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In this study, we evaluated the ecological water quality of the entire Three Gorges
Reservoir (TGR) and further examined the relationship with changes in watershed
land covers. Using the phytoplankton functional group-based Q index, we found
that the ecological water quality in the mainstream (previously known as the
Yangtze River) of TGR is good, with 84% of sites in the status above good.While the
poor ecological water quality was generally observed in the backwater regions of
TGR’s tributaries, with 79% of sites below the good status. Further investigating the
potential impacts of the changes in land covers within the watershed on the
tributary ecological water quality, we found that the percentage of urban and
farmland areas had a significant (p < 0.05) negative correlation with the Q index-
based ecological water quality of the tributary bays, and the forest cover had a
marginally significant (p = 0.058) positive correlation with the ecological water
quality. As a comparison, total nitrogen and total phosphorus in the tributary
backwater regions of TGR had no reasonable correlation with the land covers
within the watershed. Our study highlights that watershed management can
enhance the ecological water quality in the backwater regions of TGR’s
tributaries, but it likely to be a long-term process. This implies considerations
of other rapid measures, such as the water level regulation approach, should also
be considered in reservoir management. Our study underscores the importance
of ecological water quality assessment in reservoir management and provides
insights into the impacts of changes in watershed land covers on ecological water
quality in backwater regions of TGR’s tributaries.
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1 Introduction

Constructing dams and reservoirs is a significant approach for human beings to utilize
and manage water resources (Wang et al., 2022). Undoubtedly, reservoir provides essential
functions in providing water supply, irrigation, regulating floods, and clean hydropower
generation, thereby supporting the developments of society and economy (Winton et al.,
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2019; Hanazaki et al., 2022). Dammed reservoirs contribute to about
30–40% of global agriculture irrigation water, and reservoir-related
hydropower accounts for more than 16% of global power generation
(Maavara et al., 2020). Moreover, approximately 70% of rivers on
Earth are dammed and formed reservoirs according to relevant
statistics (Kummu and Varis, 2007). Furthermore, globally, the
construction of reservoirs is still in a rapid development period
owing to the increased demands for water resource (Lehner et al.,
2011; Mulligan et al., 2020).

However, the building of reservoirs is likely to lead various
ecological and environmental issues including eutrophication and
algal blooms, caused by alterations in hydrological situations (Fu
et al., 2010; Gamez et al., 2019). Such problems are particularly
pronounced in backwater areas of reservoir tributaries, where
nutrients can have an extended residence time (Ye et al., 2014; Li
et al., 2020). The recognition of excessive nutrient flux from
upstream watershed as a primary contributor to downstream
water quality degradation has been long-established in the
literature (Carpenter et al., 1998; Li et al., 2021). Watershed land
covers are considered a critical factor in determining nutrient export
to downstream water bodies (Conley et al., 2009; Wei et al., 2020;
Yin et al., 2021; Su et al., 2022; Zhang et al., 2022). Conversion of
natural land covers to farmland or urban areas will increase nutrient
export, which can degrade the water quality of the downstream
water bodies (Huang et al., 2022; Su et al., 2022). Therefore,
accurately evaluating the water quality of reservoirs and
examining relationships among water quality and watershed land
covers are essential for effective management of watersheds in
reservoir regions.

The improvement of reservoir water quality through current
knowledge has primarily relied on watershed management
techniques (Komatsu et al., 2010; Shen et al., 2022). However,
recent research has highlighted the effects of water level
fluctuations and reservoir ecosystem characteristic itself on the
water quality (Akongyuure and Alhassan, 2021; He et al., 2023).
For instance, Naselli-Flores and Barone (2005) reported that the
water level fluctuation is a significant factor driving water quality in
Mediterranean reservoirs. Meanwhile, plankton and fish in reservoir
ecosystems also have a significant impact on the biogeochemical
cycle of biogenic elements, thereby influencing the water quality of
reservoirs (Akongyuure and Alhassan, 2021; Xu et al., 2022). Given
this, we pose the question that whether watershed land cover
management alone is sufficient to enhance the water quality of
reservoirs.

