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The concentration and structure of nutrients play a key role in sustaining marine
ecosystems. In recent decades, the change in nutrient input from land has led to
significant changes in nutrient concentration and structure in the marginal sea and has
had an important impact on the coastal ecosystem. Based on historical data from 1984 to
2016, the long-term variations in nutrients and their potential influencing factors, were
analyzed in the Changjiang River Estuary. The concentration of dissolved inorganic
nitrogen (DIN) increased gradually from 1984 to 2003, but after 2003 the concentration
began to decrease. Compared with DIN, the change in dissolved inorganic phosphate
(DIP) had a delayed effect and has exhibited a slow downward trend since 2005. The
decreases in DIN and DIP are mainly due to the improvement of wastewater treatment
efforts and chemical fertilizer use efficiency in recent years. The retention of nutrients by the
Three Gorges Reservoir (TGR) has been another important factor since its completion in
20083, especially because the large amount of particulate phosphorus retained by the TGR
has led to a significant decrease in the total phosphorus flux into the sea, which is the main
reason for the decrease in DIP. The vatiations of DIP and DIN have been instrumental in
causing the observed changes of phytoplankton community in the Changjiang
River Estuary.

Keywords: Changjiang River Estuary, DIP, DIN, long-term variation, Three Gorges Reservoir

INTRODUCTION

Estuaries are key systems where nutrient fluxes from land and sea are modified by biogeochemical
processes. Both dissolved and particulate matter experience transformations within the freshwater-
estuarine continuum. Rivers transport suspended and dissolved material from the land to the
coastal ocean (Skoulikidis and Amaxidis, 2009) and strongly influence aquatic ecology, especially in
estuaries (Statham, 2012). Globally, anthropogenic activities have caused large increases in fluvial
nutrient fluxes (e.g., from wastewater and fertilizer inputs) and have caused a worldwide increase in
the river transport of nitrogen (N) and phosphorus (P) to coastal seas (Anderson et al., 2008),
leading to eutrophication; this eutrophication causes an increase in the frequency and extent of
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unusual and/or noxious algal blooms and hypoxia (Anderson
et al., 2008; Conley et al., 2009; Rabalais et al., 2009).

The construction of riverine impoundments such as dams
and reservoirs modified the hydrology and, as a consequence
(Anderson et al., 2008; Conley et al., 2009; Rabalais et al., 2009),
the fluvial transport and retention of nutrients and sediments
(Humborg and Ittekkot, 1997). The changes in riverine material
loads and their associated impacts on the functioning of large
estuaries and coastal seas are a cause of environmental concern.
Nutrient loading is not the only concern: the ratios between
nutrients are also changing, for example, in many European
rivers (Romero et al., 2013) and in Changjiang (Liu et al., 2018).
High N/P ratios have important impacts on the functioning of
coastal marine ecosystems and may increase the frequency,
extent and toxicity of algal blooms (Romero et al., 2013). At
the same time, dissolved silica (DSi) concentrations declined
after the construction of dams, for example, in the Nile (Wahby
and Bishara, 1980) and lower Danube Rivers (Humborg and
Ittekkot, 1997).

