst in the tributary estuary. Among water quality indices, total nitrogen (TN) and total phosphorus
(TP) were the key pollution indices, with median range of 1.619-2.739 and 0.088-0.277 mg/L,
respectively. Additionally, water quality indices of TGR tributaries displayed temporal and spatial
heterogeneity due to different hydrodynamic and pollution load conditions. A total of 38 tributaries
displayed eutrophication, the frequency of blooms concentrated in spring and increased from the upper
tributaries to the downstream area. These results expanded the theory of hydrodynamic variation and the
associated evolution of the water environment after impoundment, could provide theoretical references for

water quality management in river-type reservoir.

Keywords: Three Gorges Reservoir; tributary; water quality; hydrology; pollution load; spatiotemporal

variation
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1. Introduction

The Three Gorges Dam (TGD), the largest hydropower project in the world, is 2309.5 m long and 185
m high, located in Sandouping, Yichang, Hubei Province, and took 17 years to build and become fully
operational (Wang et al., 2013a; Fu et al., 2010). The Three Gorges Reservoir (TGR) is 663 km long,
covering a total area of 1084 km? and includes 22 districts and counties in Chongging and 4 in Hubei
province (He et al., 2011). The population of the TGR region in 2016 was 14.79 million, the urbanisation
rate was 56.52%, and the Gross Domestic Product (GDP) of the industry was 388.1 billion yuan,
accounting for 50% of total GDP (MEP, 2002-2017).

The TGR is a natural riverine ecosystem with a water level no higher than 80 m before the TGD was
built, but the area was turned into a reservoir ecosystern following TGD construction and impoundment
(CNEMC, 1998-2016). Impoundment caused the water level to rise to 135 m in 2003 (first impoundment
stage), 156 m in 2006 (second impoundment stage), and finally 175 m in 2010 (third impoundment stage)
(Tang et al., 2014). Since 2010 (after full impoundment stage), the TGR has been fully operational and has
a water level fluctuation zone vertical height of 30 m (Bao et al., 2015). The water level fluctuates
periodically between 145 and 175 m each year (Bao et al., 2015), and periodic impoundment is consisted
of four distinct phases (Xu et al., 2011a; Zhang and Lou, 2011); drainage period (175 to 145 m) during
which the water level is reduced to free-up storage capacity for flood control; low water level period (145
m) during which the water and sediment is discharged outside of the TGR; impoundment period (145 to
175 m) during which the water level is raised due to store water; and high water level period (175 m)
during which the water and sediment is retained in the TGR (Zheng et al., 2016; Xiang et al., 2021).

The TGD and periodic water impoundment have made great contributions to shipping, hydropower

generation, flood manipulation and irrigation in China (Zhang and Lou, 2011; Zhao et al., 2013). However,
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this has been accompanied by a suite of environmental problems, especially soil erosion (Xu et al., 2011b;
Ma et al., 2016), water quality deterioration (Stone, 2011; Xia et al., 2018), eutrophication and algal
blooms (Liu et al., 2012; Yang and Zhang, 2014), and hydrological alterations including increased water
level, a slower flow velocity, extended water retention time, trapped sediments, and large water
temperature fluctuations (Zhang and Lou, 2011; Ma et al, 2015), all of which have attracted wide attention.

At present, the TGR water ecosystem is in evolution period, changes in the water environment are of
great significance to grasp the succession process of the new large-scale reservoir ecosystem and guide the
protection of it. Studies on the mainstream water quality calculated a mean total nitrogen (TN)
concentration of approximately 1-3 mg/L, and mean total phosphorus (TP) of 0.05-0.61 mg/L, hence they
are key pollution indices (Gao et al., 2016; Xia et al., 2018). Other research investigated tributary bays
close to the TGD and found that eutrophication and algal blooms occurred frequently after impoundment
(Zhang, 2012a; Tang et al; 2015), possibly due to changes in pollution load (Ren et al., 2015; Ran et al.,
2017), land use patterns (Huang et al., 2016; Zhang et al., 2019) and hydrology and hydrodynamics (Zhang
and Lou, 2011; Yang et al., 2010). However, research on water quality, eutrophication and algal blooms in
the tributaries of the TGR is lacking, especially long-term effects over the entire TGR drainage basin.

