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Anthropogenic nutrient input stimulates surface eutrophication and algal blooms

and thus exacerbates oxygen depletion and hypoxia in aquatic ecosystems.

However, existing studies have paid little attention on the understanding of the

feedback relationships among oxygen consumption, algal succession and

greenhouse gas effect after river damming, particularly in Three Gorges

Reservoir. This field work investigated the thermal stratification, water quality

and phytoplankton in four tributaries (Pengxi Bay (PXB), Daning Bay (DNB),

Shennong Bay (SNB), and Xiangxi Bay (XXB)) of the Three Gorges Reservoir

(TGR) in spring (April 25-28, 2022), and explored the drivers of hypoxia and its

feedback response to algal blooms and methane (CH4) emissions. The results

showed that during the observation period, DO, thermal stratification, and algal

blooms weremore severe in PXB. The high Chemical Oxygen Demand (CODMn)

(11.27mg•L-1) and DissolvedOrganic Carbon (DOC) content (7.56mg•L-1) in PXB

were the main causes of the progressive hypoxia. Furthermore, stronger density

stratification in PXB inhibited the vertical supply of DO and accelerated bottom

hypoxia. But the downslope density current replenished bottomDO in the upper

reaches of the DNB, SNB, and XXB. The CH4 concentration was generally higher

in hypoxia zone, especially in where cyanobacteria are the dominant species (eg.,

PX03 and PX04). Dam construction led to the succession of algal-dominant

species, exerting a significant influence on the river carbon cycle. The expansion

of cyanobacterial blooms and the consequence ofmetabolic substrates increase

are gradually increasing oxygen deprivation, even hypoxia, and enhancing CH4

production in rivers. These findings suggest that the succession of algal-

dominant species caused by river damming has a pronounced positive

feedback effect on reservoir hypoxia processes and greenhouse effect.
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1 Introduction

DO plays a key role in the biogeochemical cycle of surface

waters and is a sensitive indicator of physical and biogeochemical

changes in reservoir aquatic ecosystems (Wetzel, 2001). When

waters enter an anaerobic state, aquatic organisms die in large

numbers and the release of sediment-reducing pollutants (e.g.,

ammonia nitrogen, orthophosphate, iron, manganese, and sulfide)

increases (Picard et al., 2019; Ding et al., 2022), further deteriorating

water quality. With the increase of pollution loads in watersheds

and the intensification of water eutrophication, water hypoxia has

become a severe global ecological and environmental problem in

reservoirs (Sun et al., 2021; Jaiswal et al., 2023). Focusing on the

dynamic changes in DO in reservoirs has important significance for

maintaining a good reservoir ecological environment and ensuring

the safety of the urban water supply.

For a long time, in-depth studies have been conducted on the

DO supply and consumption process in reservoirs, the influencing

factors, and their ecological and environmental impacts. Early

research found (Correll, 1999; Schindler, 2006) that the increase

in external phosphorus load was the main reason for reservoir

hypoxia, with the study of Lake Erie in the United States being the

most representative (Rucinski et al., 2016) and that the

eutrophication level and polluted sediments in the waters were

important internal driving factors affecting the formation of

hypoxic zones. However, as attempts were made to control the

external load inputs of several lakes, such as in Lake Erie, without

successfully resolving hypoxia, researchers gradually determined

that reservoir hypoxia is the result of a combination of factors such

as an increase in pollution load, thermal stratification, and

hydrodynamic processes (Bocaniov et al., 2020; Zhang et al.,

2020). DO stratification and its vertical variations largely depend

on the thermal stratification pattern of a reservoir (Zhang et al.,

2015).Although organic matter decomposition (Qu et al., 2022) and

sediment oxygen consumption (Song et al., 2016) within the

thermocline and hypolimnion are the internal causes for local

hypoxia or even anaerobic conditions in waters, thermal

stratification hinders the atmospheric reoxygenation of surface

waters and the replenishment of oxygen to bottom waters

through photosynthetic oxygen production (Li et al., 2019), which

was also an important external factor leading to the occurrence of

the DO Metalimnetic Oxygen Minimum (MOM) in the

thermocline and hypoxia in the hypolimnion (Mi et al., 2020;

Wen et al., 2022). The intra-annual variation in thermal

stratification also provides regular conditions for the intra-annual

evolution of DO as well as the formation, development, and

termination of hypoxic zones (Zhang, 2015). In addition, Scholars

(Liu et al., 2019) found that changes in reservoir topography were

an important factor in determining the hydrodynamic conditions of

a reservoir and therefore a key auxiliary condition affecting the

formation of hypoxic zones in waters. In recent years, it has been

found (Yan et al., 2017) that the oxygen-consuming decomposition

of declining and sinking algae during blooms is another crucial

factor exacerbating the process of hypoxia in bottom waters, and a

hypoxic environment intensifies the production of GHGs such as

CH4 in waters, which in turn provides abundant carbon sources for
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algal growth, further promoting the formation of an intense cycle of

algal blooms. The formation, development, and evolution of

reservoir hypoxia is a complex physical, chemical, and biological

process and is closely related to many factors, such as water

temperature stratification, nutritional status, sediment pollution,

algal blooms, and reservoir morphology (Wen et al., 2022).

Accordingly, when studying the issue of reservoir hypoxia, it is

necessary to consider the comprehensive impact of various factors

and analyze the hypoxic zones and their driving factors as a

whole system.

The TGR, as China’s largest strategic freshwater resource

reservoir, has been the focus of many scholars studying water

quality and algal blooms in its tributary bays after its

impoundment (Liu et al., 2016; Yang et al., 2017; Yang et al.,

2022). Previous monitoring results (Zhang et al., 2009) show that

the DO concentration in the TGR is generally higher than 6 mg·L-1,

and there have been no occurrences of hypoxic or anaerobic

conditions in the waters. However, with the increasing pollution

load and eutrophication of the waters, severe hypoxic and anaerobic

conditions have recently emerged in bays such as Xiaojiang in the

TGR (Ji et al., 2022). These conditions have persisted for a long time

and have had a widespread impact, leading to adverse ecological

environmental consequences. This result is consistent with the

exacerbation of anaerobic conditions in the bottom waters of

most reservoirs worldwide due to global warming in recent years

(Jane et al., 2021). Furthermore, it is worth noting that hypoxic and

anaerobic waters are accompanied by severe algal blooms and GHG

emissions, exhibiting significant spatial variations among different

tributaries and different river sections. Recent research on the Yulin

River of the TGR (Liu, 2019) has also indicated close relationships

among water hypoxia, algal blooms, and GHG emissions,

suggesting the existence of a strong positive feedback mechanism.