Beyond the chemical parameters-based water quality indices
(e.g., nitrogen, phosphorus), there has been increasing focus on
ecological water quality and its significance in environmental
management (Karr, 1993; Katsiapi et al., 2016; Çelekli and
Lekesiz, 2021). Phytoplankton, which is sensitive to
environmental changes and forms the basis of aquatic ecosystems
(Winder and Sommer, 2012; Ye et al., 2019), is a kind of biota widely
used for evaluating ecological water quality (Padisak et al., 2006;
Katsiapi et al., 2016). As the ecological status of water body gains
more attention, several indices based on different groups of aquatic
organisms have been established for the assessment of ecological
water quality in recent years. Among them, the Q index (Padisak
et al., 2006), rooted on the functional structure of phytoplankton
community, is one of the most widely used indexes in assessing the

ecological water quality for different water bodies with no
geographic limitations (Çelekli and Lekesiz, 2021; Korneva and
Solovyeva, 2021; Wu et al., 2023). Despite the growing interest in
assessing the ecological water quality of lakes and reservoirs
(European Environment Agency, 2000; Katsiapi et al., 2016),
there has been little attention paid to the potential impacts of
watershed land covers changes on ecological water quality.

The Three Gorges Reservoir (TGR) represents the largest strategic
freshwater resource pool in China with a reservoir capacity of 39.3 ×
109 m3 (Zhang and Lou, 2011; Ye et al., 2014). Unfortunately, most
backwater regions in the TGR’s tributaries are facing the problems of
eutrophication and phytoplankton blooms after the reservoir
impoundment, as a results of reduced water velocity and the influx
of excessive nutrients from the upstream watershed (Fu et al., 2010; Ye
et al., 2014; Luo et al., 2022). Although watershed land covers
management has long been considered a fundamental measure for
water quality improvement, the impacts of watershed land cover
changes in the TGR region on the water quality of backwater
regions of tributaries is seldom addressed. Moreover, the evaluation
of water quality for the TGR was largely relied on chemical parameters
(e.g., total nitrogen and total phosphorus) (e.g., Zhang et al., 2019; He
et al., 2023). Yet, the ecological water quality based on biological
indicators was seldom addressed in the TGR.

The present study aims to fill the above gaps by 1) investigating the
ecological water quality of tributaries and mainstream (former Yangtze
River) of the whole TGR from the Three Gorges Dam to the upstream;
2) examining potential effects of changes in land covers withing
watershed on ecological water quality of the backwater regions of
TGR’s tributaries by testing the hypotheses that increase of
anthropologic activities (e.g., urbanization, farming) will deteriorate
the ecological water quality (H1) and restoration of natural land cover
(e.g., forest, grassland) can enhance the ecological water quality in the
backwater regions of TGR’s tributaries (H2); 3) discussing potential
management measures that could enhance the ecological water quality
of TGR and other similar reservoirs.

2 Materials and methods

2.1 Study area

The TGR is a crucial project for the developing and utilizing of
water resource in the Yangtze River. From a geographical
perspective, TGR is suited upstream of Yangtze River from
Sandouping in Hubei province to Jiangjin County in Chongqing
municipality (Xiang et al., 2021). The climate of the TGR area is the
subtropical monsoon climate. The average annual air temperature of
this area is 17.4°C, and the mean annual precipitation is 1204 mm
(Cui et al., 2022). And the mean annual runoff of the TGR is 4.0 ×
1011 m3 (Yan et al., 2021).

Since the completion of the final impounding stage in October
2010, the TGR reached the design water level of 175 m, creating a
massive reservoir spanning approximately 660 km in the
mainstream of the Yangtze River, with a flood control capacity of
2.215 × 1010 m3 (Cui et al., 2022). Typically, the lowest water levels
(around 145 m) occur in lateMay for flood control, while the highest
water levels (around 175 m above sea level) are usually observed in
October (Ye et al., 2022).
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Because of the increased water level, downstream areas of the
tributaries to the main channel of TGR in this region were flooded as
the bay areas. Consequently, the watersheds for the flood tributaries
formed by the impoundment of the TGR were divided into the
Three Gorges Reservoir Region (Figure 1), which is the priority area
for watershed management of the TGR (Zhang and Lou, 2011).