The river system.in the TGR is well developed (Table 1), including 36 tributaries with a drainage area
over 1000 km? in Chongging alone (Wang et al., 2013b). Before impoundment, the water level is 145 m
which is the flood control water level, the mainstream and tributaries are natural rivers (CWRC, 1992).
After impoundment (from 145 to 175 m), the backwater can reach and impact the upstream tributaries of
the TGR located in Jiangjin, Chongging (Bing et al., 2016). In addition, mainstream backwater flowing
back into the tributaries led to the formation of the backwater area, which affected the water quality and

hydrology of the tributaries (Yu and Wang, 2011). In fact, water quality deterioration, eutrophication and
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algal blooms in the tributaries of the TGR are reported every year (MEP, http://www.mee.gov.cn/).
However, the relationship between TGR impoundment mode and tributaries water quality remains unclear.

Based on work carried out over more than 10 consecutive years, nutrients, biochemical indices,
eutrophication, blooms, hydrology and pollution load were measured during 2000—2016. The present study
aimed to (1) probe the spatiotemporal variation in water quality indices and identify the key pollution
indicators in the tributaries of the TGR, (2) assess the water quality of TGR tributaries using an appropriate
water quality index, (3) investigate the spatiotemporal variation of eutrophication and blooms in the TGR
tributaries, and (4) investigate variation in pollution load and hydrology and discuss their impact on water
quality in the tributaries of the TGR. This study could be helpful for expanding the theory of
hydrodynamic variation and the associated evolution of the water environment after impoundment, and
providing a reference for water environment protection and scientific water regulation in river-type

reservoirs.

2. Materials and Methods
2.1. Study area

Due to TGD construction and impoundment, a group of backwater zones constituting the TGR was
formed upstream of the Yangtze River, stretching from Jiangjin County, Chongging City to Yichang City,
Hubei province. The regional geomorphology of the TGR is dominated by mountains, hills and canyons,
with large longitude and vertical differences (Tang et al., 2014; Bao et al., 2015). A subtropical monsoon
humid climate predominates, featuring mean annual precipitation ranges from 650 mm to 2100 mm
(http://data.cma.cn/site/index.html), an annual average temperature varies in the range of 17-19°C, and
3040 foggy days per year (Tong et al., 2006; Wang et al., 2011). Based on the TGR impoundment

characteristics, a typical year can be divided into four distinct phases; drainage (March to early June), low
6
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water level (June to August), impoundment (September to October), and high water level (November to

February) periods (Zheng et al., 2016).

The present study investigated 66 water quality sampling sites (S1-S66) of 27 tributaries in the TGR

(Table 1, Fig. 1). These sites were divided into three groups based on the intensity of impact by

mainstream backwater, including 25 in tributary upstream areas were unaffected, 21 in backwater areas

were moderately affected, and 20 in tributary estuary areas were strongly affected. In addition, 38

eutrophication sampling sites in the backwater area of 38 tributaries were measured (Fig. 1).
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Fig. 1. Sampling sites in the Three Gorges Reservoir of the Yangtze River.

Table 1. Basic characteristics parameters and sampling point settings of 27 Three Gorges Reservoir tributaries

Administra River Lengthin  Annual Distance from Tributar Backw

: : : Tributary
River tive  basingrea the TGR average flow estuary to the ater
division (km%) (km) (m%/s) TGDy(km) esta/ary area Upstream
QiRiver  Jiangjin 4394 153 122 654 S1 S2 S3
Yipin River  Banan 363.9 45.7 5.7 632 S4 S5
Huaxi River  Banan 271.8 57 3.6 620 S6 S7 S8
Jialing River Yuzhong 157900  153.8 2120 604 S9 S10, S11
Wubu River  Banan 858.2 80.8 12.4 573.5 S12
Yulin River  Yubei 908 58.4 50.7 556.5 S13 S14
Taohua Changshou 363.8 65.1 4.8 528 S15 S16
Longxi River Changshou 3248 218 54 526.2 S17  S18 S19,S20
Lixiang Fulin 850.6 13.6 13.6 506.2 S21 S22 S23
Wu River Fulin 87920 65 1650 484 S24
Quxi River Fengdu 9234 93 14.8 459 S25  S26 S27
Long River  Fengdu 2810 114 58 429 S28  S29 S30
Huangjin  Zhongxian ~ 958 71.2 14.3 361 S31  S32
Ruxi River Zhongxian 720 11.9 11.9 337.5 S33 S34
Zhuxi River Wanzhou 228.6 30.6 4.4 277 S35  S36 S37
Pengxi River Yunyang 5172.5 1175 116 247 S38,  S40
Tangxi River Yunyang 1810 108 56.2 222 S41  S42 S43
Modao River Yunyang 3197 170 60.3 218.8 S44 S45, S46
Changtan ~ Yunyang 1767 93.6 27.6 206.8 Sa7 S48
Meixi River  Fengjie 1972 112.8 32.4 158 S49 S50, S51
Daning Wushan 4200 142.7 98 123 S52  S53 S54
Shenlong  Badong 350 60 20 74 S55  S56
Qinggan Zigui 523 54 19.6 48 S57 S58
Tongzhuang  Zigui 248 36.6 6.4 42 S59 S60
Xiangxi Zigui 3095 110.1 47.4 32 S61,
Juwan River  Zigui 514 42.1 17.5 20 S63 S64
Taiping  Yichang 63.4 16.4 1.3 S65  S66

