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ABSTRACT

Better documentation and understanding of long-term temporal dynamics of nutrients in watersheds are necessary to
support effective water quality management. We examined the hypothesis that the recent management of fertilizer use
and pollution control in the Changjiang River Basin could govern the fluxes of nutrients from the river to the sea. Re-
sults based on historical data since 1962 and surveys in recent years show that concentrations of dissolved inorganic
nitrogen (DIN) and phosphorus (DIP) in the mid- and downstream reaches were higher than those in the upper reaches
due to intensive anthropogenic activities, while dissolved silicate (DSi) was distributed evenly from the up- to down-
stream reaches. Fluxes of DIN and DIP increased rapidly, and DSi declined during the 1962-1980 and 1980-2000.
After the 2000s, concentrations and fluxes of DIN and DSi remained almost unchanged; those of DIP remained stable
until the 2010s and slightly decreased afterward. The decline in fertilizer use explains 45 % of the variance in the de-
cline of DIP flux, followed by pollution control, groundwater and water discharge. As a result, the molar ratio of DIN:
DIP, DSi:DIP and ammonia:nitrate varied largely during 1962-2020, and the excess DIN relative to DIP and DSi lead to
increased limitations of silicon and phosphorus. A turning point probably occurred for nutrient fluxes in the
Changjiang River in the 2010s, with the pattern of DIN from continuous increase to stability and DIP from increase
to decrease. This decline in phosphorus in the Changjiang River has many similarities with the rivers worldwide.
The continued basin nutrient management is likely to have a major influence on river nutrient delivery and therefore
may control coastal nutrient budget and ecosystem stability.
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1. Introduction

River transport large amounts of nutrients from land to sea and signifi-
cantly influence biogeochemical cycle in coastal ecosystems (Malone and
Newton, 2020; Xiao et al., 2019; Zhang et al., 2021a, 2021b). Global river-
ine fluxes of nitrogen (N) and phosphorus (P) have more than doubled be-
tween the beginning of the 20th century and 2010 (Beusen et al., 2016).
This is largely the consequence of human activities in the watershed, such
as the use of fertilizers and detergents (Mayorga et al., 2010). Excessive
nutrients (N and P) in aquatic environments may cause eutrophication in
surface water (Paczkowska et al., 2020; Wang et al., 2021a; Xu et al.,
2010) and nutrient enrichment in groundwater, thereby resulting in the
subsequent degradation of estuarine and coastal ecosystems (Liu et al.,
2019; Rabalais et al., 2009; Gao and Wang, 2008). While riverine N and P
loads have increased during the past decades, dissolved silicate (DSi, an
important nutrient form) loads have remained constant or even decreased
in many rivers primarily as a result of DSi retention in reservoirs and
lakes (Maavara et al., 2020b).

Nutrient retention in reservoirs also influences riverine N and P nutri-
ents transport (Maavara et al., 2020b; Wu et al., 2022). Retention in reser-
voirs can decrease nutrient fluxes downstream (Wang et al., 2020; Yan
etal., 2021) and alter nutrient compositions due to the different nutrient re-
tention efficiencies, generally following the order of P > silicon (Si) > N
(Chen et al., 2020a; Maavara et al., 2020a; Maavara et al., 2020b). These
unbalanced changes in nutrients due to damming could enhance the P
and Si limitations in rivers (Liu et al., 2018; Ran et al., 2019; Wang et al.,
2020). To date, >50,000 dams have been built in the Changjiang River
Basin (Tian et al., 2022). The Three Gorges Dam (TGD), Xiluodu Dam and
Xiangjiaba Dam were fully operated in 2009, 2014 and 2015, respectively,
and this trend of damming will continue owing to the increasing construc-
tion of cascade dams in the Changjiang River Basin (Yang et al.,
2018), thereby resulting in further change of riverine nutrient transport.
High N/P ratios of river water may increase the frequency, extent and
toxicity of algal blooms in the estuary (Romero et al., 2013; Glibert and
Burford, 2017; Yang et al., 2023).

Agricultural activity and urban sewage appear to be major factors affecting
the nutrient flux in the river (Chen et al., 2019; Chen et al., 2020b; Guo et al.,
2021; Wang et al., 2019c¢). For example, there has been an enormous increase
in N and P fluxes since the 1970s due to increased fertilizer use and sewage
inputs in the midstream and downstream subbasins of the Changjiang River
(Liu et al., 2018; Liu et al., 2022a, 2022b). The increases in riverine N and P
concentrations and loads in Europe and the United States before the 1980s
were of great concern (Howarth et al., 2002; Loos et al., 2009; Reder et al.,
2013). High levels of N in groundwater systems due to the agricultural activ-
ities have also become a major environmental concern all over the world in
recent decades (Wakida and Lerner, 2005; Gu et al., 2013; Xin et al., 2019).
After the implementation of water pollution control policies in Europe
and the United States since 1980s, water quality (N and P concentration) in
many rivers had been improved (Bouraoui and Grizzetti, 2011).