2.2 Field sampling and data analysis

In order to conduct a thorough evaluation for the ecological water
quality of TGR, a total of 173 sampling sites were selected to cover
22 tributary bays and 17 transects in the mainstream of TGR, providing
a full coverage of the major tributaries and mainstream of former
Yangtze River of the TGR (Figure 1). Specifically, in the reservoir area in
Hubei province, there are 7 tributaries and 6 transects in the
mainstream of TGR (Figure 1). While the reservoir area in
Chongqing province contains 15 tributaries and 11 transects in the
mainstream of TGR. The field sampling was carried out on 14–25 April
2015. Due to the loss of a few phytoplankton and water quality samples,
a total of 164 sampling sites were ultimately used in our study.

All field sampling and lab analyses strictly followed the standard
protocols of the Chinese Ecosystem Research Network (Cai, 2007).
Prior to laboratory analysis, the samples for water quality and

phytoplankton were collected using a 5-L Van Dorn sampler at a
depth of 0.5 m underwater. Water chemistry samples were obtained
using polyethylene bottles that had been pre-cleaned and stored in
dark and cool environment before lab analyses. Total nitrogen (TN)
and total phosphorus (TP) used in this study were analyzed using a
segmented flow analyzer (Skalar San++, Netherlands). A 600 ml
water sample was filtered through Whatman filter (−1.2 μm, GF/
C) to measure the concentration of Chlorophyll-a (Chl-a), using by
the trichromatic method from APHA (1998).

For phytoplankton enumeration and identification, 1.2-L water
sample was collected and preserved with neutral Lugol’s solution
immediately in each site after sampling. The phytoplankton sample
for each site was concentrated by the sedimentation method and
then preserved with 4% formalin. Taxonomic identification of
phytoplankton samples was carried out using the Fuchs-
Rosenthal slide with an Olympus CX21 microscope at 10 ×
40 magnification, with references to the works of Hu and Wei
(2006) and John et al. (2002).

2.3 Ecological water quality assessment

The Q index, developed by Padisak et al. (2006), was used to
evaluate the ecological water quality in the present study. The Q

FIGURE 1
Locations of tributary bays and sites in the Three Gorges Reservoir. The polygon with grey color is the geological boundary of the Three Gorges
Reservoir Region.
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index is rooted on the functional groups of the phytoplankton
community and is calculated as follows:

Q � ∑
n

j�1
pjF

Here, pj is the proportion of the biomass of the j-th functional
group to the entire phytoplankton biomass for the sample; and F is
the factor number for the functional group in a given water body.
The resulting Q index values can be ranged from 0 to 5 and can be
divided into 5 grades: bad (0<Q≤1), poor (1<Q≤2), moderate
(2<Q≤3), good (3<Q≤4), and excellent (4<Q≤5). The
phytoplankton functional group-based Q index is a widely
accepted index for the evaluation of reservoir ecological water
quality worldwide (Becker et al., 2010; Wang et al., 2011; Shen
et al., 2014; Korneva and Solovyeva, 2021; Çelekli and Lekesiz, 2021;
Wu et al., 2023).

Here, the determinations of functional groups and the F
factor mainly referred to the previous research carried out in
the TGR by Wang et al. (2011). The details of phytoplankton
species and the corresponding functional groups and the values of
F factor could be found in Supplementary Table S1 in the
supporting material. By utilizing the Q index, we are able to
perform a comprehensive assessment of the ecological water
quality of TGR and examine potential effects of changes in
land covers on the ecological water quality of the tributary
bays of TGR.

2.4 Land cover

The land cover data were obtained from the Resource and
Environment Science and Data Center (RESDC) (https://www.

resdc.cn). Specifically, the data of land covers were interpreted
from the Landsat images by specialists in RESDC. These images
were captured around the same time as our field sampling. The land
cover data were aggregated into 5 categories including forest,
farmland, grassland, urban area, and others, to align with our
research aims.

To determine the specific land cover information for each
tributary bay of TGR, we extracted the watershed outline for
each tributary of TGR using QSWAT (Dile et al., 2022). Then,
the area of each type of land covers in the watershed was counted to
investigate potential effects of changes in watershed land covers on
the ecological water quality.