2.2. Sampling and data sources

Water was collected from tributaries (left, middle and right basins) in 500 ml plastic bottles during

2003-2012, and 2014, and taken to the lab to measure water quality and eutrophication indicators. The

average annual concentrations of TN, TP, pH, dissolved oxygen (DO), potassium permanganate index

(CODwn) and five-day biochemical oxygen demand (BODs) in 2000-2002, 2013 and 2015 were calculated

from previous research data. The overall dataset included 484 samples from 11 TGR tributaries in 2000,

465 samples from 10 tributaries in 2001 (Luo, 2004), 420 samples from 21 tributaries in 2002 (Luo, 2004;
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Peng, 2005), 255 samples from 31 rivers in 2013 (Xia, 2014) and 94 samples in 2015 (Zhang et al., 2019).
Additionally, data were collected for pollution load during 2001-2016 (MEP, 2002—-2017). The inflow
pollution load of the TGR was expressed as the product of the concentration of pollutants and the flow at
Zhutuo hydrological station, and flow data of Zhutuo and WX were obtained from the Hydrology Bureau

of the Changjiang Water Resources Commission.

2.3. Analytical methods
2.3.1 Water quality and eutrophication indicator measurements

Methods employed for the determination of water quality, eutrophication indicators, and water
temperature (WT) are given in Table S1. River transparency was measured on-site by the Secchi disc (SD)
method (Secchi, 1864). Combined with historical data and remote sensing technology, the volume of
tributaries at different water levels and some other basic river characteristic parameters in Table 1 are
measured. Residence time (Tr) can be derived from the equations Tr = V/Q, where Q is the annual average
flow (m?s) and V is the average capacity (m®) when the water level is 145 m and 175 m. In addition, the
average monthly flow rate (v) was calculated according to the equation v (m/s) = monthly average flow /
average area of the tributary section, where the average area of the tributary section (m?) =V / river length.
Furthermore, the runoff volume (W) of WX during different impoundment periods was calculated from the
equations W (m®) = QxAt, where Q is the monthly average flow (m*s) and At is the time of each

impoundment period.

2.3.2 Chlorophyll a and trophic level index measurements
Chlorophyll a (Chl-a) was extracted with 90% acetone and measured spectrophotometrically

according to the methods of Nusch (1980). Trophic level index (TLI) was assessed from Chl-a, TP, TN,
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CODwn and SD (Zhang, 2012a).

2.3.3 Mann-Kendall (MK) test

The MK test is commonly used for detecting changes in hydrological and climate time series. This
test is a non-parametric trend test and does not require the sequence under testing to follow a certain
presumed distribution (Hamed and Rao, 1998). Additionally, it can effectively judge the fluctuation trend
of natural processes. For this reason, the MK test is widely applied in water quality, rainfall and runoff
sequences (Chang, 2008, Mustapha, 2013, Bayazit, 2015). In this study, the MK test was used to analyse
the temporal variation tendency of water quality parameters in the TGR tributaries, using the ‘trend’

package in R software v3.6.1 (R core development team, 2019).