In recent years, China has also implemented many policies for environ-
mental conservation and restoration. In the Changjiang River Basin, the cul-
tivated area decreased by 7.5 % and forested area increased by 2.1 % from
2000 to 2015 (Kong et al., 2018) as a result of the initiation of the ‘Natural
Forest Conservation Program’ and the ‘Grain to Green Program’ policy im-
plemented across China in 1999 to restore degraded ecosystems, stabilize
soils, and minimize erosion (Feng et al., 2016). In 2015, China's Ministry
of Agriculture issued the action aiming for zero growth in synthetic fertil-
izer use from 2020 onwards (Ministry of Agriculture of the People’s
Republic of China, 2015). Recently, the government launched a ‘three
phosphorus’ special action in seven provinces in the Changjiang River
Basin (Ministry of Ecology and Environment of the People’s Republic of
China, 2019) to address the problem of excess total phosphorus in some sec-
tions of the Changjiang River due to industrial discharges. The continuous
improvement of agricultural cultivation technology has also lowered
the demand for chemical fertilizers. In addition, in recent years, several
pollution controls have been implemented in the Changjiang River,
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e.g., ‘Increase sewage treatment investment’ (National People’s Congress
of the People’s Republic of China, 2011) and ‘Ecological rehabilitation
and high-quality development of the Changjiang Basin’ (National People’s
Congress of the People’s Republic of China, 2016). Those management pol-
icy and measures in the recent years would have a major impact on land—
sea nutrient fluxes. Currently, there are many studies that use historical
river nutrient data to observe long-term river trends (Metson et al., 2020;
Stackpoole et al., 2021). However, most studies investigating the effects
of human activities on nutrient flux in the Changjiang River Basin use
data before the 2010s and there is still a lack of knowledge of nutrients in
groundwater (Xu et al., 2013; Strokal et al., 2017; Wang et al., 2019a—c).
Thus, the changes in nutrients in the Changjiang River have remained un-
clear and controversial in recent years. More importantly, the latest obser-
vational data and river nutrient trends need to be supplemented in order
to help governments better develop river nutrient management policies.
Based on cruises conducted at different stations in the Changjiang River
Basin and on multiple temporal scales during 2013-2020 and historical ob-
servation data during 1962-2016, this study investigated the temporal and
spatial changes in the concentrations, fluxes and compositions of nutrients
in the mainstream and tributaries of the Changjiang River on a long-term
scale over the past six decades, on a monthly scale within a year, and on a
daily scale during the flooding season. The influences of human activities
on riverine nutrient transport in the Changjiang River were explored.

2. Materials and methods
2.1. Study area

The Changjiang River originates from the eastern Tibetan Plateau
and has a length of approximately 6400 km and a catchment area of
1.8 x 10° km? The Changjiang River consists of three sections (upstream,
midstream and downstream, divided by the Yichang and Hukou stations,
Fig. 1) and covers the typical three steps of China's terrain from highlands
in the upper valley to the lowland delta plain downstream. Two large
lakes, Dongting and Poyang, are connected to the Changjiang River main-
stream in the midstream. The Datong hydrological station is located down-
stream and approximately 600 km upstream of the river mouth. Based on
the precipitation and runoff patterns in the catchment, the hydrological
year of the Changjiang River is usually divided into flood (June-September),
normal (with a moderate flow, April-May and October-November) and
dry seasons (December-March).

2.2. Sampling and laboratory analysis

To study spatial patterns, surface water along the mainstream and
tributaries and ground water samples were collected in April 2017 (normal
season) and July 2018 (flood season) in the Changjiang River Basin (Fig. 1).
The multi-year average runoff of the Yangtze River was approximately
900 Gm®/yr (1960-2020), and the runoff in both 2017 (937 Gm®/yr) and
2018 (875 Gm®/yr) was close to it, suggesting a normal flow year in both
2017 and 2018 (Fig. S1). The average water discharge during the dry,
normal and flood seasons in 2017/2018 were 44.5/44.6 Gm®/month,
81.2/62.9 Gm>/month and 111.3/94.4 Gm®/month respectively. To
study seasonal patterns, weekly to monthly samples were taken at Jiangyin
Station in the lower reach of the Changjiang River in May 2013-May 2014,
June 2016-December 2017 and May 2018-August 2019. Monthly concen-
trations of nutrients were averaged from weekly concentrations and
monthly fluxes of nutrients were summed from weekly fluxes at Jiangyin
Station. Daily samples were also taken at Jiangyin Station during the
flood season from July 16 to September 1, 2020. Details on the field sam-
ples and laboratory analysis can be found in Text S1 and Table S1.

2.3. Historical observation data

To study long-term change patterns, historical data on nutrients concen-
tration at Datong Station for the 1962-1999 period (Table S1 and Fig. 4)
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Fig. 1. Sampling stations along the Changjiang River, modified from (Wu et al., 2019a). The drainage area for each tributary is shown in Table S2. Groundwater samples were
collected in the areas close to the river channel at Jiangyin, Datong, Jiujiang and Yueyang, and the site information is shown in Table S3.

period were obtained from the Hydrological Yearbooks of the People's
Republic of China (Changjiang River Water Resource Committee, 1962-
1999). Data on nutrients concentration at Datong Station for the
2000-2017 period were collected from Ge et al. (2020). Nutrient concen-
tration data at Xuliujing Station (combined with data at Datong Station to
represent the nutrient export to the estuary) for 2002 and 2008 (Table S1
and Fig. 4) were from Dai et al. (2011). There was no measurement of nu-
trient from Datong between 2002 and 2008, and the data collected from
Xuliujing were thus used for that period, which is reasonable because
there is no significant difference in nutrient concentrations and discharges
between Datong and Xuliujing (Mei et al., 2019; Zhang et al., 2021a,
2021b). DSi concentration data for 2004-2020 at Datong Station were
taken from Ran et al. (2022) and Ge et al. (2020). Water discharge at
Datong Station for the 1962-2020 period were also obtained from the
Hydrological Yearbooks of the People's Republic of China. For different
frequencies of nutrients concentration, annual concentrations were
averaged by month or week, and annual fluxes and water discharge were
summed by month or week.

2.4. Data analysis

2.4.1. Nutrient fluxes

For each nutrient form, dissolved ammonium (NH, -N), nitrate (NO5 -N),
nitrite (NO5 -N), dissolved inorganic nitrogen (DIN), dissolved total nitrogen
(DTN), dissolved phosphate (DIP), dissolved organic phosphorus (DOP),
dissolved total phosphorus (DTP), particulate total nitrogen (PN), particulate
inorganic phosphorus (PIP), particulate organic phosphorus (POP), particu-
late total phosphorus (PP), total nitrogen (TN) and total phosphorus (TP),
the nutrient flux F (in mol/yr or mol/month) at a station on the Changjiang
River at the measured time was calculated as follows:

F=CxQ (1)
where C is the mean concentration of the nutrient form at the station during
the measured time (in mol/m®) and Q is the annual or monthly average

discharge (in m®/yr or m®/month).