The Changjiang River basin is the third largest river basin in the
world, with a drainage area of 1.8 Mkm®, a length of 6300 km, a
water discharge level of 900 km® and a sediment discharge level of
470 Mton (Liu et al, 2007; Fan and Song, 2014). In Changjiang
River, there has been a recent dramatic increase in the number of
water conservation projects and reservoir volume (Li et al., 2007),
population growth, development of important economic zones such
as Chongqing, Wuhan, Nanjing and Shanghai, and agricultural
production (producing 40% of China’s food) (Li et al.,, 2007). These
changes have had a major impact on water quality (Shen and Liu,
2009), thus affecting the aquatic ecosystems of the Changjiang River
Estuary and adjacent coastal waters (Li et al, 2007). Dissolved
inorganic nitrogen and phosphorus (DIN and DIP) concentrations
increased by a factor of five from the 1960s to the end of the 1990s in
Changjiang (Li et al., 2007). These changes have caused a dramatic
increase in microalgal biomass (cell density and chlorophyll-a)
along with a reduced proportion of siliceous diatoms to the
proliferation of red tides, especially after the 1990s (Wang, 2006).
There have been many surveys of nutrient changes in the
Changjiang River Estuary (Shen and Liu, 2009; Liu et al,, 2013;
Fan and Song, 2014; Liu et al, 2018), but these surveys covered
different time periods, areas and station locations. In this paper, we
analyze the long-term trends of the DIN and DIP concentrations
and ratios in the Changjiang River at Datong station (~600 km
upstream) and in the Changjiang River Estuary using a 32-year
(1984 to 2016) dataset to analyze the factors causing the changing
DIN and DIP concentrations. This paper constitutes a considerable
expansion of previous work, and we also explored potential
influencing factors to reveal the typical regional response of the
Changjiang River Estuary and its relationship to changes occurring
in the ecosystem during this period.

STUDY AREA AND METHODS

The Changjiang River Estuary is the pathway through which the
Changjiang River discharges into the East China Sea. In addition,

the Changjiang River Estuary is a mesotidal estuary with regular
semidiurnal tides outside the mouth and nonregular semidiurnal
tides inside the mouth. The average tidal range is 2.7 m with a
maximum of 4.7 m (Tian et al., 1993). To analyze a long time
series of DIN and DIP, a limited area within the mixing zone of
the Changjiang River Estuary with 12 fixed stations with long-
term data were chosen for this study (Figure 1).

This dataset includes seasonally monitored surface DIN (DIN
is the sum of ammonium (NH,"), nitrite (NO,") and nitrate
(NOj3")) and DIP (PO, concentration data (Table 1), which are
maintained by the State Oceanic Administration of China (1984-
2006) (The State Oceanic Administration of China). The
observations were carried out in April, July and November
during 1984-1999 and in February, May, August, and
November during 2000-2006. Further DIN and DIP data from
various sources for the period 2007-2016 are listed in Table 1.

For all stations of the mixing zone (CJ3-CJ14), we calculated
the surface mean values of the nutrient concentrations for each
sampling cruise, and the mean values of the all stations for each
sampling cruise were calculated as the annual means. The
sampling frequency ranged from two to four times (different
seasons) a year, and the temporal series of nutrient data spanned
from 1984 to 2016. Thus, the interannual variations in DIN and
DIP were obtained, and generalized additive models and change-
point analysis were used to evaluate the variation trends.
However, during the period from 2008 to 2010, no relevant
survey data was available.

RESULTS

DIN and DIP Concentrations in the Mixing
Zone of the Changjiang River Estuary

The DIN concentrations varied within a wide range, from 0.70 to
84.2 umol/L, during the period of 1984 to 2016 (Figure 2A), and
the average value for all years was 43.7 umol/L. The DIP
concentrations varied between 0.01 and 1.60 umol/L
(Figure 2B), and the average for all years was 0.70 umol/L.
From 1984 to 2016, the DIN concentrations increased sharply
from the lowest concentration of 0.70 pmol/L in November 1984
to the peak concentration of 94.6 mol/L in May 2003, whereas or
even declined after 2003. Similar to DIN, between 1984 and 2016,
the DIP concentrations increased sharply from the lowest value of
0.01 umol/L in November 1984 to the highest value of 1.56 pumol/
L in November 2004; however, the growth rate of the DIP
concentration slowed or even declined after 2005. Both nutrients
tended to increase in the initial period until 2005, and then the
growth rate slowed and tends to be stable, or even declined, but the
observed change for DIP slightly lagged behind that of DIN.