2.3.4 Canadian Council of Ministers of the Environment Water Quality Index (CCME-WQI)

The CCME-WQI has been widely used and recognised in different countries (Hulya, 2010; El-Jabi et
al., 2014) because it can be applied flexibly with slight modification based on specific local conditions and
issues (CCME, 2001; Khan, 2003; Hurley et al., 2012). It can easily assess whether the overall water
quality meets the specified water quality goals, and indicate the water status category. To explore the water
quality of the TGR tributaries, the CCME-WQI and China’s Environmental Quality Standard for Surface
Water (GB) Class Il (MEP, 2002) were both used. The Class 11l standards are listed in Table S1 and the
detailed calculation procedure was described in previous studies (Dede et al., 2013, Zhao et al., 2016). The
index value can vary in the range of 0—100, corresponding to five categories: poor (0-44), marginal (45—

64), fair (65-79), good (80-94), and excellent (95-100).

10
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3. Results and Discussion

3.1 High nutrient levels in tributaries are mainly derived from impoundment and pollution loads in the
TGR

Following building of the TGD and periodic impoundment, nutrients can vary and this requires close
attention. Previous research has explored nutrient levels in the TGR mainstream, and TN and TP always
exceed GB class Il standards (MEP, 2002), confirming them as key pollution indices (Zhao et al., 2016;
Gao et al., 2016). Xia et al. (2018) showed that TN and TP were more than 1.5 and 0.1 mg/L during
2008-2014, while Li et al. (2019) demonstrated that the TN and TP were higher than 1.5 mg/L and 0.05
mg/L from 1992 to 2016. However, research on nutrient levels in the TGR tributaries is lacking. In the
present study, TN and TP were measured for 27 tributaries in the TGR, and all far exceeded GB Class Il
standards (MEP, 2002, Fig. 2a). Both were identified as key pollution parameters (Fig. 2a), with median

values of 1.581 and 0.074 mg/L during 2003—-2012, respectively (Fig. 2b).
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Fig. 2. (a) Classification of water quality parameters of the TGR tributaries from 2003 to 2012 based on
the China Environmental Quality Standard for Surface Water (MEP, 2002). (b) Median TN and TP values
during 2003-2012. (c, d) Variation in TN (c) and TP (d) in the mainstream (Xiang et al., 2021), tributary
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estuary, backwater area, and tributary upstream of the TGR during 2003-2012.

There are several reasons for the high nutrient levels in the TGR tributaries. Firstly, the water level of
145 m is the flood control water level in the TGR, with the flood control capacity 22.15 billion m3, the
water level of 175 m is the normal impoundment level, with the capacity 39.3 billion m® (CWRC, 1992).
However, the sum volume of the 21 tributaries is 6.48 billion m® during the high water level period, which
was 41.35% of mainstream volume based on flood control capacity (Fig. 3a). The average volume ratio of
WX station to Daning River during 2001-2016 was 28.39%, 23.52%, 58.79% in impoundment, high water
level, and drainage period (Fig. 3b), respectively. Therefore, according to the water balance, mainstream
volume was higher than tributaries, and mainstream backwater volume was higher than tributary upstream
areas with the water level rising. Thus, after TGR impoundment, a plenty of mainstream backwater was
input into tributaries. Ran et al. (2010) showed that the mainstream contributed about 76% and 73% of
water in the Xiangxi and Daning Rivers, respectively. In present study, TN and TP in mainstream and
tributary estuary area >backwater area >tributary upstream area (Fig. 2c—d). TN of mainstream and
tributary estuary area and TP of the four areas showed an increasing trend after low water level period, and
TP before impoundment was lower than that after (Fig. 2c—d). It means that mainstream backwater

probably caused nutrients increase in tributaries after impoundment.
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periods. (c) Monthly average flow velocity (V) of TGR tributaries at 139 m water level. (d) Retention time

(Tr) of TGR tributaries. (e) Water temperature and precipitation in the TGR between 2003 and 2012.

Moreover, the flow velocity has slowed down due to TGD construction and impoundment, which

provided a convenient condition for the mainstream backwater to import into tributaries. In the
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mainstream, before and after impoundment values were reduced from 2.12 to 1.33 m/s in the upstream,
from 1.87 to 0.58 m/s in the midstream, and from 2.15 to 0.29 m/s in the downstream area of the TGR (Li
et al., 2019). In tributaries, the proportion of the monthly flow velocity less than 0.01 m/s accounted for
40-100% in the mid-downstream of TGR tributaries when the water level was 139 m (Fig. 3c).