2.4.2. Nutrient retention
The nutrient retention was calculated as follows:

Fr = Fiv+ Fr— Four (2)

where Fy is the reservoir retention. Total inputs are the inflow at Fuling
(Frv) and the lateral inputs from the tributaries (Fr) of the TGD, and outputs

are the outflow at Yichang (Foyr). And the contribution of tributaries can be
simplified as follows:

(14+q)Fw—Four —Fr =0 (3)

where q is the yearly (outflow-inflow)/inflow ratio of water through TGD
to quantify the contribution of tributaries to the transport of nutrient for
which no measurements were available. For this study, g equals to 0.05
(Ran et al., 2017).

2.4.3. Uncertainty and excess N

We used relative errors to quantify uncertainty in the fluxes (Runkel
et al., 2004). Relative errors (§) were calculated as follows on the basis of
a Fourier series:

QG
nQ, Co

-1 (4)

5=y
i1

where n is the number of samples in one year, Q; is the daily discharge of the
sampling time (in m®/s), Q is the annual average discharge (in m?/s), C;is
the nutrient concentration (in pmol/L), and C,, is the annual average nutri-
ent concentration (in pmol/L).

We employed a Redfield ratio of 16 for DIN to DIP (Redfield et al.,
1963) to quantify excess N (Nx) (in pmol/L) (Zheng and Zhai, 2021), and
the calculation was as follows:

N* = DIN— 16 x DIP (5)

For nutrient limitation, we used DSi = 2 pmol/L, DIN = 1 pmol/L and
P = 0.1 pmol/L as the absolute limits of nutrient concentration (Justi¢
et al., 1995), and DIN:DIP = 16:1 and DSi:DIN = 1:1 as the potential
relative limitation thresholds (Redfield et al., 1963).

2.4.4. Shapley Value approach decomposition

The Shapley Value technique (Shapley, 1953) was applied by Shorrocks
on distributional analysis to decompose, through a regression-based
approach, any inequality index as the sum of its contributing factors.
Adopting this decomposition, we can estimate the marginal effect of each
contributing factor, alone or grouped among similar variables, taking into
account the order in which they can be eliminated. The overall contribution
of each factor is obtained averaging the estimated marginal contributions
across all the possible elimination sequences. The calculations were done
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using the Shapley2 package in State software and the equation can be
expressed as follows:

(L= DA =0y ) - v(s— i) ?

Di(v) = Zscnies
where @; (v) is the contribution of each variable, v(s) is the total revenue
created by the s variable, v(s-{i}) is the total revenue created by s-1 vari-
ables other than i, “(|s|-1)!(n-|s|)!/n!’ is the weight.

2.4.5. Rates of change in nutrient concentrations
We employed nutrient change rate to quantify the effect of policy on
changes in nutrient concentrations, which was calculated as follows:

R = (@) X 100%A T > 0 7)
0

Co—Ci
Ri:<UC l)xlOO%ATsO (8)
0

where R; is the rate of nutrient change, C; is the nutrient concentrations
(in pmol/L), Cp is the nutrient concentration at the beginning of the policy
implementation. ‘AT = 0’ is the year of policy implementation. For Ebro,
Guadalquivir, Seine and Rhine River, we choose 1991 as the year when
the policy was implemented due to dramatic decrease in the use of commer-
cial fertilizers that started in the late 1980s and the legislation including the
Nitrates Directive (Council EEC, 1991a) and the Urban Waste Water Treat-
ment Directive (Council EEC, 1991b) was embedded for controlling eutro-
phication and nutrient loading into receiving waters. For Changjiang River
and Yellow River, we choose 2015 as the initial year when the policy of
fertilizer was implemented.

3. Results

3.1. Spatial-temporal changes in nutrient in the main channel of Changjiang
River

3.1.1. Nutrient concentration

Along the Changjiang mainstream, the concentration of NO3 -N signifi-
cantly increased from the headwater to downstream, maintained stably
high levels in the midstream and downstream, and slightly decreased at
Hukou Station (at the confluence of Poyang Lake and the Changjiang main-
stream) (Fig. 2). NO3 -N was the major DIN form (with a fraction of >84 %
in the normal season and > 95 % in the flood season), followed by NH, -N
(1.28 % ~ 14.2 % in the normal season and 0.19 % ~ 4.03 % in the flood
season). DIN accounted for 81 % and 76 % of TN in the normal and flood
seasons, respectively. As a result, the spatial distributions of DIN and TN
concentrations along the Changjiang River mainstream were similar to
those of NO3 -N concentrations in both the normal and flood seasons. Dur-
ing the normal season, the highest NO3 -N (123 pmol/L), DIN (131 pmol/L)
and TN (151 pmol/L) concentrations were observed at Yueyang, Chong-
qing and Jiujiang Stations, respectively, and the lowest was at Panzhihua
Station. During the flood season, the highest concentrations of NO3 -N
(143 pmol/L at Jiangyin), DIN (144 pmol/L at Jiangyin), TDN
(167 pmol/L at Jiujiang) and TN (178 pmol/L at Fuling) were mainly
observed in the midstream and downstream regions, while their lowest
concentrations were found at Yibin Station upstream (Fig. 2).

In the normal season, the average concentrations of DIP, DTP, and TP
along the Changjiang mainstream were 0.77 pmol/L, 1.19 pmol/L, and
1.91 pmol/L, respectively (Fig. 2), with their lowest concentrations of DIP
(0.02 pmol/L), DTP (0.12 pmol/L) and TP (0.31 pmol/L) at Panzhihua
and the highest concentrations of DIP (1.67 pmol/L), DTP (1.69 pmol/L)
and TP (3.29 pmol/L) at Yueyang Station (Fig. 2). PP accounted for
29.4 % of TP at Yichang and 63.0 % at Datong, and POP contributed
0.7 % to TP at Yueyang and 44.7 % at Yichang. In the flood season, the
average concentrations of DIP, DTP and TP in the midstream increased by
10.7,5.1, and 2.5 times, respectively, compared with those in the upstream,
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and reached their maximums at Yueyang Station. POP dominated PP
(73 %96 %), and PP with concentrations of 0.47-2.76 pmol/L accounted
for the largest proportion in TP (Fig. 2). Along the Changjiang mainstream,
the concentration of TP remained high downstream, except at the Wuhan
station (1.44 pmol/L). DTP increased from Yibin Station (0.49 pmol/L) to
Yueyang Station (2.52 pmol/L) and then stabilized downstream. DIP over-
all increased from upstream to downstream, with the lowest concentration
at Yichang Station (0.06 pmol/L) (Fig. 2).