The algal blooms in tributaries caused by reservoir storage lead to a

decrease in carbon deposition in rivers and promote the release of

CH4, which aggravates the greenhouse effect of rivers and increases

the frequency of cyanobacterial outbreaks, forming intense positive

feedbacks. When the planktonic algae in a reservoir are dominated

by cyanobacteria, the carbon cycle process in the reservoir is

significantly enhanced (Xue et al., 2021). Recently, field

monitoring has found that the dominant species of algal blooms

in the TGR have gradually evolved from channel-type blooms such

as Bacillariophyta and Dinophyta blooms in the early stage of

reservoir storage to lake-type blooms dominated by cyanobacteria

and Chlorophyta (Liu et al., 2016; Yang et al., 2017). Additional

research is needed to determine whether this succession process,

with cyanobacteria as the dominant species in algal blooms, is an

important factor in promoting hypoxia in tributary bays. The newly

emerging hypoxic and anaerobic conditions in the TGR may pose

new challenges to the water environment and aquatic ecology of

tributary bays.

Many studies have been carried out previously on the problem

of algal blooms in the tributary bays of the TGR. Recently, several

studies (Huang et al., 2015; Liu et al., 2021) have been conducted on

GHG emissions in the context of carbon peaking and carbon

neutrality. However, the spatial distribution differences in DO in

tributary bays during the same period, as well as the underlying
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relationships among algal blooms, GHG emissions, and different

tributary bays, remain unclear. In this study, the water environment

and aquatic ecology of different typical tributary bays (PXB, DNB,

SNB, XXB) of the TGR were monitored in spring, and the

differences in DO, hydrodynamics, and water quality of the

different tributary bays were compared to determine the causes of

the formation of hypoxic and anaerobic conditions in PXB and to

explore the mechanism of the strong positive feedback among

reservoir hypoxia, algal blooms, and GHG emissions. After this

study, we can further deepen our understanding of the high risks

area of water quality and algal blooms in TGR, and help to pollution

control and management in watershed scale.
2 Materials and methods

2.1 Study area

In this study, four typical tributaries on the northern bank of the

TGR were selected as the study area (Figure 1A). The Pengxi River,

Daning River, Shengnong River and Xiangxi River are four tributary

in the up-stream region of the Three Gorges Dam. Since the

impoundment of the Three Gorges Reservoir, the water level has

risen to 175 meters, and the various tributaries upstream of the dam

have transformed from natural river channels to artificial reservoirs.
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Influenced by the backflow of the Three Gorges, the flow velocity in

the watercourses has slowed down. The backwater of TGR

intruding the up-stream formed calm bay at a water level of

175 m. (Lv et al., 2022) The PXB originates in Zhonggu Village,

Baiquan Township, Kaixian County, and flows into the Yangtze

River in Shuangjiang Town, Yunyang County. The urbanization of

Kaizhou District in the upper reaches of PXB is occurring rapidly.

The pollution from urban domestic sewage and nonpoint source

pollution after rainfall is severe, resulting in poor water quality in

the inflows from the upper reaches (Liu et al., 2020). The DNB

originates from the southern foothills of the Daba Mountains in

northwestern Wuxi County, Chongqing Municipality, and joins the

Yangtze River at the estuary of Wuxia, Wushan County. In the DNB

watershed, there are few industrial pollution sources; agricultural

pollution sources and urban domestic sewage are the main

pollution sources; and the water quality of the inflow from the

upper reaches is better than that of the mainstream in the main

reservoir area (Shen et al., 2010). The SNB originates on the

southern slope of Shennongjia in Hubei Province and flows into

the Yangtze River in Badong County. The XXB has two sources: the

eastern source is in Luomadian, Shennongjia Forest District, and

the western source is in the southern part of the Shennongjia

Mountains. The eastern and western rivers converge at Xiangtan

in front of Zhaojun Village, Gaoyang Town, Xingshan County, and

at this point, the rivers are referred to as the Xiangxi River, which
A

B

FIGURE 1

Layout of the monitoring sites of the typical tributary bays in the TGR area (A) is Water system map of Three Gorges reservoir in the study area, (B) is
the layout of sampling points in each tributary bay.
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flows into the Yangtze River at Xiangxi Village, Quyuan Town,

Zigui County. The PXB, DNB, and SNB channels all generally

exhibit alternating increases and decreases in width, showing

transitional water environmental characteristics, while XXB has a

straight and narrow channel, displaying channel-type

environmental characteristics. The basic characteristics of the

study area, such as drainage area, distance from estuary to dam,

length of backwater area and backwater area, are shown in Table 1.

All four tributaries are primary tributaries on the northern bank of

the TGR. Due to their different distances from the TGR and

different terrains, there are significant differences in their water

environmental characteristics.

In this study, the monitoring of the water environment,

sediments, and GHGs was carried out in tributary bays (PXB,

DNB, SNB, and XXB) on the northern bank of the TGR from

April 25 to 28, 2022. Four to five monitoring sites were set up in the

surface, subsurface and bottom reaches of each tributary bay, and

one monitoring site was set up in the mainstream of the Yangtze

River at the estuary of each tributary. The specific layout of the

monitoring sites is shown in Figure 1B.
2.2 Field monitoring and method

2.2.1 Field samplings
On-site monitoring was carried out using a multiparameter

water quality analyzer (YSI-EXO,USA; error range<5%; Where the

water temperature range is -5 to 50°C, the resolution ratio is 0.001°

C; the DO range is 0 to 50 mg·L-1, the resolution ratio is 0.01 mg·L-1;

the SpCond range is 0 to 200 mS/cm, the resolution ratio is

0.0001mS/cm; the Chl-a range is 0 to 400 µg/L, the resolution

ratio is 0.01 µg/L; the range of depth is 0~250 m, the resolution ratio

is 0.001m) from the United States to measure parameters such as

water temperature (WT), DO, Specific Conductance (SpCond),

Chlorophyll-a (Chl-a), and water depth (Depth) in the water

environment. Photosynthetically active radiation (PAR) was

determined using the underwater quantum sensor (LI-1400, USA)

from the United States. In this study, the depth of water that differs

from the surface temperature by less than 0.5°C was defined as the

mixed layer depth (Zmix), and the depth at which 1% of the PAR

exits from the water surface was defined as the euphotic layer depth

(Zeu) (Siegel et al., 2002). Additionally, we utilized a handheld

weather station to monitor on-site temperature, humidity, and wind

speed(PH-HB-CJ2, China; the range of temperature is -50 to 80°C,

and the resolution ratio is 0.1°C; the range of humidity is 0 to 100%,
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the resolution ratio is 0.1%; the range of wind speed is 0 to 45 m·s-1,

and the resolution ratio is 0.1 m·s-1), and a Secchi disk was used to

measure water transparency.