Secondly, mainstream and tributary in the TGR had minimal volume in the low water level period
(Fig. 3a), was a natural river. TN of the four areas all reached its maximum value during this period, then it
showed a decreasing trend in backwater area and tributary upstream area over time (Fig. 2c). TP of the four
areas were higher than GB Class Il standards (MEP, 2002; Fig. 2d). The average flow in this period was
172.84% of the annual average flow at WX station during 2001-2016 (Fig. 3b). These results show that
abundant rainfall promoted the migration of non-point source pollutants into the TGR during the low water
level period (Xie et al., 2017), which possibly contributed a large amount of nutrients to tributaries.

In addition, non-point-source pollutants were dominant in all pollution loads of the TGR (Ren at al.,
2015; Ran et al., 2017), and inflow from upstream of the Yangtze River was higher than that from the TGR
(Fig. 4). The average TN and TP foad of inflow from the upper Yangtze River into the TGR was 28.91x10*
t/a and 3.17x10* t/a during 2003—2012, respectively (Fig. 4a). In the TGR, farmland is the main land use
type (Huang et al., 2016; Zhang et al., 2019), and the crop area was in the range of 0.39-0.70 million
hectares during the period covered in the present study (Fig. 4e). Nitrogen and phosphate fertiliser
application in the TGR ranged from 5.85x10" to 11.1x10* and from 1.96x10" to 4.60x10" t/a, respectively
(Fig. 4e), while organic nitrogen and phosphorus pesticide application was in the range of 40-289.6 and
190.8-593.2 t/a, respectively, during 2001-2016 (Fig. 4f). Therefore, a large amount of non-point-source
pollutants promoted high TN and TP levels in the TGR.

Finally, mobile and point source pollution also contributed to high TN and TP values (Fig. 4c—d).

14
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From 2001 to 2016, the average number of ships sailing in the TGR was 7226, and the domestic
wastewater generated by ships was 3.367 million t/a, including TN pollution of 230.76 t/a and TP pollution
of 35.39 t/a (Fig. 4c). The TN content in domestic wastewater during 20012003 was 1.25x10" t/a, and the

TP content between 2001 and 2007 was 0.15x10*t/a (MEP, 2002—2017).
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Fig. 4. (a, b) Pollution load input into the TGR from upstream of the Yangtze River, including TN, TP,
CODwn, NH3-N and BODs load. (¢) mobile pollution load from ships, (d) point source pollution load, and

(e, ) non-point source pollution load during 2001-2016.
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3.2 Hydrodynamic and load regional heterogeneity cause spatial variation in water quality indicators
Water quality indicators are related to urbanisation, industrial and agricultural production, land use
type, and environmental protection infrastructure in each tributary drainage basin (Zhang and Lou, 2011;
Zhang, 2012b; Huang et al., 2016). The Chongqging urban and Wanzhou districts are the most densely
populated areas in the TGR, where annual average industrial and domestic wastewater accounted for more
than 50% of the total volume of the TGR during 2003-2012 (MEP, 2002-2017). In the present study, TN,
TP, CODwn, BODs, ammonia nitrogen content index (NHs-N) and Escherichia coli (E.coli) in rivers in this
area were higher than in the downstream reaches of the TGR, and all indices had high values in Yipin,
Huaxi, Taohua and Zhuxi Rivers (Fig. 5). TN values in these four rivers were 3.163, 3.462, 3.184 and
3.085 mg/L, TP values were 0.116, 0.219, 0.182 and 0.301mg/L, NH3-N, CODy,, BODs and E. coli values
varied in the range of 0.765-1.702, 3.725-5.336, 2.737-4.956 mg/L and 3.301x10"-2.412x10° A/L.
Pollutants in tributaries has five major input channels; input from upstream of tributaries, recharge of
the mainstream, the release of internal sources, pollution from point and non-point sources, and the release
of soil in the fluctuating zone (Zhao et al., 2015; Yang et al., 2013). Non-point-source loads were dominant
in all pollution loads of the TGR (Fig. 4), and large amounts of rainfall and runoff will increase the
pollutants content in tributaries during the low water level period. Therefore, TN, TP, NH3-N, and E. coli
of the 27 tributaries increased from tributary upstream areas to mainstream during this period (Fig. 2, 6).
However, as the water level rose, these four indices in the mainstream and tributary estuary kept the same
growth trend and were higher than that in other two areas (Fig. 2, 6), mainstream backwater volume was
larger than tributary upstream areas (Fig. 3a—b), suggesting that impoundment increased these four indices

levels in tributaries. Therefore, strengthening loads control to reduce pollutants, expanding plant coverage
16



Journal Pre-proof

to increase tributaries upstream flow, and properly scheduling the timing and magnitude of water release

out of reservoir, may be helpful to decrease their contents (Tranmer et al., 2020).