PP was a prominent component of TP in the Changjiang River with a
contribution of 30 %-63 % to TP in the normal season and 31 %-80 % in
the flood season respectively, while PN only accounts for approximately
1 %-26 % of TN in normal season and 2 %-14 % in flood season. Both PP
and PN showed a significant decrease at Yichang station (after TGD) in
normal and flood seasons (Fig. 2).

Both in the normal and flood seasons, along the Changjiang
mainstream, the DSi concentration decreased from Chongging to Wuhan
Stations, especially in the Three Gorges Dam (TGD) region, and then in-
creased downstream, reaching the highest values at Hukou (130 pmol/L)
and Jiujiang Stations (125 pmol/L) (Fig. 2). The spatial variation in
nutrients in the major tributaries and groundwater of the Changjiang
River can be found in Texts S2 and S3 and Tables S3, S5 and S6,
respectively.

According to our preliminary estimates, approximately 11.5 % of TN,
4.2 % of TP, and 9.4 % of DSi were retained in the normal season, respec-
tively, which is lower than the retention rates of 19.7 %, 41.3 %, and
11.2 % in the flood season. Particulate nutrients were more easily retained,
with about 15.3 % of PP and 47.2 % of PN being intercepted in the normal
season, and even more at 58.9 % and 56.6 % in the flood season.

3.1.2. Nutrient ratios

The molar ratios of DIN:DIP, DSi:DIN and DSi:DIP along the Changjiang
River ranged from 76 to 1270, 1-4 and 61-4910 in the normal season, and
from 225 to 1790, 1-21 and 79-2070 in the flood season, respectively
(Fig. S2). The high DIN:DIP and DSi:DIP ratios were attributed to the
extremely low DIP concentrations (0.02-0.14 pmol/L) upstream, such as
at Panzhihua and Yibin Stations. At Luzhou Station, a DIN:DIP ratio of
107 in the normal season was much lower than that of 454 in the flood sea-
son. The ratios of DIN:DIP (420-1790) and DSi:DIP (417-2070) increased
rapidly in the mainstream from Chongqing Station to Yichang Station
(upstream of the TGD), especially at Yichang Station (DIN:DIP of
1960 and DSi:DIP of 1950) in the flood season. The ratios of DIN:DIP
(183-345) and DSi:DIP (179-332) showed almost no spatial difference
at the mid- and downstream stations in the flood season, respectively. In
the normal and flood seasons, the DSi:DIN ratio slightly fluctuated and
stabilized at approximately 1 downstream after Luzhou Station.

The ratios of DIN:DIP, DSi:DIN, and DSi:DIP in the major tributaries also
showed large variation and were generally lower than their values in the
corresponding mainstreams. The groundwater of the Changjiang River
was enriched with DIN and DSi, while DIP concentration was relatively
low, resulting in higher molar ratios of DIN:DIP in comparison with the sur-
face water. The ratios of nutrients in the major tributaries and groundwater
of the Changjiang River can be found in Texts S4 and S5.

3.2. Temporal changes in nutrient in the lower reach of Changjiang River

3.2.1. Monthly/seasonal changes in nutrient concentrations and fluxes

At Jiangyin Station during 2013-2019, NH. -N and NO; -N concentra-
tions were relatively lower in comparison with NO3 -N concentrations and
accounted for only approximately 3 % and 0.6 % of DIN, respectively, and
showed obvious seasonal variations with maximums in the dry season
(Fig. 3). DIN, more specifically NO3 -N, accounted for 70-90 % of TN and
was the main form of N in the Changjiang River. The DIN concentrations
were negatively correlated with water discharge (r = —0.41, p < 0.01),
indicating that both the lower DIN concentrations in the flood season and
higher concentrations in the normal season were related to the seasonal
variations in water discharge (Fig. S3).
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Fig. 2. Longitudinal distributions of nutrient concentrations in the Changjiang mainstream in the normal season in 2017 (open symbols) and flood season in 2018 (solid
symbols). The distance represents the length of the river channel of the mainstream from the sampling station to the river mouth.

During 2013-2019, the average concentrations were 1.21 pmol/L for
DIP and 1.47 pmol/L for TP downstream. DIP accounted for 82 % of TP
and dominated TP abundance in the downstream of the Changjiang
River. Similar to the DIN, the DIP concentrations were also negatively
correlated with water discharge (r = —0.46, p < 0.01), and the highest
concentration was in the dry period (Fig. 3 and S3).

The downstream DSi concentration ranged from 58 to 156 pmol/L and
fluctuated during 2013-2019. And its concentration was higher in the flood
and normal season than in the dry season (Fig. 3). Different from the
seasonal patterns of N and P, the correlation between DSi concentrations
and water discharge (r = 0.03, p < 0.01) was not obvious (Fig. S3).

The annual DIN, DIP and DSi fluxes were 90.2, 1.27 and 77.6 Gmol/
yr during June 2013-May 2014, 109, 1.15 and 122 Gmol/yr during

June 2016-May 2017, and 97.5, 0.5 and 79.7 Gmol/yr during June
2018-May 2019, respectively, of the Changjiang River (Table S4). DIN
accounted for 74 % of the annual TN flux (122 Gmol/yr), while DIP
accounted for 90 % of the TP flux (1.4 Gmol/yr) in the recent 10 years
(Fig. 3). High fluxes of nutrient transport mainly occurred in the flood
season. For example, during June-August, DIN fluxes in the flood
seasons contributed 36 %, 41 % and 35 % to their annual fluxes, respec-
tively. The variations in the fluxes of DIN (r = 0.96, p < 0.01) and DSi
(r = 0.93, p < 0.01) during these periods were consistent with the
water discharge, indicating that the seasonal DIN and DSi fluxes of the
Changjiang River were mainly controlled by water discharge (Fig. 3),
although the seasonal DIP flux was weakly correlated with water
discharge (r = 0.36, p < 0.01).
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Fig. 3. Concentrations and fluxes of nutrients and water discharge downstream of the Changjiang River during 2013-2019. (a) NH; -N, (b) NO

(e) DSi, (f) DIP, (g) TN, and (h) TP. The data enveloped by the orange, green and gray areas were collected in the dry season, flood season and normal season, respectively.