3 Results

3.1 Land cover

Our study revealed that forest and farmland were the
predominant land cover types in all watersheds of the
tributaries located within the Three Gorges Reservoir Region
(Figure 2). Specifically, the forest area ratios in all tributary
watershed of TGR ranged from 23.84% to 86.72%, while the
farmland ratios ranged from 7.36% to 64.25%. Notably, we
observed a higher proportion of forest area in the watersheds
of tributaries near the Three Gorges Dam, which decreased as the
distance from the Three Gorges Dam increased (Figure 2).
Conversely, the ratios of farmland area exhibited an opposite
pattern, with lower percentages in the tributary watersheds near
the dam and higher ratios in the tributary watersheds away from
the dam. The coverage of grass was lower than that of forest and
farmland, with values ranging from 3.16% to 33.31%.

FIGURE 2
Percentage of farmland, urban, grass, and forest area of different tributary watersheds in the Three Gorges Reservoir Area. The tributaries were
sorted according to their distances from the Three Gorges Dam.
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Furthermore, the proportion of urban area in the tributary
watersheds of TGR was extremely low, ranging from 0.02%
to 1.81%.

3.2 Chemical characteristics

The statistical summaries for the main chemical parameters
were presented in Table 1. The average concentrations of TN and TP
within the backwater regions of TGR’s tributaries were 1.689 and
0.094 mg/L, both of which are marginally lower than the
corresponding averaged values observed in the mainstream of
TGR. The averaged concentration of Chl-a in the tributary area
was 12.47 μg/L, which is significantly higher than the mean value
(0.78 μg/L) in the mainstream of TGR. Moreover, for the tributaries,

we found the variations of water quality parameters in tributary bays
are higher than the values in the main channel (Table 1).

3.3 Ecological water quality

The Q index-based assessment showed that the ecological water
quality of most sites in the main channel of TGR are good, while
most sites in the backwater regions of TGR’s tributaries exhibit a
status with moderate or bad ecological water quality (Figure 3).
Specifically, the ecological water quality assessment found that 84%
of the sampling sites in the main channel of TGR exhibited good or
high ecological water quality, whereas 12% and 4% of the sites falling
into moderate and poor status, respectively (Figure 3A). In contrast,
only 21% of the sites in the tributary bays were in good status, with

TABLE 1 Statistics summary of the main water chemistry parameters in the tributary bays (n = 42) and mainstream (n = 122) in the Three Gorges Reservoir.

Category Parameter Mean Range Standard deviation

Tributary Bays TN (mg/L) 1.689 0.687–3.519 0.501

TP (mg/L) 0.094 0.011–0.339 0.065

Chla (μg/L) 12.47 0.17–125.60 19.69

Mainstream TN (mg/L) 1.911 1.440–2.185 0.168

TP (mg/L) 0.122 0.100–0.148 0.016

Chla (μg/L) 0.78 0.03–2.16 0.44

FIGURE 3
Q index-based ecological water quality assessment of the tributary bays and mainstream of Three Gorges Reservoir in Hubei province (HB) and
Chongqingmunicipality (CQ). (A): the overall ecological water quality of the main channel of TGR; (B): the overall ecological water quality of the tributary
bays of TGR; (C): the bar plot of Q index for the mainstream and tributary bays. The tributaries were sorted according to their distances from the Three
Gorges Dam. The error bar is 1 standard error.
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47%, 26%, and 6% of sites exhibiting moderate, poor, and bad
ecological water quality, respectively (Figure 3B). Notably, we found
that the tributary bays close to the Three Gorges Dam exhibit a
better ecological water quality than the bays in the upstream
(Figure 3C). Overall, the ecological water quality of tributary bays
degraded with the distance from the Three Gorges Dam.

3.4 Relation between land cover and
tributary ecological water quality

We found that the percentages of farmland and urban areas had
significant negative correlations with the Q index-based ecological
water quality of the tributary bays (Figure 4A, B). This finding
supports our hypothesis that an increase in the urban and farmland
area will degrade the ecological water quality in the backwater
regions of TGR’s tributaries (H1). On the other hand, our study

did not fully support the hypothesis based on the natural land cover
(H2), as the percentage of grass area had a nonsignificant positive
correlation with the ecological water quality (Figure 4C). However,
the percentage of forest area had a marginally significant (p = 0.058)
positive correlation with the ecological water quality (Figure 4D),
suggesting increasing forest area may improve the ecological water
quality in the backwater regions of TGR’s tributaries.