2.2.2 Laboratory experiment
One liter of surface water was collected for microscopic

examination of phytoplankton. On-site, the water sample

containing algae was fixed with an appropriate amount of Lugol’s

reagent and stored in the dark. After bringing the samples back to

the laboratory, they were allowed to settle for 48 hours and then

concentrated to 50 milliliters. Phytoplankton were classified and

counted under an optical microscope. Using a stratified water

sampler, one liter water samples were collected from the surface

(0.5 meters below the water surface), subsurface, and bottom layers

(0.5 meters above the sediment). The water samples were pretreated

following national standards, and the determination of total

nitrogen (TN), nitrate nitrogen(NO3
--N), ammonium nitrogen

(NH4
+-N), total phosphorus (TP), CODMn, and DOC of the

water was conducted in the laboratory. The specific determination

methods are described in Table 2.

We collected 2 liters of sediment using a grab sampler, mixed

the sample thoroughly, and placed it in a self-sealing bag. After

removing the air, we brought the samples back to the laboratory for

the determination of sediment total nitrogen (S-TN) and total

organic carbon (S-TOC). The specific measurement methods are

described in Table 2. We used a cylindrical sampler (SWB-1) to

collect columnar sediment. At the field site, the samples were sealed

with silicone plugs and transported back to the laboratory, where

they were stored in a 4°C refrigerator for subsequent oxygen

demand simulation experiments. The experimental procedures

and methods are described in Section 2.3.1. The GHGs were

collected using the headspace equilibration method. We used a

500 mL syringe, added 200 mL of high-purity nitrogen gas to the

headspace, and then introduced 300 ml of bubble-free water sample.

The syringe was vigorously shaken for 10 min under sealed

conditions to achieve equilibrium between the CH4 and carbon

dioxide (CO2) in the water and the headspace gas phase

(equilibrium between the gas and liquid phases). The headspace

gas was collected in vacuum-sealed aluminum foil bags that were

prepared in advance, and the temperature of the water’s headspace

was noted after shaking. In the laboratory, the concentrations of

methane and carbon dioxide gases were determined using

greenhouse gas analyzer (Picarro G2201-i, the range of CH4 is 0

to 655 mg·m-3, and the resolution ratio is 0.7 mg·m-3; the range of

CO2 is 180 to 7198 mg·m-3, the resolution ratio is 1.8 mg·m-3).
TABLE 1 The basic characteristics of the study area.

Tributaries
Drainage area

(km2)
Distance from estuary to

dam(km)
Length of backwater

area(km)
Backwater area

(km2)

PXB 3183 247.0 100.1 82.7

DNB 4050 122.5 59.3 32.4

SNB 1047 69.6 25.8 9.8

XXB 3099 34.5 38.8 18.4
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2.3 Data analysis methods

We processed and analyzed the raw data using Excel in Office

(Microsoft, Redmond, USA). The research area and sampling point

distribution map were created using ArcGIS 10.3 and Surfer 16. The

spatial distribution of various indicators was plotted using

MATLAB 2018a software (Mathworks, USA). The vertical

distribution characteristics of environmental factors, mixing

ratios, and physicochemical indicators were plotted using Origin

2018 software (OriginLab, Northampton, USA). The correlation

analysis between DO and other physicochemical indicators was

conducted using SPSS 26.0 software (IBM, Armonk, NY, USA).

Significance is reported at the p< 0.05 and p< 0.01 levels. The

calculation methods for the sediment oxygen consumption rate,

water stability coefficient in this study are as Section 2.3.1 and 2.3.2.

2.3.1 Sediment oxygen demand
The sediment oxygen consumption rate was determined using

the short-core incubation method (Cao et al., 2022). For the

overlying water of the sediment, ultrapure water was used instead

of in situ water. The cylindrical sediment samples were incubated in

a temperature-controlled dark biochemical incubator at 20°C for 48

hours. DO concentration was continuously monitored using a

dissolved oxygen sensor (HOBO Dissolved Oxygen Logger,

HOBO, Canada, the range of DO is 0~30 mg·L-1, the resolution

ratio is 0.02 mg·L-1). To address the issues of poor device sealing

and long measurement cycles in traditional methods, a small

chamber was attached to the end of the DO sensor, and the

sensor probe was inserted into the chamber (referred to as the
Frontiers in Ecology and Evolution 05
device). By measuring the variation in DO in the closed chamber

over time, the sediment oxygen consumption rate was obtained.

The specific procedure was as follows: (1) The overlying in situ

water was slowly removed from the cylindrical sediment, and

ultrapure water (DO: 6-8 mg·L-1) was slowly injected along the

inner wall of the cylinder to avoid disturbing the surface sediment.

(2) The device was slowly placed into the sediment sample, the DO

sensor was vertically moved, the small chamber was positioned

exactly on top of the sediment to form a sealed compartment, the

device was fixed in place, and the sample was transferred to the

incubator for temperature incubation. The sediment oxygen

consumption (SOC) rate (Song et al., 2016) was calculated as

Equation 1:

SOC = ðkc − kwÞ ·
V
A
· 24 (1)

where SOC is the oxygen consumption rate of sediment

(mg·m-2·d-1); kC = DDOC
t ; kw = DDOw

t ; DDOC the difference in

dissolved oxygen in the overlying water of sediment before and

after cultivation (mg·L-1), DDOw is the oxygen consumption

difference of ultrapure water; t is the number of experimental

cultivation hours (h); V is the device cavity volume (121.3 cm3)

and A is the cross-sectional area (16.6 cm2).

2.3.2 Coefficient of water stability
Based on previous studies, this article disregarded the influence

of sediment on water density and calculated the density of water (r)
at different temperatures which was calculated as Equation 2

(Zhang et al., 2015):

r = 1000½1 − T + 288:9414
508929:2(T + 68:12963)

(T − 3:9863)2� (2)

The stratification strength and stability during the thermal

stratification period of the reservoir are characterized by the

relative water column stability Index (RWCS) of the water body

(Liu et al., 2019), and the calculation formula for RWCS is shown as

Equation 3:

RWCS =
rb − rs
r4 − r5

(3)

where rb represents the density of the bottom layer water, rs
represents the density of the surface water, and r4 and r5 represent
the densities of water at 4°C and 5°C respectively.

3 Results

3.1 Spatial difference in dissolved oxygen

The vertical distribution of DO in each tributary bay is shown in

Figure 2. At the end of April, the spatial distributions of DO in the

four tributary bays were significantly different. In PXB, the lower

reaches exhibited no distinct stratification, while the middle and

upper reaches displayed strong stratification. The waters in the

middle to upper reaches of the bay demonstrated a certain degree of

hypoxia. Near the estuary of PXB (PX01 ~ PX02), the vertical DO
TABLE 2 Methods for measuring physical and chemical factors.