2. Daily changes in the flooding season

During rainstorm event (July 16
the water discharge was at high levels, all forms of nutrients concentrations

3.2.

—2019 of all nutrients

The relative errors of annual fluxes for 2013
except NH; -N and NO5 -N were <10 % (Table S4). The large monthly

variation in NH4 -N and NO

September 1, 2020) (Fig. S4), when

-N concentrations may cause more uncertain

2

were significantly higher than that in the latter part time of the rainstorm

-N only

2

estimates of their annual fluxes, but since NH; -N and NO

event, especially for NH7 -N and NO5 -N. As the water discharge decreased,

accounted for a small proportion (totally 0.6 %—-2.4 %) of DIN, the estimate

of DIN remains reasonable.

the nutrient concentrations and fluxes returned to the normal level. The
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concentration of TN decreased from 187 pmol/L to 92 pmol/L, and TP
decreased from 10.5 pmol/L to 1.6 pmol/L.

3.2.3. Long-term changes in nutrient concentrations, fluxes and ratios

The DIN concentration was quite low before 1960, rapidly increased by
approximately 2.5 times during 1960-1980, and reached the fastest growth
rate after 1980. By the beginning of the 21st century, the average DIN con-
centration increased by 10 and 2.5 times compared with those in 1960 and
1980, respectively (Fig. 4). Similar to the DIN concentration, DIP concen-
tration increased from 0.27 pmol/L in 1962 to 1.09 pmol/L in 2010. How-
ever, between 2015 and 2019, the DIP concentration decreased by
approximately 74 % from 2.16 pmol/L to 0.57 pmol/L, and the DIN concen-
tration decreased by approximately 29 % from 155 pmol/L to 109 pmol/L
(Fig. 4). Different from DIN and DIP, the DSi concentration decreased by
36 % from 142 pmol/L in 1962 to 91 pmol/L in 2019.

Also, the long-term changes in the nutrient fluxes at Datong Station
could be generally divided into three stages. The first stage was from the
1960-1980, during which the fluxes of DIN and DIP showed steadily slow
increasing trends (from 18 to 34 Gmol/yr for DIN and from 0.12 to 0.21
Gmol/yr for DIP). The second stage was from the 1980-2010, during
which the DIN and DIP fluxes rapidly increased (by approximately 4 and
6 times, respectively, Table S5). The third stage was the last 10 years,
during which the DIN and DIP fluxes tended to be stable and growth tended
to decline. Between 2015 and 2019, while the annual average DIN flux was
stable, the DIP flux decreased by 0.39 Gmol/yr and 0.25 Gmol/yr in com-
parison with that in the 2010-2015 and 2010s periods, respectively
(Table S5). On the long-term time scale, the annual nutrient export from
the Changjiang River seems to have been influenced more by its concentra-
tion (r = 0.97, p < 0.01) than discharge (r = 0.20, p < 0.01).

Science of the Total Environment 872 (2023) 162268

Multiple regression analysis (ordinary least squares) and decomposed r-
squared values show that the reduction in P fertilizers contributed the most
to the decline in DIP flux (44.9 %), followed by DIP discharge from sewage
(pollution control, 24.9 %), groundwater (17.6 %) and water discharge
(12.7 %), while other factors had no significant impact (e.g., damming)
on the decline in DIP after 2015. And DIN Shapely values showed that N fer-
tilization (88.2 %) was also the main cause of the variation in DIN concen-
tration, followed by groundwater (6.38 %) and water discharge (5.43 %).

The different changes between N and P were also found in the nutrient
concentrations and fluxes in the up- and midstream reaches of the
Changjiang River (Fig. 5). From the 1960s to the 1980s, the DIN flux
increased in both upstream (by 1.6 times at Panzhihua Station and 4.0
times at Chongqing Station) and midstream (by 2.6 times at Yichang
Station and 2.0 times at Wuhan Station). The DIN flux increased by 2-3
times in the upstream and midstream regions during 1980-2000 (Fig. 5).
The changes in the DIP flux during the 1960-2000 were similar to those
of DIN, but the DIP flux in the up-, mid- and downstream reaches largely
decreased in 2017 compared to those in 1997 and 2008, which is different
from the continuous steady increase in the DIN flux (Fig. 5). The DSi flux
slowly decreased during the 1960s-1980s. Except for anomalously high
values in 1998 (flood year), DSi fluxes continued to decline from 1980 to
2000, but at a slower decline rate than in 1960-1980 (Fig. 5). After the
2000s, the change in DSi fluxes was less significant. It is thus clear that
the present fluxes of DIN and DIP from the Changjiang River to the estuary
have increased, and that of DSi have declined in comparison with the values
of 1960s.

There might have been no obvious change in DON and DOP based on
our measurements and few historical data (Liu et al., 2003; Fig. S5). Since
long-term measurements of DON and DOP in the Changjiang River are
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lacking, the variation in DON and DOP in recent decades remains largely
uncertain.

During the 1960s—-2000s, the molar ratio of DIN:DIP largely increased
from 125 in the 1960s to 201 in the 1970s and decreased to 98 in the
2000s, while that of DSi:DIN and DSi:DIP consistently decreased from 8.0
and 984 in the 1960s to 0.9 and 105 in the 2000s, respectively, in the
Changjiang mainstream (Fig. S6), resulting in excessive DIN. Meanwhile,
an obvious decline in the NH; -N:NO3 -N ratio was observed from 1.07 in
1963 to 0.03 in 2019.