N/P Ratios in the Mixing Zone of the
Changjiang River Estuary

The N/P ratios fluctuated significantly, from 17.1 to 114.1,
during the period of 1984 to 2016 (Figure 3A), and the
average value for all years was 61.9. During the period from
1984 to 2016, the N/P ratio in the mixing zone of the Changjiang
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TABLE 1 | Data sources for Datong station and mixing zone.
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FIGURE 1 | Location of the study area (121.5°-122.8°E, 30.5°-31.8°N) in the Changjiang River Estuary and adjacent coastal waters with monitoring stations CJ3-CJ14 the
mixing zone. representative sampling point; representative survey region.

Month/year Location Source Parameters
April, July and November 1984-1999 mixing-zone The State Oceanic Administration of China (1984-1999) DIN, DIP
February, May, August, and November mixing-zone The State Oceanic Administration of China, (2000-2006) DIN, DIP
2000-2006

February, August and November, 2007 mixing-zone This study DIN, DIP
May, August 2011 This study DIN, DIP
April, August 2011 mixing-zone This study DIN, DIP
August, November, 2012 mixing-zone This study DIN, DIP
March, August, 2013 mixing-zone This study DIN, DIP
February, July, 2014 river gate, This study DIN, DIP
March, July, 2014 mixing-zone This study DIN, DIP
March, July, 2016 mixing-zone This study DIN, DIP

1970-2016 Datong gauging Changjiang Water Resources Commission (CWRC) (1970-
station 2016)

1962-1999 Datong gauging Changjiang Water Resources Commission (CWRC) (1962-
station* 1999)

2002-2008 *Xuliujing station Dai et al. (2011)

2011 and 2016 *Xulivjing station This study

1990-2009 East China Sea Wang et al. (2015)

2010-2017 East China Sea Environmental Quality of China (State Oceanic Administration

(2010-2017))

Discharge, suspended sediment
Load
DIN, DIP

DIN, DIP

DIN, DIP

Occurrence of harmful algal bloom
(HABS)

Occurrence of HABs

*The Datong Station is located in the main stream of the lower reaches of the Changjiang River. It is the upper boundary of the river that can be affected by the ocean tides of the East China
Sea. Xuliujing station is located 500 km downstream of Datong and is used here in combination with the Datong stations data, which can represent the riverine materials flowing into the

Changjiang River Estuary.

River Estuary presented an obvious trend of first increasing and
then decreasing. The change-point analysis method is used to
analyze the location of N/P shifts in the time series of the
Changjiang River Estuary, and the results show a breakpoint
occurred in approximately 2002 (Figure 3B).

Input From the Changjiang River
The Datong Station is located in the main stream of the lower
reaches of the Changjiang River. It is the upper boundary of the

river that can be reached by the ocean tides of the East China Sea.
The long-term trends of the DIN and DIP concentrations and fluxes
were analyzed at Datong Station using 46-year (1970-2016) data.
The DIN concentration and flux at Datong Station increased from
1970 to 2003 (Figures 4A, B), but the more recent data showed the
growth rate slowed and tends to be stabilized, or even declined in
the DIN concentrations and flux at Datong Station after 2003, with
a particularly notable changes in the flux; in contrast, the DIP
concentration and flux gradually increased, there was no obvious
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FIGURE 2 | Analysis of nutrients concentrations for (A) DIN and (B) DIP in the mixing zone of the Changjiang River Estuary during 1984 to 2016 based on

downward trend, and the concentration stabilized after 2003
(Figures 4C, D).

DISCUSSION
Effect of Anthropogenic Input

Rivers play an important role in nutrient transport from land to
ocean. The Changjiang River is the third largest river in the world
and the largest river in China, and it has a drainage area of 1.8x106
square kilometers. It flows 6,300 kilometers eastward and finally
injects into the East China Sea. Currently, humans account for more
than one-third of the production in terrestrial ecosystems and use
approximately half of the available fresh water. As a result of
population growth and increased demands for food, large
quantities of fertilizer have been produced and released globally,
doubling the supply of terrestrial N and P (Tilman et al., 2001).
Human disturbances lead to a significant worldwide increase in