By contrast, CODy;, and BOD:s in tributaries decreased with water level rising, while both indices

and DO in mainstream increased (Fig. 6a—b). In addition, all three parameters were higher in tributary than

mainstream (Fig. 6), illustrating that the abundant backwater diluted pollutant concentrations (Yang et al.,

2013; Fig. 3a—b). MK test results (Fig. 7) showed that TN, TP, NH3-N, CODy,, BODs and E. coli levels

for all sites decreased over time, but DO increased, suggesting that the water quality of the tributaries will

gradually improve over time.
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Fig. 5. Median water quality parameters for each river.
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3.3 Staged and periodic impoundment affects temporal variation in water quality indicators

As shown in Fig. 8, the annual average values for TN and TP during 2000—2015 were in the range of
1.619-2.739 and 0.088-0.277 mg/L, respectively. The mean TN concentration of the first, second and third
impoundment stage was lower than that of the other two impoundment stages. The mean TP, CODy, and
BOD;s values before impoundment were 0.172, 3.919 and 2.207 mg/L, respectively, which were lower than
in the first impoundment stage, but all three indices decreased over time thereafter. The annual average
NH3-N, petroleum hydrocarbon (PH) and E. coli values varied in the range of 0.328-0.976, 0.022—-0.057
mg/L and 7.974x10°-7.015x10" AJ/L, respectively, and all decreased over time. However, DO after

impoundment was lower than that before, but DO and pH increased from the first impoundment to the full

impoundment stage over time.
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Non-point loads were the main sources of TN, especially agricultural activity (Ren et al., 2015, Fig.
4). However, due to the resettlement project for TGD construction, the crop area and nitrogen fertiliser
application were reduced (Fig. 4), hence TN during the construction period (2003—-2010) was lower than
that before impoundment (2000-2002). An increasing trend was observed after full impoundment
(2010-2015), possibly due to the recovery of agricultural activities (Fig. 4). In addition, pH rose over time
(Fig. 8n) might due to the increasing trend of eutrophication and algal bloom (Liu et al., 2012; Xu at al.,
2013).

The slowing of the flow velocity, rising water level, and extended residence time caused large
amounts of pollutants from submerged soil and plants to be released into the TGR during the impoundment
stage (Liu et al., 2004; Dai et al., 2010; Xiao et al., 2017). Therefore, TP, CODy, and BODs were
increased from before impoundment (2000-2003) to the first impoundment stage in 2003 (Fig. 8h—i, k).

However, TP, CODw,, BODs, NH3-N, pH and E. coli then decreased over time (2004-2015; Fig. 8),
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possibly because the self-purification capacity increased (Wei et al., 2011). Additionally, the pollutant
concentrations in mainstream backwater tended to decrease over time (Fig. 4a—b). Furthermore,
environmental management and governance efficiency improved, since municipal wastewater treatment
plants increased from 56 in 2008 to 220 in 2016 (Fig. 4d), and the domestic sewage treatment efficiency
improved from 12.49% in 2003 to 99.87% in 2016 (MEP, 2002-2017).

The TN, CODwmy,, BODs, and E.coli peaked in the low water level period (Fig. 9), the median of 27
rivers were 1.792, 2.795, 1.901 mg/L, and 7.846x10° A/L. Moreover, the number of rivers with the highest
concentration of these four indices were largest in this period (Fig. Sla). These results indicate that
stronger precipitation and runoff (Fig. 3b) with large amount of non-point source loads (Fig. 4) greatly
promoted the concentration of these four indices (Xie et al., 2017). However, the NH3-N (0.313 mg/L) and
TP (0.086 mg/L) reach their maximum value in the drainage period (Fig. 9), and both indices in this period
had the largest number of rivers with the highest concentration (Fig. S1a). This might be due to the mixing
of the mainstream flow and the upstream flow from the tributaries caused the deposited nutrients to enter
the water body (Yang et al.,~2013), and the increasing rainfall (Fig. 3b) could also bring some pollutants
from the tributary upstream basin.