4. Discussion
4.1. Change in nutrient limitations

Since the 1960s, the nutrient ratios in the Changjiang River had been
much higher than the Redfield-Brzezinski values of N:Si:P in a range of
16:(15- 20):1 (Brzezinski, 2004; Redfield et al., 1963). Although all the
observed nutrient concentration exceeded absolute limits of nutrient con-
centration (Justi¢ et al., 1995), the stoichiometric DSi:DIN, DSi:DIP and
DIN:DIP ratios showed obvious decadal variation in the Changjiang River.
Our high-resolution data indicated that after rapid increases in previous
decades, the variation of the DIN:DIP ratios have stabilized after 2000
(Fig. S6), in contrast to the observations of previous studies using limited
data (e.g. Wang, 2006; Liu et al., 2022a, 2022b). This change in nutrient
ratios could be largely due to the enhanced human activities, especially
the variation in fertilizer uses (Liu et al., 2018) and the construction of
dams (Ran et al., 2022). As a result, in the Changjiang River, nutrient limi-
tation has developed toward P and Si limitations (Fig. S7), characterized by
high DIN and low DIP and DSi concentrations (Figs. 4 and S2) (Wu et al.,
2019b). In recent years, fertilizers have shown a continuous reduction
trend, and DIP concentrations have decreased more significantly than
DIN (Fig. 4) due to the lack of agricultural groundwater replenishment
(Van Meter et al., 2016), which would exacerbate the imbalance of N/P
ratio. On the other hand, compared to N, P show preferential retention in
lacustrine systems (Wu et al., 2022). As a result, a large amount of TP
could be retained in the reservoir area (Tian et al., 2021). This process,
however, has contributed minimally to the trapping of DIN in the TGD
(Ding et al., 2019; Ran et al., 2017). The DIN:DIP in the Changjiang River
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could continue to increase in the future, particularly in the mid- and down-
stream reaches (Fig. S7) and in the estuarine system.

The long-term changes in the NH; -N:NO3 -N ratio and N* also reflect
the influences of recent prevention and control of water pollution and hy-
dropower projects on the Changjiang River during different periods (Xie
et al., 2008). The high NH, -N:NOj -N ratio at the Luzhou to Yichang
stations in both the normal and flood seasons (Fig. S2) could be largely
due to water pollution in the upper reach. Since the beginning of the 21st
century, some key policies have been implemented in the Changjiang
River, including the ‘Law of the People's Republic of China on Prevention
and Control of Water Pollution’ (National People's Congress Standing
Committee, 1996) and ‘Reduce total ammonia nitrogen’ (National People's
Congress, 2001), and have greatly alleviated pollution (Fig. S8). Human
activities through the improvement of urban sewage (decreased NH4 -N:
NO3 -N ratio) (Fig. 6; R? = 0.32, p < 0.05, n = 15) and application of
agricultural N fertilizer have changed the N source in the basin, causing in-
creased NO3 -N export, decreased NH; -N export and decreased NH; -N:
NO3 -N ratio and N* (R? = 0.17, p < 0.05, n = 15) in recent decades
(Fig. 6).

4.2. Drivers of changes in nutrient concentrations and fluxes

4.2.1. Damming effect

The concentrations of NO3 -N, DIN, TN, PN, DIP and PP decreased from
Fuling Station to Yichang Station (40 km downstream of TGD) (Fig. 2),
largely due to the retention effect of the TGD. After the implementation
of the TGD, the TP flux exported into the Changjiang River estuary
decreased by 12 % (Ding et al., 2019), which is close to our estimation. A
modeling study also showed that the TGD has contributed annually to
5 % of TN and 7 % of TP basin-wide retention (Liu et al., 2018), which
generally agrees with our observations. DIP and TP are more easily trapped
in reservoirs and have higher retention rates than DIN and TN. As a rough
estimation, the TGD played an important role in the trapping of the incom-
ing PP (0.32 x 10*t/yr PP) due to the trapping of suspended sediment and
more remarkable in the flood season (58.9 %) than in the normal season
(15.3 %), suggesting a fairly higher retention rate than that of dissolved
forms of nutrient. Nevertheless, the transformation of DON, nitrite and
ammonia to nitrate in the reservoir (Ran et al., 2017) may also lead to the
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Fig. 6. Scatter diagram of NH; -N:NO3 -N ratios and N* downstream of the Changjiang River during 1962-2019.
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longitudinal increase in NO3 -N in the downstream reach of the TGD
(Fig. 2), which is the balance between formation and retention of NO3 -N.
Since the operation of the TGD, the DSi concentration at Yichang Station
(downstream of the TGD) has decreased (Fig. 2 and Table S3), which is
consistent with previous observations (Ding et al., 2019). In the reservoir
area, the increased diatom biomass (Wang et al., 2022) can remove more
nutrients by sinking diatom detritus. However, this additional retention
for nutrients, especially for the particulate nutrients, is insufficient to
change the overall trend of N and P in the export due to the rapid increase
in delivery to the river.

4.2.2. Change in fertilizer application

The rapid increase in the N and P concentrations in the Changjiang
River is related to the intensive agricultural activities in the basin. With
low population density and agricultural activity (Liu et al., 2003), the
NOs -N, DIN, TN and DIP concentrations in the Jinshajiang River (headwa-
ter of the Changjiang River) upstream were much lower than those in the
mid- and downstream reaches (Figs. 2 and 5). The model simulations indi-
cated that agricultural surface runoff has accounted for 40 %80 % of TN
and 70 %-80 % of TP delivered by rivers since 2000 (Liu et al., 2018).
The midstream TN and TP concentrations were thus higher in these areas
than in other reaches (Fig. 2). Studies have shown that the increases in
NO;3 -N and DIN concentrations in the Changjiang River Basin during
1958-1985 have significant positive correlations with the use of chemical
fertilizers in the basin (Duan et al., 2007). The rapid increases in the DIN
and DIP concentrations were also consistent with the increases in fertilizer
application, agricultural area and urban sewage discharge during
1980-2000 in the Changjiang River (Fig. S9). Over the past 40 years,
agricultural fertilizers have shown a significant correlation with the con-
centrations of DIN, DIP and N* (Fig. S8). However, the average fertilizer
uses during 2016-2019 decreased by 1.8 Mt./yr compared to 2010-2015.
As a general estimation using the same proportion modeled by Liu et al.
(2018), the decline in fertilizer use in recent years could result in a reduc-
tion of P export by —0.32 - -0.28 Gmol/yr, and the decline rate was approx-
imately —5 %/yr in recent years. A further decline in P flux in the
Changjiang River might occur due to the continuous reduction of P fertil-
izer in the basin (Fig. $10). Similar N and P flux trends were also observed
in the Yellow River (Wu et al., 2021).