river nutrient flux (Wang, 2006; Conley et al, 2009), and the
amounts of N and P input by rivers into the ocean have tripled
between the 1970s and the 1990s (Wang, 2006). All kinds of human
activities (e.g., crop cultivation, animal husbandry, sewage,
industrial drainage) produce N and P (Anderson et al, 2008;
Conley et al, 2009; Rabalais et al., 2009; Statham, 2012). The
supply of chemical fertilizers from domestic sources has increased
by four percent annually since 1980, and the average national per
hectare application of chemical fertilizers in China reached 280
kilograms in 2000, which is three times the world average (Williams,
2005). From 1980 to 2015, the use of N and P fertilizers in China
increased steadily and showed a steady trend after 2011 (Figure 5B).
More than 90% of the N discharged into the Changjiang River
originates from agriculture (Miiller et al., 2012). In recent years, the
utilization efficiency of chemical fertilizer in China has been greatly
improved (He et al., 2019). According to statistics, in rice, wheat and
corn production, the efficiency of N fertilizer in China (kg yield/kg
N) decreased from 164 to 10, from 44 to 6, and from 93 to 9 from
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FIGURE 3 | (A) N/P in the mixing zone of the Changjiang River Estuary during 1984 to 2016. (B) N/P change-point analysis of the Changjiang River Estuary during

1984 to 2016.
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1961 to 1998, respectively (Tong et al., 2003). It is expected that
fertilizer application could be reduced by 30-60% without any loss of
crop yields (Ju et al, 2009). The increase in fertilizer utilization
efficiency leading to a decrease in the use of fertilizers in agricultural
activities may be one of the reasons for the stable or declining
concentration and flux of DIN in the Changjiang River (Figures 2A,
4A, B).

Although chemical P fertilizer use in the Changjiang River
basin also increased substantially in the study period

(Figure 5B), P fertilizer was more likely to be absorbed onto
soil particles, without much leaching from croplands (Duan
et al,, 2007). In fact, riverine DIP was more likely to be derived
from industrial wastewater and urban effluent from urban areas
along rivers (Duan et al., 2007). The continuous increases in DIN
and DIP in the Changjiang River correspond with economic
development in China (Shen and Liu, 2009) and the discharge of
wastewater has also increased. Over 10 million tons of industrial
wastewater and domestic sewage were discharged into the
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FIGURE 5 | Long-term changes in population (A) and fertilizer use (B) in the Changjiang River Basin; Long term variation of number of sewage treatment plants
(C), annual quantity of domestic sewage discharge (D), domestic sewage treatment rate (D) in China.
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Changjiang River and its tributaries each day (Heming and Rees,
2000). The long-term variations in P concentration and flux in
the lower reaches of the Changjiang River are closely related to
the discharge of wastewater, which indicates that the flux of DIP
in the estuary is mainly affected by wastewater emissions.

From 1980 to the present, the population of the Changjiang
River basin has been increasing (Figure 5A). Due to the increase in
population, the amount of domestic sewage produced has also
increased significantly. The discharge of domestic sewage in China
has been increasing rapidly since 1992, although the value decreased
slightly after 2015 (Figure 5D). However, China has a long history
of sewage treatment, and the first large sewage treatment plant dates
back to the 1980s. Since the implementation of corresponding
sewage treatment in China in 1999, sewage treatment plants have
increasingly been used to control nutrient inputs into China’s water,
and the number of sewage treatment plants increased nearly 80
times from 1982 to 2017, increasing from 87 to 6910 (Figure 5C).
More importantly, in recent years, China’s sewage treatment
technology has developed rapidly, the domestic sewage treatment
rate increased from 8% in 1991 to 92% in 2017 (Figure 5D), and the
amounts of TN and TP discharged in China by urban and industrial
sewage have shown downward trends, with decreases of nearly 50%
and 75%, respectively (National Bureau of Statistics of People’s
Republic of China). Sewage treatment has negatively affected the
increases in TP and TN inputs in the Changjiang River basin to a
certain extent. In addition, the sewage treatment capacity of China is
concentrated on the coastal areas and middle reaches of the
Changjiang River, which are economically developed zones (Jin
etal, 2014). Although sewage discharge has continued to increase in
recent years, due to the large-scale shift in sewage treatment in
approximately 2005, the discharge of N and P in sewage of China
has decreased. The annual discharge of total N and total P in sewage
of China decreased sharply from 461.3 and 54.68 tons in 2015 to
212.1 and 13.49 tons in 2016, respectively (National Bureau of
Statistics of People’s Republic of China). The decrease in total N and
P in sewage would thus lead to a decrease in the amount of nutrients
transported to the estuary.