After TGR impoundment, a plenty of mainstream backwater was input into tributaries (Ran et al.,
2010; Fig. 3a—Dh), thereby diluting the pollutant concentrations in tributaries (Yang et al., 2013). Therefore,
all parameters except DO were minimal in the impoundment (NH3-N and TP) and high water level (TN,
CODwn, BODs, and E.coli) period (Fig. 9), and these indices with the lowest concentration had the largest
number of rivers during the two periods (Fig. S1b). In addition, DO was maximal in the high water level

period (Fig. 9 and Sla).
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Fig. 9. Comparison of median water quality parameters in TGR tributaries in different operation periods.

3.4 Stress effects of hydrodynamic changes on tributary eutrophication

Eutrophication is the most widespread global water environmental problem (Sinha et al., 2017), and
eutrophication has become more serious since the first impoundment in the TGR in 2003 (Yang et al.,
2010; Zhang, 2012a; Xiao et al., 2016). Herein, all 38 tributaries displayed eutrophication, and the
eutrophication ratio was higher than 50% in 11 rivers (Fig. 10a). Furthermore, the comprehensive trophic
level index (TLI) of 38 TGR tributaries was higher than 50 during 2004-2012, except for 2007 (Fig. 10d).
Therefore, tributary eutrophication in the TGR was prominent, and the reason probably was the high
nutrient levels (Fig. 2) caused by impoundment and non-point source loads (Fig. 3—4). The eutrophication

percentage of P1-P19 was higher than that of P20—P38 from 2004 to 2012 (Fig. 10a), which might be due
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to the nutrient spatial variation (Fig.5a—b).

According to the Reservoir Water Quality Management (Strskraba and Tundisi, 1999), the river type
is complete mixing when retention time (Tr) <20 days, the transitional type is moderate intensity
stratification when Tr is between 20 and 300 days, and the lake type is stable layered when Tr >300 days.
In the present study, 65% of 20 tributaries had a Tr more than 20 days, 40% exceed 50 days, Tongzhuang
River reached 488 days, and Tr increased from upper to lower tributaries of the TGR (Fig. 3d). Of the 30
rivers within a distance of 560 km from the TGD, 21 belong to the transitional type, 1 falls into the lake
type, and 8 are the river type (Fig. 3d). Therefore, as the residence time increased, many tributaries
changed from river type before impoundment to lake type thereafter, indicating the mixing intensity of
tributaries decreased, while the possibility of water stratification and algal blooms increased (Yang et al.,
2010; Xu et al., 2011a). In fact, the frequency of blooms increased after impoundment, it was 8 in 2004, 34
in 2006, and 197 in 2004-2012 (Fig. 10f), and it increased from upstream tributaries to downstream
tributaries (Fig. 10c). In addition, 18 tributaries displayed exceptionally high Chl-a eutrophication values
(10 mg/m®) during 2004—2012 (Fig. 10b).

During the high water level period, large flows of mainstream backwater were input into tributaries
(Ran et al., 2010; Fig. 3a—b) diluting the pollutant concentrations (Yang et al., 2013; Fig. 9 and S1). Thus,
TGR tributaries showed serious eutrophication and high Chl-a levels during March—September (Fig.
10g-h). However, the highest frequency of blooms occurred from March to June (Fig. 10i), and were
dominated by diatom and dinoflagellate bloom (Xu et al. 2011c). It was mainly due to the slowing flow
velocity (Fig. 3c), extending Tr (Fig. 3d) and increasing water temperature (Fig. 3e) promoted water
column stability during the drainage period (Henson, 2007; Xu et al. 2011b—c). In addition,

high-concentration nutrient from mainstream backwater was another cause (Luo et al., 2011; Sinha et al.
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2017; Fig. 6). Herein, the median TN and TP values were 1.581 and 0.074 mg/L between 2003 and 2012,

respectively (Fig. 2), which are sufficient to support algae growth and proliferation (Xu et al., 2011a).