4 Discussion

4.1 Tributary bays are key areas for the
reservoir water quality management

Here, we evaluated the ecological water quality of TGR and
examined the effects of changes in watershed land covers on
ecological water quality in the backwater regions of TGR’s

FIGURE 4
Relationships between the ecological water quality (Q) of the tributary bays and their watershed land covers [(A): Urban area, (B) Farmland area, (C)
Grass area, (D) Forest area]. The red lines denote the regression line, while the shaded areas represent the 95% confidence interval.
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tributaries. With the aid of the Q index, we have gained a
comprehensive understanding of the ecological water quality of
the entire TGR. Our investigation indicated that the ecological
water quality of most regions within the mainstream (previously
known as the Yangtze River) of TGR is good, while the water quality
problem primarily manifests in the backwater regions of tributary
bays. This finding is in accordance with the previous study based on
Carlson’s trophic state index (Xu et al., 2010; Tan et al., 2014) as well
as the reported algal blooms in the Three Gorges Reservoir Region
(Ouyang et al., 2021; Xu et al., 2021; Ye et al., 2022). From the
perspective of ecological water quality, our study highlights the
significance of managing the reservoir water quality in the backwater
regions of TGR’s tributaries.

4.2 Water quality and watershed land cover
relationships

Water quality is a crucial aspect of ensuring the health and safety
of our environment and public health (Su et al., 2022). The accurate
assessment of water quality of a given water body is an essential
concern for the successful management and protection of water
resources (European Environment Agency, 2000; Cosgrove and
Loucks, 2015; Bhateria and Jain, 2016; Zhang et al., 2022).
Compared to the traditional chemical water quality indices such
as TN and TP, our study found that Q index-based ecological water
quality can better indicate the land cover changes in the watersheds
of TGR’s tributaries.

In our study, we observed a robust association among ecological
water quality in the backwater regions of TGR’s tributaries and the

land covers within the corresponding watershed. However, we did
not observe a reasonable correlation between the concentrations of
TN or TP in the tributary bays of TGR and the watershed land cover
(Figure 5). Specifically, the Spearman correlation analyses indicated
that the concentrations of TP had nonsignificant relationships with
watershed land cover (Figure 5). While, TN was significantly
negatively correlated with the urban and farmland area, and had
a significant positive correlation with the forest area. Nevertheless,
the relationship between TN and watershed land cover is a spurious
correlation as it is inconsistent with the common relationship
observed in the TGR region, where watershed with high
farmland and urban development tends to have more exports of
TN and TP (Ye et al., 2009; Zhang et al., 2019; Huang et al., 2022).

The lack of a reasonable correlation between the concentrations
of TN and TP and watershed land cover in the tributary bays of TGR
(Figure 5) indicates that these chemical water quality indices may be
susceptible to be affected by other factors, such as water level
fluctuation in the TGR. Recent studies from the field observation
(Xiang et al., 2021) and the hydrodynamic model (Luo et al., 2022)
have supported this point, showing that water quality in the
backwater regions of TGR’s tributaries is mainly dominated by
the backwater from the mainstream of the TGR. In contrast to
traditional water quality indices, the Q index developed from
phytoplankton functional composition (Padisak et al., 2006), can
provide a more comprehensive and integrated assessment of
ecological water quality in aquatic ecosystems because the
biological assessment can measure the long-term effects of
environmental changes on ecosystems (Prasse et al., 2015;
Gecheva et al., 2023). Our study underscores the utility of the Q
index in assessing ecological water quality in reservoir ecosystems.