Category Indicators Method Standards

Water

TN

Alkaline potassium
persulfate
ultraviolet

spectrophotometry

HJ636-2012

NH4
+-N

Nessler’s
reagent spectrometry

HJ535-2009

NO3
--N

Ultraviolet
spectrophotometry

HJ/T346-2007

TP
Ammonium
molybdate

spectrophotometry
HJ671-2013

CODMn
Potassium

permanganate titration
STAS

9887-1974

DOC
Carbon and nitrogen

element analyzer (multi N/
C 3100, Germany)

/

Sediment

S-TN

Alkaline Potassium
persulfate
ultraviolet

spectrophotometry

GB/T
32737-2016

S-TOC
Carbon and nitrogen

element analyzer (multi N/
C 3100, Germany)

/
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remained relatively constant at approximately 8.00 mg·L-1.

However, in the middle and upper reaches (PX03 ~ PX05), the

DO near the surface was supersaturated (with a DO saturation

concentration of 8.41 mg·L-1 at a water temperature of 24°C),

decreased sharply between the depths of 5 to 9 m, and reached a

minimum between 9 and 20 m (with a DO concentration of only

3.45 mg·L-1 at PX04). The DO slightly increased in the bottom

waters, however, the subsurface and bottom waters of the bay

remained in a hypoxic state. In contrast, DNB’s surface waters

were saturated with DO (> 10.00 mg·L-1) throughout. The DO

concentration peaked at a depth of 5 m (DN03, 13.30 mg·L-1),

decreased slightly with increasing depth, but remained higher than

8.00 mg·L-1 throughout the bay, indicating an overall oxygen-rich

state (with a DO saturation concentration of 8.73 mg·L-1 at a water

temperature of 22°C). SNB and XXB exhibited similar patterns,

with little spatial difference in their DO concentrations. In SNB, the

DO concentration near the surface (0-2 m) was approximately 10

mg·L-1, peaking at SN01 (10.53 mg·L-1), and maintained at about 8

mg·L-1 below 2 m with little vertical difference. In XXB, the vertical

distribution of DO was evenly mixed and remained at

approximately 8.0 mg·L-1, showing no significant vertical variation.
3.2 Thermal stratification features

Figure 3 depicts the spatial distributions of water temperature in

each of the four representative tributary bays of the TGR. Generally,

from surface to bottom, the water temperature ranges were as

follows: 16.48-25.89°C, 15.30-23.47°C, 15.22-21.86°C, and 13.29-

22.06°C, respectively. The closer the measurements were taken to

the upper reaches of a tributary bay, the higher the water

temperature, leading to more pronounced water temperature
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stratification. In PXB and DNB, water temperature stratification

was slight in the estuary and at the ends of the upper reaches but

strong in the middle reaches. For instance, the RWCS indicators of

PXB were ordered as: PX05(86.90)< PX02(87.90)< PX03(163.40)<

PX04(235.30). The vertical water temperature in the middle reaches

of these two tributaries presented a three-layer structure: “Mixed

layer-Thermocline-Hypolimnion”. (1) In PXB, the near-surface

layer had high water temperature, with Zmix<1 m in the near-

surface layer of the middle and upper reaches of the river

(Supplementary Figure S1). The water temperature dropped

rapidly within a water depth of 2-5 m (with the maximum

vertical temperature gradient reaching 3.58 °C·m-1), and stabilized

within a water depth of 5-50 m. (2) In DNB, the near-surface waters

reached Zmix at 2-3 m (Supplementary Table S1), and the water

temperature decreased rapidly at a depth of 3-5 m (with a

maximum temperature gradient of 2.60°C·m-1) and stabilized

within a depth of 5-44 m, with lower temperature in the bottom

waters. (3) In the estuary of SNB, water temperature was completely

mixed (Zmix = 39 m) and was always between the surface and

bottom temperature difference. The reservoir bay showed weak

thermal stratification, with the maximum vertical temperature

gradient being only 0.60°C·m-1. (4) In XXB, thermal stratification

was weak with no clear thermocline, and Zmix reached 5 m in the

near-surface layer, while the euphotic zone, Zeu, reached 15 m

(Supplementary Figure S1). In the upper reaches of DNB, SNB, and

XXB, there were obvious low-temperature downslope flows at the

bottom, with a water temperature of approximately 16°C. SpCond,

indicative of the concentration of dissolved salts in water, is

commonly used as a tracer for exchange processes in different

water types. As shown in the spatial distribution of SpCond

(Supplementary Figure S2), the main-stream of Yangtze generally

exhibited a backward flow, submerging into the bays from the
A B

DC

FIGURE 2

Spatial distribution of DO in the different tributary bays (A, PXB; B, DNB; C, SNB; D, XXB).
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subsurface layer. The backflow gradually decreased from the estuary

to the upper reaches. The inflow from the upper reaches of PXB

exited the bay from the surface layer, whereas in DNB the inflow

flowed from the surface and bottom layers to the main-stream of the

Yangtze Bay in a stratified density flow. The inflow from the upper

reaches of SNB and XXB submerged into the bottom in the form of

downslope density flow.
3.3 Spatial distribution of phytoplankton

The concentrations of Chlorophyll a (Chl-a) in the surface layer

of various tributary bays of the TGR during the observation period

are depicted in Figure 4A. Notably, severe cyanobacteria (Figure 4B,
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PX03) and Dinophyta (Figure 4C, PX05) were observed in PXB,

while DNB showed no significant bloom activity (considering a

chlorophyll threshold of 30 mg·L-1 for bloom outbreaks). Chl-a

observations highlighted an obvious spatial variation in the surface

Chl-a concentrations within PXB. The surface Chl-a concentration

remained extremely low, approximately 1.00 mg·L-1, at monitoring

sites ranging from CJPX to PX02. However, the Chl-a

concentrations from PX03 to PX05 exceeded the threshold for

algal blooms (30 mg·L-1) (Zhang et al., 2011). It was noted that the

closer the measurement site was to the upper reaches, the more

severe the blooms were, with the Chl-a concentration in the surface

layer at PX05 peaking at 231.77mg·L-1. In contrast, DNB exhibited a

pattern of high Chl-a concentration in the surface layer of the upper

reaches, with surface Chl-a concentrations being quite low (0.52-
A B C

FIGURE 4

Surface chlorophyll a concentration at the different monitoring sites (A) is the distribution of Chl-a at each monitoring site, (B) is the cyanobacteria
bloom of PX03, and (C) is the dinoflagellate bloom of PX05.
A B
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FIGURE 3

Spatial distribution of water temperature in the different tributary bays (A, PXB; B, DNB; C, SNB; D, XXB).
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6.17 mg·L-1) from CJDN to DN02. However, the highest

concentration was recorded at DN04, reaching 35.26 mg·L-1,
thereby surpassing the threshold of algal bloom outbreaks.