Retention of the TGR

The retention effect of dams on N and P can also be reflected in
other dams in the world. The Iron Gates Reservoir, the largest
reservoir in the lower Danube, traps a large amount of silicate
and a small amount of N and P in the form of deposited diatoms
(Humborg and Ittekkot, 1997). The Lake Diefenbaker Reservoir
in Canada intercepted 70% of the TN and 90% of the TP in the
waters (Morales-Marin et al., 2017). The well-known “Three
Gorges Project” (TGP) of the Changjiang River started in 1994,
and two cofferdams of the TGD were closed on November 8,
1997, with the first filling stage of the reservoir completed in June
2003, and the water level reached 135 m. The second
impoundment of the TGP was carried out, and the water level
reached 156 m in September 2006. The construction of the dam
was completed in 2008, at which point all of the generation units
were fully operational. Furthermore, the dam achieved the goal
of raising the water level in the reservoir to 175 m. The TGP
began full-scale operations in 2009. The construction of the TGR
in the Changjiang River has played a positive role in reducing the

N and P loads to the East China Sea (Chai et.al., 2009). The TN
retention rate in the TGR increased from 1 Gg N yr'' in 2003 to
90 Gg N yr' in 2004, and the TP retention rate increased from
0.2 Gg P yr'' in 2003 to 20 Gg P yr'" in 2004 (Liu et al., 2018).
After the impoundment of the TGR reached 135 m in 2003,
approximately 18% of TN, 15% of TP and 20% of DSi were
trapped in the reservoir (Ran, 2009). When the TGR launched its
175 m experimental water storage in 2009, approximately 21% of
TDN, 24% of TP and 3% of DSi were retained in the TGR, and
the amount of retained nutrients accounted for 15%, 12% and 1%
of the TDN, TP and DSi fluxes in the estuary, respectively (Ding
et al., 2019).

DIN was the most abundant N form in the Changjiang River
(Liu et al., 2003). After dam completion, the decreased flow
velocity and the increased residence time may have stimulated
the growth of phytoplankton; thus, the growth of phytoplankton
and the removal of particulate matter have played an important
role in the reduction of the N flux (Ran et al., 2017). The
construction of the TGR has slowed the water flow, leading to
regional eutrophication, which is responsible for the spring
proliferation of phytoplankton in Xiangxi Bay of the TGR, as
reported by Zhou et al. (2011). There is significant DIN
consumption and weak P consumption during the algal
blooms in the TGR (Ye et al.,, 2007). Actually, phytoplankton
mass production consumes 6.84x10* t/a of DIN in the TGR
(Ding et al.,, 2019). Thus, the consumption of DIN by the algal
blooms of the TGR has caused some of the DIN to be trapped in
the reservoir, which may also be an important cause of the
decrease in DIN concentration in the mixing zone of the
Changjiang River Estuary (Figure 2A).