FIGURE 5
Spearman correlation between watershed land cover and the concentration of TN and TP in tributary bays of Three Gorges Reservoir. Solid circle
denotes a significant correlation, while open cycle indicates a non-significant correlation.
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4.3 Implication for reservoir management

Our study has several implications for the management of
water quality in reservoirs. One essential implication for reservoir
management is that our study revealed that appropriate
watershed management can improve the ecological water
quality in the backwater regions of TGR’s tributaries.
Specifically, the control the development of farmland and
urban and increase forest area can improve the ecological
water quality in the backwater regions of TGR’s tributaries
(Figure 4). The Three Gorges Reservoir Region is a key area
for the socio-economic development of the Yangtze River
Economic Belt. However, this region is still undergoing high-
speed development. According to the public bulletins from the
government (China National Environmental Monitoring Centre,
1998-2016), the total yearly urban sewage discharge in the TGR
Region ranged from 4.04 × 109 t to 12.12 × 109 t from the year
2003–2016 (Figure 6). Meanwhile, this region is also the key area
for ecological and environmental protection for the backwater
regions of TGR’s tributaries. In light of these facts, it is essential to
implement appropriate watershed management measures to
improve the ecological water quality in the backwater regions
of TGR’s tributaries. Our study found that watershed
management is an effective approach to enhance the ecological
water quality in the backwater regions of TGR’s tributaries, but
given the flat slope (Figure 4), this is likely to be a long-term
process. Therefore, our study recommends exploring both short
and middle-term approaches to improve the ecological water
quality of TGR, in addition to the long-term watershed
management measures.

Another implication is that the reservoir management
practices should take into account the potential environmental
and ecological impacts associated with fluctuations in the water

levels of the reservoir. Our study showed that the land cover in the
tributary watershed can significantly affect the ecological water
quality in the tributary bay (Figure 4); however, the explanatory
power of land cover changes to the ecological water quality
appears to be limited, suggesting backwater from the
mainstream of TGR would affect the ecological water quality
in the tributary bays. This point was also supported by Xiang et al.
(2021), which reported that the water quality (e.g., TN, TP) in the
tributaries of TGR was mainly affected by the backwater
movement from the mainstream of TGR, which was driven by
the water level fluctuations. Meanwhile, research also showed that
the water level fluctuation in reservoirs will drive the
development of phytoplankton blooms in the backwater region
in the Xaingxi Bay of TGR (Ye et al., 2022), which might pose a
series of environmental and ecological problems (Anderson et al.,
2012; Amorim and Moura, 2021). Given all the above concerns,
our study suggests that effective reservoir management should
also consider the impacts of water level fluctuations.

Finally, our study highlights the practicality of biological
assessment in effective reservoir management. Compared to the
classical water chemical indexes (e.g., TN, TP), we found that the
phytoplankton functional group-based Q index can better indicate
the watershed land cover changes. This result presents the
advantages of biological assessment, which is sensitive to
environmental changes and measures long-term effects (Prasse
et al., 2015; Gecheva et al., 2023). In light of the above facts, the
biotic index has been suggested as a fundamental measurement in
assessing the ecological water quality by the Water Framework
Directive of Europe (European Environment Agency, 2000) and
the US Environmental Protection Agency (Barbour et al., 1999).
And our study indicates Q index is a useful biotic index in assessing
reservoir ecological water quality and has important value in water
resources management.

FIGURE 6
Annually urban sewage discharge in the Three Gorges Reservoir Region from 2003 to 2016.
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5 Conclusion

In this study, we have investigated the ecological water quality of
the whole TGR and further examined the effects of changes in
watershed land covers on the ecological water quality in the
backwater regions of tributary bays of TGR. The major findings
of our research are as follows:

1) The ecological water quality in the mainstream (previously known
as the Yangtze River) of TGR is good, while the bad ecological water
quality was generally observed in the tributary bays.

2) Increase of urban or farmland area in the tributary watershed will
degrade the ecological water quality in the backwater regions of
the tributary bays. On the contrary, the concentrations of TP and
TN in the tributary bays of TGR had no reasonable correlation
with the watershed land cover.

3) Watershedmanagement can improve the ecological water quality in
the backwater regions of TGR’s tributaries to some extent, but it is a
long-term process based on the relationships between land cover
and ecological water quality. For this reason, we suggest that
effective reservoir management should also consider other rapid
approaches, such as the water level regulation approach.
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