To further analyze the characteristics of algal bloom outbreaks in

tributary bays, we carried out microscopic examinations of

phytoplankton on the surface of the four tributary bays. The algal

density composition results shown in Figure 5 indicate that the

maximum total algal density in PXB was as high as 420.21×104 L-1,

significantly higher than the maximum total algal density in DNB

(80.00×104 L-1). A total of 5 phyla and 15 genera of phytoplankton

species were identified in the four tributary bays, namely Dinophyta (1

genus), Cryptophyta (1 genus), Cyanophyta hyta (4 genera),

Chlorophyta (5 genera), and Bacillariophyta (4 genera).

Cyanobacteria constituted the highest proportion (57.10%) of the

total number of phytoplankton, followed by dinoflagellates (32.00%).

The dominant algal species and spatial differences in the four tributary

bays were evident. In PXB, cyanobacteria dominated (99.59%) the

middle reaches (PX03). The phytoplankton biomass at PX04 and PX05

in the upper reaches was similar, approximately 134-140×104 L-1, with

the dominant algal species gradually transitioning from cyanobacteria

to dinoflagellates. Specifically, dinoflagellates and cyanobacteria

constituted approximately 64.71% and 33.13% at PX04, respectively,

and about 85.36% and 13.69% at PX05. In DNB, dinoflagellates were

the dominant species (81.25%), with Chlorophyta was the second most

dominant species (14.06%) in the upper reaches (DN04). As one

approached the estuary, Bacillariophyta gradually became the

dominant species, accounting for 72.73% at the estuary (CJDN),

although their biomass was not high. In SNB, the cyanobacterial

biomass was comparable at the different monitoring sites. The closer

the site was to the upper reaches, the higher the diatom biomass,

however the total algal biomass was low. In XXB, which had the lowest

biomass, cyanobacteria were dominant near the estuary (XX01), and

cryptophytes dominated in the upper reaches (XX03).
3.4 Water quality and sediment properties

Figure 6 shows the distribution of CODMn, DOC, and major

nutrients in the four tributary bays of TGR. The results revealed a

large spatial difference in CODMn across the tributary bays, as
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reflected by PXB (5.03 ± 6.24 mg·L-1) > DNB (2.68 ± 1.57 mg·L-1)

> XXB (2.45 ± 1.26 mg·L-1) > SNB (1.97 ± 1.54 mg·L-1), showing a

trend that the CODMn concentration increased in the tributary bay

with increasing distance from the dam. The CODMn of PXB increased

from the estuary to the upper reaches, with the maximum CODMn

concentration reaching as high as 11.27 mg·L-1 (PX05), indicating

that the upper reaches of PXB experienced severe organic pollution

during the observation period. DOC characterizes the concentration

of dissolved organic matter in terms of carbon content. During the

observation period, the spatial trends of the DOC content and

CODMn were generally similar, with PXB (2.29 ± 1.49 mg·L-1) >

DNB (1.74 ± 1.97 mg·L-1) > SNB (1.62 ± 0.21 mg·L-1) > XXB (1.45 ±

0.32 mg·L-1), and the DOC waters increased with increasing distance

from the dam. The spring nutrient concentrations in the four

tributary bays showed that TN concentration varied little across the

tributary bays and remained in the range of 0.88-2.40 mg·L-1, with an

average of 1.75 mg·L-1, which was much higher than the commonly

accepted eutrophication threshold (0.20 mg·L-1) (Brown et al., 1998).

The nitrogen species in the four tributary bays were dominated by

NO3
--N, with contents ranging from 0.24 to 1.40 mg·L-1, and an

average of 1.14 mg·L-1. The NH4
+-N concentrations in the four

tributary bays ranged from 0.08 to 1.41 mg·L-1, with an average of

0.17 mg·L-1. There was an obvious difference in NH4
+-N in the

different tributaries, generally showing a descending order of PXB >

DNB > SNB > XXB, and there was a high spatial difference in PXB,

with a high NH4
+-N concentration in the upper reaches. TP content

was in the range of 0.01 to 0.31 mg·L-1, with an average of 0.07 mg·L-1,

which was much higher than the commonly accepted eutrophication

threshold (0.02 mg·L-1) (Brown et al., 1998); overall, the TP content

was relatively high in PXB and XXB.

Figure 7A shows the spatial distribution characteristics of TOC

and TN in the sediments of the four tributary bays. The TOC

ranged from 12.42 to 17.27 g·kg-1, with an average of 14.11 g·kg-1.

Spatially, the closer a tributary bay is to the dam, the higher TOC in

the sediments in the tributary bay. The TN content in the sediments

was in the range of 0.29 to 0.48 g·kg-1, with an average of 0.39 g·kg-1.

Except for the lower value (0.29 g·kg-1) in DNB, the sediment TN

contents of the other three bays differed little. There was a large

difference in the C-to-N ratio in sediments in the tributary bays,

showing an ascending order of PXB (31.67)< SNB (33.00)< XXB
A B DC

FIGURE 5

Composition of phytoplankton at different monitoring sites in each tributary bay [(A), PXB; (B), DNB; (C), SNB; (D), XXB].
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(36.18)< DNB (47.04). A 48-hour laboratory oxygen demand

simulation of sediments revealed a large spatial difference in SOC

rate of the tributary bays in the TGR (Figure 7B), with a minimum

of only 0.71 mg·m-2·h-1 and a maximum of 22.05 mg·m-2·h-1. The

average SOD rates in the different tributary bays were as follows:

PXB (15.08 mg·m-2·h-1) > XXB (3.86 mg·m-2·h-1) > SNB (3.55

mg·m-2·h-1) > DNB (2.45 mg·m-2·h-1). The SOC rate in PXB and

DNB increased initially and then decreased from the estuary to the

upper reaches, with the largest rate occurring at PX03 and DN03 for

each river, respectively; the SOC rate in SNB decreased from the

estuary to the upper reaches, reaching its smallest rate at SN03 (1.06

mg·m-2·h-1), and the spatial characteristics of the SOC rate in XXB

were unclear due to a relatively small number of monitoring sites.
3.5 CH4 and CO2 concentrations

To further investigate the spatial distribution characteristics of

the GHG emissions in the different tributary bays, this study

compared the differences in the CH4 and CO2 concentrations in

the surface and bottom layers of the four tributary bays, as shown in

Figure 8. The monitoring results showed that the CH4
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concentrations in the surface and bottom layers of PXB were

generally higher than those in other tributary bays, with a higher

concentration of CH4 in the middle reaches (PX03-PX04); that the

concentrations of CH4 in DNB and SNB were both characterized by

being low in the lower reaches and high in the upper reaches; and

that the spatial characteristics of the CH4 concentration in XXB

were not clear due to the limited number of monitoring sites.