However, the mainstream characterised by high nutrients (Fig. 2), but never be reported stratification and

algal blooms (MEP, 2002—-2017), suggesting that nutrients might not be the primary factors limiting spring

bloom in tributaries, while hydrodynamic conditions were.
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Chlorophyll a (Chl-a) concentration variation in tributary backwater areas during 2004-2012. (c)

Frequency of algal blooms in tributaries between 2004 and 2012. (d—f) Annual changes in the

comprehensive trophic level index (TLI; d), Chl-a in tributary backwater areas (e) and the frequency of

blooms in the TGR (f) from 2004 to 2012. (g—i) Monthly changes in eutrophication (g) and Chl-a (h) in

tributary backwater areas, and frequency of blooms (i) in the TGR during 2004—-2012.
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3.5. TGR operation drives variation in tributary water quality

Water quality changes across space and time in TGR tributaries are illustrated in Figure 11. Water
quality was mainly ranked between fair and good, and at least 60% of sampling sites were categorised as
good. The CCME-WQI values were ordered tributary estuary <backwater area <tributary upstream, with
mean values of 75.141, 78.023 and 82.017, respectively (Fig. 11a). This might because high nutrients in
tributary estuaries (Fig. 2 and 6), presumably due to high pollution loads and backwater movement from
the mainstream (Yang et al., 2010; Liu et al., 2012; Fig. 3-4). The median CCME-WQI values for Yipin
(S05), Huaxi (S06 and S07) and Zhuxi (S35 and S36) Rivers were 53.410, 50.409 and 56.735, respectively
(Fig. 11a), indicating poor water quality. This was mainly due to the dense human population and extensive
production activities (MEP, 2002—-2017).

In addition, the CCME-WQI value increased over time, and was ranked first impoundment stage
(2003) <second impoundment stage (2004-2006) <third impoundment stage (2007-2010) <after full
impoundment (2011-2012), with mean values of 70.469, 75.159, 79.662 and 80.242, respectively (Fig.
11a). Firstly, the improved water quality of TGR tributaries was consistent with water quality indices
decreasing over time with successive impoundments (Zheng et al., 2011; Tang et al., 2014; Fig. 8).
Secondly, this may be attributed to government protection and restoration measures. Sewage treatment
plants increased from 56 in 2008 to 220 in 2016, the amount of treated domestic wastewater increased
from 0.05 billion tons in 2003 to 0.79 billion tons in 2013, and the sewage treatment rate increased from
12.50% in 2003 to 99.87% in 2013 (Fig. 4d). Finally, fertiliser application decreased after full
impoundment (Fig. 4e).

Furthermore, there was no obvious change in the CCME-WQI value during high water level, drainage

and low water level period, while all three periods were significantly lower than that in the impoundment
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period (p < 0.01, ANOVA,; Fig. 11b—c). The rapid rise in water level from 145 to 175 m during the
impoundment period promoted large mainstream flows to input into tributaries (Fig. 3a—b) and diluted
pollutants (Yang et al., 2013; Fig. 9), hence this period displayed the highest water quality.

The impact of the TGD and impoundment on the water environment is a complex issue, and the
succession and stability of large-scale reservoir ecosystem is a long-term process. The loads are the sources
of pollutants, and water flow control the transportation and migration of pollutants (Xiang et al. 2021),
they were the main cause of the spatiotemporal differences in water quality, high nutrients, and serious
blooms of the TGR tributaries in this study. Therefore, based on the reservoir operations and climatic
conditions, proper flow regulation (inflow from tributaries upstream areas or outflow from dam), control of
pollution sources, and improvement of biodiversity may greatly improve the management of river-type

reservoirs (Tranmer et al., 2020).
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P value <0.01

4. Conclusions

Non-point loads and impoundment were the main cause of high nutrient levels in tributaries. The
mean TN and TP values varied in the range of 1.619-2.739 and 0.088-0.277 mg/L during 2000-2015,
respectively, hence both were key pollution parameters.

Water quality indices of the upper tributaries in the TGR had higher values due to the dense human
population and extensive production activities. The difference in water volume and pollutant content
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between the mainstream and tributaries resulted in the spatial change of water quality indicators. TN before
impoundment was higher than that after, while TP, CODy, and BODs showed the opposite trend. The
water quality indices of tributaries were minimal in the impoundment and high water level periods,
because they were diluted by a large amount of mainstream flow input.

Following the impoundment, the raised water level, slower flow velocity, proper temperature,
extended water retention time caused frequent eutrophication and blooms in the tributary backwater area.
All 38 tributaries displayed eutrophication, and the frequency of blooms was concentrated in spring, and
increased from the upper tributaries to downstream. The CCME-WQI value of the TGR tributary was
categorised as good at more than 60% of sites, decreased from tributaries upstream to tributaries estuary,
and was maximal in impoundment period. Moreover, the CCME-WQI value and MK test results show that

the water quality improved over time.
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