Furthermore, the retention of particulate phosphorus (PP) and
particulate nitrogen (PN) caused by the TGR may be significant.
Unlike N, P exists mainly in the particulate form. PP (>80% of total
phosphorus (TP)) is a dominant component of TP in the
Changjiang River (Zhou et al., 2013), while PN accounts for
approximately 10% of total nitrogen (TN) (Liu et al., 2003). In
general, the concentration of TP in the Changjiang River has
increased mainly in the upper reaches and decreased in the
middle and lower reaches (Shen and Liu, 2009). On a global
scale, fluvial particulates could transport 1.4 to 14x10' mol yr
of reactive phosphate to the sea, which is approximately 2-5 times
more than that in the dissolved load alone (Froelich, 1988). The
loads of P downstream reach of the Changjiang River are
predominantly from the upstream reaches in the form of PP,
and a majority of the P loads are deposited in the TGR and other
reservoirs (Zhou et al., 2013). After the completion of the TGR, due
to the large interception effect of the TGD on the sediment, the
sediment load greatly decreased, resulting in a reduction in the
amounts of PP and PN imported into the river. As a result, the PP
supplies, which are either from upstream or from riverbed
resuspension, to the downstream reaches will further decline
(Chai et al,, 2009; Zhou et al., 2013). Additionally, the PP in the
downstream declined by 86% after the construction of the TGR in
2003 (Gong et al., 2006), which resulted in a reduced TP load to
the estuary.

P transport in the Changjiang River mainly depends on
suspended matter, and the TP and PP concentrations in the
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lower reaches are closely related to sediment discharges (Shen
and Liu, 2009). Although the annual water discharge at Datong
Station has changed little in the past 50 years, the sediment
discharge has decreased significantly, especially after 2003
(Figure 6). After the construction of the TGR in 2003, the
amount of sediment entering the sea has decreased steadily; for
example, from 2002 to 2011, the amount of sediment entering
the sea decreased by 203 million tons, a 74% reduction compared
to the value in 2002. According to statistics, the sedimentation of
the TGR was 124 million tons in 2003 (Changjiang Water
Resources Commission), and the value in the post-TGR period
(2003-2012) is equivalent to a reduction of 56% compared with
that just before construction of the TGR (Wang et al.,, 2016). In
fact, the retention effect of dams on sediment has been confirmed
in some other rivers. After the completion of the dam, the
sediment fluxes in the Sebou and Molouyuya Rivers were
reduced by nearly 95% and 93%, respectively (Snoussi et al.,
2002), and the amount of P trapped in sediments in the semi-
closed bay of the Seto inland sea in Japan was 1.7 times higher
than the previous value (Jin et al., 2013). More importantly, dams
can even impact marine ecosystems by changing the nutrient
concentrations and ratios in the coastal zone (Gong et al., 2006).

Biogeochemical Process in the Estuary
Mixing Zone

Estuaries are key sites where nutrient fluxes from land are
modified by biogeochemical processes. Both dissolved and
particulate matter experience changes within the freshwater-
estuarine continuum. The estuarine processes of nutrients are
generally expressed by the salinity-nutrient relation during the
mixing of nutrient-rich freshwater and nutrient-poor seawater
(Yao et al., 2014). Important estuarine processes for PO,*
include adsorption on or desorption from Fe oxy-hydroxide-
bearing suspended matter or underlying sediments (Froelich,
1988). This kind of behavior is well known for dissolved P and is
explained by the adsorption on and desorption from Fe (oxy)
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hydroxides (Froelich, 1988). Thus, when heavily PO, > loaded Fe
particles reach seawater with a PO,>" concentration below the
equilibrium concentration, PO,>" will be desorbed and released
to the surrounding water. This process represents the estuarine
buffering of phosphate (Froelich, 1988). The internal estuarine
fluxes associated with the abovementioned buffering effect play
an important role in the nutrient estuarine fluxes, which can
account for 45% of the P flux (Yao et al., 2014).