Comparing the differences in CH4 concentrations between the

surface and bottom layers, it was found that the CH4

concentrations in the bottom layers at PX03, PX04, DN03, DN04,

SN02 and SN03 were higher than in the surface layers. These

monitoring sites were the “sources” of CH4 emissions. The CO2

concentration also showed a decreasing trend in space, with the

highest concentration in the upper reaches of PXB and the lowest

concentration in the lower reaches of XXB. In addition, except for

PXB, other tributaries had relatively high concentrations in the

estuaries and relatively low concentrations inside the bays. In PXB

and DNB, there was a significant difference between the CO2

concentrations of the surface and bottom layers. The CO2

concentration in the surface waters was generally lower than of

the bottom layer, possibly due to the photosynthesis of

planktonic algae.
A B

FIGURE 7

Sediment carbon and nitrogen distribution (A) and sediment oxygen demand rate (B) of the different tributary bays.
FIGURE 6

Spatial distribution of CODMn, DOC, and nutrient indicators in the different tributary bays.
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3.6 Cluster analysis of the mean values of
physicochemical indicators

In this study, we found significant differences in the spatial

characteristics of DO in the different tributary bays of the TGR

during the same period. In PXB and DNB, DO showed a

characteristic of more increasing stratification with the more

distance from the dam, and in their bays, there was no obvious

stratification in the estuary, strong stratification in the middle

reaches, and weak stratification in the upper reaches (Figures 2A,

B). In contrast, there was no clear vertical stratification of DO in

the lower reaches of the SNB and XXB, and the spatial differences

in the whole bay were not significant (Figures 2C, D).

Furthermore, through the cluster analysis of the water

environmental indicators of the four tributary bays in the same

period (Figure 9), we found that the spring water environmental

characteristics in four tributaries could be divided into four

categories, and different categories corresponded to different

DO stratification characteristics. The first category included the

monitoring sites in SNB and XXB sections near the dam, where

the water temperature was low, the water temperature

stratification was weak, the water transparency was high, and

the DO concentration was high and generally not stratified. The

second category included monitoring sites DN02 to DN04 in the

DNB, with DO stratification inside the tributary bay and DO

supersaturation in the near-surface layer. Category 3 included

DN01 and PX01 near the estuary of the tributary bay, and these
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sites were significantly affected by the mainstream waters of the

Yangtze River and differed in terms of the thermal stratification

and DO stratification state of the tributary bay. The fourth

category included monitoring sites PX02 to PX05 in PXB, and

its water environmental characteristics differed significantly from

those of the other three categories, with obvious algal blooms,

severe water pollution, and a large area of reservoir hypoxia.
A

B

FIGURE 8

Spatial distribution characteristics of the CH4 and CO2 concentrations in the surface and bottom layers of the different tributary bays.
FIGURE 9

Cluster analysis of the mean values of water temperature, DO,
nutrient indicators, CODMn, and DOC at each monitoring site
in spring.
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4 Discussion

4.1 Driving factors of spatial variabilities
in DO

DO is a sensitive indicator reflecting changes in physical,

chemical and biological processes in reservoir aquatic ecosystems

(Foley et al., 2012; Zhang et al., 2015). Researchers (Correll, 1999;

Zhang et al., 2015; Yan et al., 2017) have extensively examined

oxygen consumption processes in reservoirs, considering physical,

chemical, and biological perspectives while analyzing the

evolutionary patterns of DO in these environments. Numerous

studies have shown (Bocaniov et al., 2020; Zhang et al., 2020) that

hypoxia in thermally stratified reservoirs is the result of a

combination of factors such as hydrodynamics, thermal

stratification, and external pollution loads.

Studies have found (Stefan et al., 1996; Jane and Rose, 2021) that

thermal stratification played a dominant role in the evolution of DO

stratification in lakes and reservoirs, which controls the vertical

supply and migration of DO in waters. In this study we found that

the spatial distribution of DO was consistent with the thermal

stratification pattern of the bays (Figures 2, 3) and that the

difference in thermodynamic processes was an important reason

for the spatial difference in DO in the different tributary bays. The

first category of waters, exemplified by SNB and XXB, was near the

Three Gorges Dam and more significantly regulated by the reservoir

discharge operation (Huang et al., 2017), which resulted in weak

thermal stratification and intense vertical mixing in spring

compared to the tributary bays in the upper reaches (Liu et al.,

2016). This also resulted in the DO levels throughout the bays being

similar to those in mainstream, without significant spatial

differences. But there was DO stratification in the waters of the

second category (DNB) and the fourth category (PXB), and the

MOM phenomenon occurred at PX03 in PXB. In comparison, there

was obvious thermal stratification in these two tributaries in spring

(the average RWCS was 141.2 for PXB and 129.6 for DNB). Thus,

the thermal stratification provided stable hydrodynamic conditions

for the vertical stratification of DO. This is consistent with the

findings from the 2020 study conducted in Hongjiadu Reservoir in

Guizhou (Yu et al., 2020). It is notable that influenced by the

backflowing water with high DO of the mainstream of the Yangtze

River, the bottom water in the middle and upper reaches of PXB was

replenished to some extent, the existence of the surface intrusion

flow was an important reason for the formation of the MOM

phenomenon. In addition, the low-temperature inflows from the

upper reaches of DNB, SNB, and XXB all infiltrate the bottom part

of the river channel as a downslope density flow (Figures 3B–D),

with SpCond significantly negatively correlated with the DO of

bottom waters (with R values of -0.806, -0.952, and -0.892,

respectively, P< 0.01). This scenario played a role in replenishing

the DO in the bottom layer of bays, while there were no significant

low-temperature waters in the bottom layer of PXB.

Second, in addition to the influence of thermal stratification,

water quality differences is an important reason of the spatial

difference in DO stratification. CODMn and NH4
+-N are the

important indicator reflecting the degree of water pollution
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(Liu et al., 2020; Wang et al., 2022). In recent years, urbanization

and industrial pollution in Kaizhou District, which is in the upper

reaches of PXB, have increased the pollution load of the inflowing

water to PXB (Chen et al., 2021). The relatively high CODMn

concentration in the upstream inflow has exacerbated the oxygen

consumption process in the reservoir bay. The higher concentration

of NH4
+-N in PXB than in the other tributaries indicated that its

waters had been polluted recently (Liu et al., 2020), while the higher

concentration of NH4
+-N for nitrification reaction and oxygen

consumption also reduced the DO concentration in the waters.