4.2.3. Contribution of groundwater and wastewater discharge

TN concentrations in groundwater along the Changjiang River in both
the normal (Table S6) and flood seasons (Table S7) were 3—4 times higher
than that in the river, while the groundwater TP concentration was similar
to that in the river, which suggests that excessive N in groundwater may be
an important supply of N in the river. P has a much lower movability than N
in the river basin due to the difference in chemical activities (Alexander
et al., 2008), which regulates the abundance of P in the groundwater.
And anthropogenic sources, including agricultural, industrial, and aquacul-
tural activities, can result in the enrichment of N (Shuler et al., 2017).
Groundwater receives nutrient inputs mainly from leaching (Puckett
et al., 2011). The residence times of groundwater vary from years to
decades or even longer, and this means that large N and P amounts are
tend to store in aquifers in the river basin. This legacy implies that the
surface water concentrations will persist for decades even after the fertilizer
inputs have ceased (Van Meter et al., 2016). Although the exchange of
groundwater with surface water in the Changjiang River Basin is declining
(Fig. S9), groundwater remains an important source of N for surface water.

The DIN and TN concentrations downstream remained high (Fig. 2),
which is partly due to industrial production and urban sewage discharge
(Liu et al., 2018). In the Changjiang River Basin, the share of wastewater
discharge contributed to 9 % for N and 11 % for P (Liu et al., 2018). How-
ever, despite the increase in sewage fluxes, total N discharged from sewage
was reduced by half during 2016-2019 (0.53 Mt./yr) compared to
2011-2014 (1.17 Mt./yr) (Fig. S9) due to the improvement of wastewater
treatment efforts (Liu et al., 2022a, 2022b). Moreover, waste produced in
the P industry including tailing pond leakage, ore mining and wastewater
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discharge are decreased due to the special action launched by government
(Xu et al., 2018). In contrast to the decline in DIP flux in recent years, we
consider that the N stabilization is largely attributed to the replenishment
of excess N in agricultural groundwater. Similar to the Mississippi River
in the 1970s, previous rapid fertilizer growth allowed N to enter the
groundwater and hindered N decline in the Changjiang River (Liu et al.,
2018), thereby contributing to a more stable riverine N flux.

4.2.4. Contribution of changes in basin management

Land-use change is a major factor that influences nutrient export in the
Changjiang River Basin (Zhang et al., 2021a, 2021b). In recent years, the
decrease in the agricultural land area might reduce the supply of N and P
from the basin soil to the river water in the Changjiang River Basin
(Fig. S9). And the recent policy change, such as reducing fertilizer use
and reducing TP in sewage (Figs. S9 and S10) could alleviate P pollution
in the Changjiang River. Nevertheless, these policy strategies of both reduc-
tion N and P supply, which have only been implemented in the last 5 years,
did not simultaneous reduce the concentrations and fluxes of DIN (Fig. 4
and Fig. 5) and TN due to the significant contribution of agricultural activ-
ities to N flux.

The Changjiang River is classically seen as a large high-nutrient river,
which previous studies have predicted will further increase (Blaas and
Kroeze, 2016; Liu et al., 2018). However, in this study, we observed a prob-
able decrease in the delivered P in the Changjiang River from 2015 to 2019.
We consider that the decline in P (mainly DIP) may be related to some
recent policies (e.g., decreased agricultural area, increased forestry area,
decreased fertilizer application and N and P discharge from sewage
(Figs. S9 and S10). Before 2000, N fertilizer consumption has been increas-
ing faster than cereal yield gains, triggering a steady decline of N use
efficiency in cereal systems in China (Heffer and Prud’homme, 2016). In
developed countries, N use efficiency has undergone steady improvement
over the past three decades, driven by the adoption of fertilizer best man-
agement practices. Similar trends are observed for N fertilizer applied to
maize in the United States, wheat in West Europe or rice in Japan (Fixen
et al., 2014). However, a reversal of trend is observed after 2000, reflecting
the government’s new focus on resource efficiency. From 1998 to 2016, the
utilization efficiency of fertilizer in China increased from 29.1 % to 39.8 %
(He et al., 2019). Meanwhile, N use efficiency in croplands increased from
22 % to 30 % from 2002 to 2015 (Omara et al., 2019). And, the use of N
fertilizer in China (kg yield/kg N) decreased obviously (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).

Multiple regression analysis of the above influencing factors with DIP
fluxes was performed using a Shorrocks-Shapely decomposition of R-
squared values. The results show that the main reason for the decline of
DIP flux is the decline in phosphate fertilizer and wastewater discharge,
with less effect of natural factors such as changes in groundwater and
runoff, while other factors had no significant impact (e.g., damming) on
the decline in DIP after 2015. The factor of DIN flux reduction is also mainly
the reduction of nitrogen fertilizer, and the effect of sewage discharge on N
seems to be more retarded than P. There are still some uncertainties in our
assessment of the contributing factors that result in DIP and DIN decline
due to the limited amount of data. Our estimation is reasonable because
riverine P and N is dominated by fertilizer contributions (Liu et al.,
2018), and there was no large reservoir operation during 2015-2019 on
the Changjiang River.