Particulate organic N and particulate inorganic P were the
major forms of particulate N and P, respectively. Particulate
inorganic P mainly exists in the mineral phase and as adsorbed
to particles, whereas particulate organic N primarily comprises
living and detrital organic compounds, which can be returned to
seawater through the remineralization process (Zuo et al., 2016).
Particulate N and P account for a large proportion of the N and P
pools and are potential sources of dissolved nutrients (Lipizer
etal,, 2012). It is assumed that the retained mineralized nitrogen is
totally released from the sediments into the water column,
contributing 12-15% of the total DIN sources (Lin et al., 2016).
The drastic decline in the sediment load from the Changjiang
River reduced turbidity in the Changjiang River Estuary (Wang
et al, 2016) An overall declining trend in surface sediment
concentrations has been identified in the Changjiang River
Estuary. Comparing the surface sediment concentration just
before the impoundment of the TGD (62 mg/L in 1997-2002)
with the current concentration (35 mg/L in 2006-2011), a sharper
decrease in surface sediment concentrations was observed,
reflecting the impact of the TGD (Wang et al,, 2016). Due to
the retention of sediment by the TGR, the PP and PN inputs to the
estuary have been reduced, correspondingly resulting in a
reduction in the amounts of DIP and DIN released during the
estuary process. However, because the proportion of PN in TN is
not as important as that of PP in TP, the retention effect of TGR on
PN is not as obvious as that in PP in the mixing zone. This result is
because of the estuarine processes in the mixing zone of the
Changjiang River Estuary, in which the trend of the DIP
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FIGURE 6 | Datong station into the sea and sand long-term changes in 1970-2014.
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concentration decreased slightly later than that of the
DIN (Figure 2).

Response of Phytoplankton Community
Eutrophication in coastal waters during the 20th and 21st
centuries is associated with excessive nutrient loading, which
can stimulate the growth of phytoplankton (Rabalais et al., 2009),
leading to red tides or hypoxia. Seawater eutrophication is the
main cause of red tides (Anderson et al., 2008), and increases in
nutrient concentrations, especially increases in DIN and DIP
concentrations, will lead to eutrophication and have serious
impacts on coastal ecosystems (Conley et al., 2009). In the
second half of the 20th century, due to the increases in
population size and fertilizer use, many estuaries and coastal
ecosystems have experienced intensified eutrophication, which
has led to the development of hypoxia in the ecosystem (Wang,
2006; Li et al., 2007; Rabalais et al., 2009). Eutrophication may be
intensified in the context of increased river discharge and
fertilizer use (Rabalais et al., 2009), and this eutrophication has
a significant impact on ecosystems.

The increase in nutrient concentrations in the Changjiang River
has led to severe nutrient loading in the Changjiang River Estuary,
which has led to the proliferation of red tide algae. The Changjiang
River Estuary and its adjacent waters are red tide-prone areas; in the
nearly 30 years since the 1990s, large-scale red tides and extensive
hypoxic areas have been reported in coastal waters near the
Changjiang River Estuary (Liu et al, 2013). Red tides in the
Changjiang River Estuary and adjacent coastal areas were rare
before 1985 but have increased rapidly thereafter; for example, 58
red tide events were found in the Changjiang River Estuary and
adjacent coastal areas in 2003, and this value was 10 times higher
than the average number in the 1990s (Wang, 2006). The frequency
of red tides increased sharply from the 1980s to 2000 with the rapid
growth of China’s economy (Li et al., 2007). The outbreak frequency
of red tides increased rapidly from the 1990s to 2003 but then
decreased significantly since 2004; there appeared to be a lower
number in 2015, which was less than the average frequency from
2006 to 2014 (Figure 7). Similar to the changes in DIN and DIP
concentrations (Figure 2), a stable trend in the frequency of red
tides appeared in approximately 2003. The occurrence frequency of
red tides began to stabilize after 2000. Moreover, the HAB species
changed, in particular, P. donghaiense bloomed most frequently
since 2000 (>50% of the total frequency), although the HABs caused
by Skeletonema spp. also increased dramatically (Jiang et al., 2014).
This finding is consistent with the variation in the concentrations of
nutrients in the Changjiang River Estuary, which slowed or even
declined after the completion of the TGR. It has also been proven
that the bloom of red tide algae depends on nutrients.