Generally, CODMn and NH4
+-N are negatively correlated with DO

concentration. However, as shown in Supplementary Table S3,

CODMn and NH4
+-N were positively correlated with DO in the

surface waters of PXB (R = 0.833, P< 0.05; R = 0.917, P< 0.05), while

these correlations were not significant in the other tributaries. This

correlation was not reasonable, mainly because the pollutant

concentration gradually decreased when the inflow flowed from

the surface layer to the lower reaches, and the DO concentration

and thermal stratification of the surface waters and planktonic algae

showed a decreasing trend from the upper to lower reaches, which

also indicated that the DO of surface waters was mainly affected by

thermal stratification and water quality.

It is reasonable that the CODMn was negatively correlated with

DO in the bottom waters of PXB (R=-0.830, P<0.01), and the high

concentration of organic pollutants (surface CODMn up to 11.27

mg·L-1) carried by the inflow from the upper reaches of PXB

gradually sank while flowing toward the lower reaches (leading to

an increase in the conductivity of the bottom waters, Supplementary

Figure S2), which increased the pollution load of the bottom waters

(with CODMn up to 5.89 mg·L-1 in the bottom layer), causing the

oxygen consumption of middle and bottom waters to increase. In

the upper reaches of the other tributaries, the pollution degree of the

upstream incoming stream was low (CODMn< 3 mg·L-1) because

industrial pollution was low, and waters with low conductivity and

high DO replenished the middle and bottom waters through the

downslope density flow in the bottom layer, which maintained the

DO of the middle and bottom waters in the other tributaries at

approximately 8 mg·L-1. Therefore, high pollution in the upper

reaches significantly contributes to PXB’s bottom water

progressive hypoxia.

Finally, the differences in phytoplankton are also a significant

factor contributing to the spatial differences in DO stratification

(Zhang et al., 2015). Jane et al. analyzed (Jane et al., 2021) 393

temperate lakes and reservoirs from 1941 to 2017. They found that in

relatively warmer and eutrophic lakes, surface dissolved oxygen was

supersaturated. However, the deep-water oxygen concentrations in

these reservoirs consistently remained low, likely due to the

substantial sinking and decomposition of algae in the deeper zones

of the water. In this study, a considerable volume of algae in the upper

reaches of PXB gathered in the near-surface layer for photosynthesis,

resulting in the supersaturation of DO in the surface and near-surface

waters (with a maximum DO content of 17.47 mg·L-1 at PX04),

followed by the algal biomass in DNB (with a maximum DO content

of 13.30 mg·L-1 at PX04), while the DO content in the surface layers

of SNB and XXB decreased to 10 mg·L-1 and 8 mg·L-1, respectively.

Therefore, the difference in planktonic algal biomass was the main
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reason for the difference in surface DO between different

tributary bays.

In both PXB and DNB, the DO and DOC in the bottom waters

were significantly negatively correlated (R=-0.920, P<0.01; R=-

0.827, P<0.01). The DOC in water usually originates from

phytoplankton or algae, and the decomposition of high-

concentration DOC can consume a significant amount of DO

(Wen et al., 2022). The oxygen-consuming decomposition of

high-density algae after the decline in PXB was another key

reason for accelerated hypoxia in the bottom waters. In 1979,

Mitchell et al. (Mitchell and Burns, 1979) used a model to

estimate the oxygen consumption of two eutrophic lakes in New

Zealand, finding that organic matter decomposition plays the

important role in oxygen consumption. Li et al.’s research (Li et

al., 2023) in the Pearl River Estuary also confirmed that the highest

underground chlorophyll values and the organic matter derived

from them contribute to hypoxia. In contrast, although algal blooms

occurred in DNB, dinoflagellates were the dominant species. Once

cyanobacterial cells decline, they become more susceptible to

oxygen-consuming microbial decomposition (Liu, 2019). After

the decay of dinoflagellates, the decomposition rate of particulate

total carbon (PTC) is relatively low. Therefore, the DO

concentration in the bottom water remains relatively high.

Furthermore, SOC plays a crucial role in reducing DO levels in

water (Song et al., 2016). In this study, the SOC rate experiment

revealed that the sediment TOC in the four tributary bays, except

for XXB, did not show significant differences, but PXB exhibiting

the highest sediment SOC content (Figure 7B). The comparison

indicated that PXB had the lowest C:N value (Figure 7A), suggesting

a relatively high proportion of endogenous organic carbon,

particularly algal carbon in PXB’s sediments (Wang, 2020). This

further indicated that the difference in endogenous organic matter

due to algal blooms emerged as a pivotal factor influencing the SOC

rate (Yan et al., 2019). During the observation period, it’s evident

that the prevalence of cyanobacterial blooms in the upper reaches of

the PXB significantly impacts the DO and SOC in the water, it is a

factor that cannot be overlooked.
4.2 The vicious cycle among hypoxia, algal
blooms and CH4/CO2 emissions

Since the impoundment of the TGR, algal blooms have occurred

frequently in tributary bays (Stone, 2008; Yang et al., 2022).

Accordingly, the dominant species of algal blooms in key

tributaries evolved from channel-type algae dominated by

Bacillariophyta and dinoflagellates in the early stage of

impoundment to lake-type algae dominated by cyanobacteria and

Chlorophyta (Liu et al., 2016; Yang et al., 2017; Yao et al., 2022). On

the other hand, by comparing the results from different studies on

the monitoring of DO in some tributary bays, we found that there

was a clear decreasing trend of DO concentration in the water of the

tributary bays of TGR in recent years. In addition, some bays have

even shown significant hypoxic and anaerobic phenomena. At the

beginning of the impoundment of the TGR (2009), the DO

concentration was generally higher than 6 mg·L-1 in key tributary
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bays (Zhang et al., 2009), and there was no hypoxic or anaerobic

phenomenon in the waters. By 2017, the waters of PXB had

experienced long-term hypoxia (DO<4 mg·L-1), and the DO

concentration in the Modao Bay was as low as 5 mg·L-1 in spring

and summer (Niu, X., 2019). In 2018, the DO concentrations at the

bottom of XXB and SNB were as low as 4-5 mg·L-1 (Tian et al.,

2022). In 2020, severe hypoxic and anaerobic phenomena (< 1

mg·L-1) occurred in PXB (Ji et al., 2022). Therefore, under the

background of continuous cyanobacterial blooms, hypoxic and

anaerobic phenomena in waters have become another emerging

water ecological environmental problem in the tributary bays of

the TGR.

In this study, the closer a tributary bay was to the upper reaches,

the more pronounced the degree of hypoxia, algal blooms and the

higher the concentrations of CH4 and CO2 in the waters. Planktonic

algae are an important factor affecting the carbon cycle of a

reservoir ecosystem. In this type of ecosystem. When the algae

decline and sink, they release fresh algal organic matter (AOM,

Figure 10, ①) into the waters, and the oxygen-consuming

decomposition of organic matter accelerates the consumption of

DO in the subsurface and bottom waters (Figure 10, ②). A previous

study (Zhang, 2015) showed that the decline in algal blooms not

only promoted the formation of an anaerobic environment but also

provided abundant reaction substrates for methanogenic

microorganisms. Additionally, the density difference caused by

water temperature stratification hinders the vertical transport and

supply of DO, accelerating the hypoxic and anaerobic processes in

the bottom waters, This intensifies the production of CH4 under

hypoxic and anaerobic conditions (Figure 10, ③). Therefore, the role

of dead algae in promoting the production of CH4 and CO2 in rivers

is significant. In addition, bottom CH4 gradually oxidizes to CO2 as

it diffuses toward the water surface, a process that exacerbates

hypoxia in the waters (Cai et al., 2010) (Figure 10, ④) and increases

the concentration of CO2 in the surface waters. This increase in CO2

levels promotes algal growth (Figure 10, ⑤). Therefore, beginning

with the outbreak and decline of algal blooms, the consumption of

oxygen by water gradually intensifies. As hypoxic and anaerobic

conditions in the waters worsen, emissions of CH4 and CO2 from

reservoirs increase, further exacerbating the greenhouse gas effect of

the reservoirs. And this, in turn, promotes the outbreak of algal

blooms (Figure 10, ⑥), creating a reinforcing cycle (Yan et al., 2017).

Selecting PXB as an example, the CH4 concentration in waters

where cyanobacteria are generally high (PX03,1.10 mmol·L-1), and

in hypoxic waters with similar water environmental characteristics

and similar phytoplankton biomass, the CH4 concentration is

higher in areas where cyanobacteria are the dominant species

(PX04, PX05). which was much higher than those at other

monitoring sites in this study and those in the results of a

previous study of TGR (Liu et al., 2021). Therefore, the AOM

contained in different dominant algae often varies, leading to

diverse carbon behavior processes. A recent study (Liu, 2019)

found that although the decline in Cyclotella sp. (Bacillariophyta),

Chlorella pyrenoidosa (Chlorophyta), and Microcystis aeruginosa

(Cyanobacteria) can all significantly contribute to the production of

CH4 and CO2, different dominant algae have distinct fates for

AOM. This is evident in the higher CO2 release per unit of carbon
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from Cyclotella sp. and the higher CH4 release per unit of carbon

from Chlorella pyrenoidosa andM. aeruginosa. It is well-known that

the single-molecule global warming potential of CH4 is 28 to 34

times that of CO2 at a centennial scale (Williams et al., 2015). This

suggests that, compared to other algal blooms, cyanobacterial and

green algal blooms significantly contribute to the production of CH4

in waters. If the frequency of outbreaks of cyanobacterial and green

algal blooms increases, then the contribution of reservoirs to the

greenhouse effect will also increase.

As mentioned above, the intense cycle among reservoir blooms,

hypoxia, and GHG emissions should be a key reason for the spatial

difference in the degree of algal blooms, water hypoxia, and GHG

emissions in different tributary bays in this study. Similarly, related

studies have further confirmed this finding. Sun (Sun et al., 2020)

statistically analyzed the GHG emission fluxes of the mainstream

and tributaries of the TGR from 2010 to 2017 and found that in the

tributary backwater areas with higher eutrophication, larger CH4

fluxes occurred with increased frequency, and the CH4 yield was

greater during water bloom outbreaks. In Zhushan Bay of Taihu

lake, the surface water in the bloom areas of cyanobacterial blooms

has a CH4 concentrations as high as 3.79 mmol·L-1, significantly

higher than in other areas (Yan et al., 2019). Other study (Liu, 2019)

has found that compared to Bacillariophyta (Cyclotella sp.), the

outbreak of lake-type cyanobacterial (M. aeruginosa) significantly

promotes the production of CH4 in sediments, thereby favoring the

release of CH4 into the water. Yan et al. (Yan et al., 2017) simulated

the decomposition process of cyanobacterial blooms and further

confirmed the presence of a strong cycle between cyanobacterial

blooms, eutrophication, and GHGs in lakes. Therefore, the

phenomenon of water bloom in reservoir and the evolvement
Frontiers in Ecology and Evolution 13
process of their dominant species have a nonnegligible impact on

carbon cycle. The metabolic substrates and the anaerobic

environment created by the dead algae will significantly

contribute to the production of CH4 and CO2 in rivers. As a

result, algal bloom and succession caused by building dam in

river have a strong positive feedback effect on water hypoxia,

anaerobic processes, and greenhouse effects. Based on this

understanding, the prevention and control of cyanobacterial

blooms in reservoirs can, to some extent, improve the difference

in and cycle of carbon in reservoirs. Consequently, this holds

significant impact in mitigating the global greenhouse effect.
5 Conclusions

There were notable spatial differences in the water

environmental characteristics of the four different tributary bays

of the TGR, especially in terms of hypoxia and algal blooms. The

spatial differences of DO were closely related to hydrodynamics,

planktonic algae, and inflow pollution loads. The thermal

stratification in PXB provided stable hydrodynamic conditions,

resulting in hypoxia in the subsurface-bottom reach of the bay,

and the intrusion flow from the mainstream significantly

replenished DO in the middle layer of the bay. The downslope

density current in the upper reaches of DNB, SNB, and XXB, to

some extent, replenished DO in the bottom layer. The high

pollution load was also an important driver of progressive

hypoxia in PXB. In addition, the contribution of cyanobacteria, as

the dominant species of algal blooms in PXB, to aerobic degradation

and reservoir hypoxia cannot be ignored. The study also found that
FIGURE 10

Schematic diagram of the processes of algal bloom formation and demise as well as GHG production and emissions in hypoxic reservoirs.
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the water CH4 concentration was higher where cyanobacteria

dominated in PXB. The succession process of algal blooms and

their dominant species had a nonnegligible influence on the river

carbon cycle process. The metabolic substrates released by and the

anaerobic environment created by the decline in algae will

significantly promote the production of CH4 and CO2 in rivers.

The algal blooms and algal succession caused by river damming

have a strong positive feedback effect on reservoir hypoxia,

anaerobic processes, and greenhouse effects.
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