Changes in nutrient structure affect phytoplankton growth
and community structure (Romero et al., 2013). In recent years,
the decline of the N/P ratio in the mixed zone of the Changjiang
River Estuary (Figure 3) indicates that the area of potential P
limitation of phytoplankton growth weakened after 2003 and
potential N limitation appeared. The abundance and production
of phytoplankton in the Changjiang River Estuary are closely
related to nitrogen concentration (Jiang et al.,, 2010). Research
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FIGURE 7 | Analysis of number of occurrences of red tides in the East China
Sea in 1990-2017 based on generalized additive model.

has shown that diatom species in the Changjiang River Estuary
has decreased from 84.6% during 1980s to 69.8% during 2005,
while the abundance of dinoflagellates has increased
dramatically, from 0.7% to 25.4% (Jiang et al., 2010). Before
2000, red tide outbreaks were largely caused by Skeletonema
costatum and Nactiluca scientillans, with some contribution from
Prorocentrum micans Ehrenberg and Oscillatoria; however, after
2003, the most significant causative species was Prorocentrum
dong-haiense, which causes the red tides that now occur every
year in the Changjiang River Estuary (Liu et al., 2013; Jiang et al.,
2014). Second, in addition to nutrient limitations, the
reproduction of algae is affected by light and hydrology. Due
to the construction of the TGR, the sediment flux and its natural
seasonal variation in the waters along the Changjiang River have
been greatly reduced (Xu and Milliman, 2009). The TGR
retention of sediment has led to the decrease in turbidity in the
estuary (Wang et al., 2016) and a decrease the abundance of
nutrients required for phytoplankton reproduction; therefore,
nutrients may no longer be a limiting factor for phytoplankton
growth, especially in spring, where improved light conditions
may lead to more frequent and intense algal reproduction in the
freshwater-estuary continuum (Jiang et al., 2014).

The Changjiang River Estuary and its adjacent waters, one of
the largest and most complex environments among Chinese
estuaries, have been seriously polluted due to the heavy input of
waste loads from watershed and human activities (Liu et al,,
2013). In 2016, the National Environmental Protection
Supervisor work was fully started, several small livestock and
poultry farms were closed, and all large-scale livestock and
poultry farms were required to be equipped with sewage
treatment facilities. These measures significantly reduced the
amounts of TN and TP discharged in sewage. In 2016, the
amount of TN was reduced by half compared with that in 2015,
while the amount of TP was reduced by 4/5. In addition, the
amount of chemical fertilizer was reduced and fertilizer use
efficiency increased, and the amounts of TN and TP discharged
into the environment have been reduced accordingly.
Therefore, the concentrations of DIN and DIP in the
Changjiang River Estuary may decrease significantly in the
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future, and their impacts on the estuarine ecosystem require
further study.

CONCLUSIONS

From the 1980s to the beginning of the 21st century, the
concentrations of DIN and DIP in the Changjiang River Estuary
increased significantly. However, after 2003, the concentration of
DIN shifted, and the concentration tends to be stable, or even
declined. The turning point of DIP concentration obviously lagged
behind that of DIN. The changes in the DIN concentration can be
attributed to large-scale wastewater treatment, increased chemical
fertilizer efficiency, consumption of DIN by phytoplankton in the
TGR, and weak retention of PN by the TGR. The increase in sewage
treatment and chemical fertilizer efficiency also contributes to the
stability of the estuary’s DIP concentration. Moreover, the high
retention of PP in the TGR has made an important contribution to
the change in DIP concentration in the mixing zone of the
Changjiang River Estuary. In addition, the estuary P process may
be the main reason for the change in DIP being later than that of
DIN. The decrease in the outbreak frequency of red tides after 2003
may be related to the variations in the concentrations of DIN and
DIP, which have slowed or even declined. The long-term nutrient
variations in the Changjiang River Estuary have potential ecological
impacts on the frequencies and diversity of the dominant species in
the local red tide blooms, and their impacts on the estuarine
ecosystem require further study.
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