4.3. Comparison with other major rivers

Similar variations in riverine fluxes of N and P influenced by anthropo-
genic inputs have been observed in the major rivers worldwide. Compared
with the rapid growth of nutrients in Asian rivers (such as the Changjiang
River and Mekong River) in recent years (Li and Bush, 2015), the slow
growth of nutrients in European rivers (Ludwig et al., 2010) may be related
to a series of N and P bans issued by the European Union to control water
eutrophication since the 1980s (Ludwig et al., 2010). Again, in comparison
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with Asia, the relatively higher wastewater treatment efficiency in Europe
was also an important factor that contributed to the decline in nutrient
yield. Although the fluxes of nutrients in the Changjiang River are signifi-
cantly higher than those in other rivers in the world, the fluxes of nutrients
per capita area are lower than the world average level (Table S8).

Many other large rivers in the world, including the Rhine, Ebro, Yellow,
Guadalquivir and Seine Rivers, have experienced reduction in fertilizers ap-
plication during the past decades (Fig. S11). We found that the decrease
rate of P concentration in these rivers increased in the first 10 years after
the implementation of the fertilizer policy (Fig. 7), while the change rate
of N concentrations has not change significantly, mainly due to N legacies
in the soil and groundwater that can serve as a stable and long-term sources
to surface waters. The Changjiang River, which is experiencing what these
rivers have experienced, is likely to continue to decrease in P in the future
after a series of changes in basin management including fertilizers reduc-
tions and land use change, while significant reductions in N may take
>10 years (Van Meter et al., 2018). In other words, current reductions in
N use may have little effect on short-term changes in N loading at the catch-
ment outlet.

The unbalanced nutrient ratios in the river have become more serious in
recent decades, especially for the ratios of DSi:DIN and DSi:DIP in most
world rivers. In less disturbed rivers, such as the Amazon and Zaire rivers
(Lin et al., 2019;), the DSi:DIN (~8.8:1 and 26:1, respectively) and DSi:
DIP ratios (~100:1 and 190:1, respectively) are higher than those in
other rivers (Ludwig et al., 2009). For the rivers in developed areas, such
as the Mississippi (Chen et al., 2012), Rhine (Loos et al., 2009) and
Rhone (Moutin et al., 1998) rivers, the DSi:DIN and DSi:DIP ratios are the
lowest and close to the Redfield-Brzezinski ratio. In the Changjiang River
and other Chinese rivers (e.g., the Pearl River and Yellow River) compared
with other world rivers, the DSi:DIN ratio was lower, whereas the DSi:DIP
and DIN:DIP ratios were higher, resulting in relatively high P limitation in
these Chinese rivers. The unbalanced DSi:DIP and DIN:DIP ratios and
increased DIN fluxes from Chinese rivers might be responsible for many
environmental problems in coastal seas (Li et al., 2014). With the projected
decreasing demand for fertilizer in the river basin, decline in P and NH, -N
will continue in the coming decades. Although implementation of the
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government's sustainability policies leads to declining DIP loads, the trajec-
tory of high DIN:DIP ratios will persist in the near future. The Changjiang
River and its estuary would also encounter fairly high DIN discharge issues
with considerable agriculture in the next two decades, compared to other
major rivers around the world. Policies to reduce nitrogen export and to im-
prove fertilizer and manure use efficiencies are thus particularly important,
especially in the midstream and upstream.

4.4. Implications for the East China Sea

Affected by the incongruous changes in N, P and Si concentrations, the
composition of nutrients downstream of the Changjiang River has changed
largely during the past 60 years (Fig. 4). These changes in nutrient may fur-
ther strengthen the P limitation in the Changjiang River in the future. En-
hanced P limitation could contribute to changes in the environment of
the estuary and coastal areas, such as the enhancement of seasonal hypoxia
(Gan et al., 2014). Our results also suggest that increased riverine N and P
fluxes could also lead to enhanced deoxygenation based on the relationship
between riverine nutrient export and hypoxia, especially the increase in
river P export (Fig. S12).

With the increases in nutrient loadings, the frequency and area of red
tides in the Changjiang River estuary and adjacent waters have increased
obviously in recent decades (Jiang et al., 2014; Xu et al., 2020; Wang et al.,
2023). And the imbalance of the nutrient structure in the Changjiang River
could also cause important changes in the community structure of phyto-
plankton in coastal ecosystems (Wang et al., 2021b; Xiao et al., 2018). Our
results show that the increase in riverine nutrient fluxes could increase
primary productivity but reduce biodiversity in the Changjiang River Estuary
(Fig. S12). Both the decreased DSi flux and increased DIN flux in recent years
could reduce the number of diatoms and enhance the number of dinoflagel-
late species (Fig. S12). A strong positive relationship is also observed between
the DIN and DIP concentrations of Changjiang River and the frequency or
scale of HABs in the Changjiang estuary, indicating that land-based nutrients
played a crucial role in the occurrence of HABs.

Our understanding of changes in nutrient ratios and fluxes in a major
river is important for understanding riverine and coastal nutrient budgets

:\o\ 80 (a) B Ebro River P Rhine River
= PP 4 A Guadalquivir River ¥ Seine River
'; —; 40 A @ Changjiang River + Yellow River
25 > .

52 0 > i > A
5 g y=-4.61x-3.32 y=-6.57x+17.98
g g -40 - R?=0.32 R?=0.31
=)
- -80 — ¥
. I T I T I T I
10

s

=)
£ S
o X
2z
< O
2 = I 5 SO U N SN S, A "N
< £ =-1.45x+7.50 N M
=) E y=-1.45X . : . = -

v O [
ks 5-30— R?=0.18 + L+ * y=1.07x-4.61
o R?=0.10
“ -60 T ' T ' T ' T
-20 -10 0 10
AT
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and mitigating eutrophication. Several significant conclusions and
questions arise from our analysis of nutrient transport, and the effects of
human perturbations may help to guide future research. For example, it
has only recently become clear that the delivery of P is highly dependent
on the variation in human activities in the river basin (Wu et al., 2022).
Studies designed to examine the mechanisms and ecosystem influence of
these changes in nutrient patterns are needed to assess how future human
activities will amplify and dampen nutrient transport from major rivers
and its impact.

5. Conclusions and remarks

This study showed an overview of the spatial pattern, temporal varia-
tion, and drivers of nutrient concentration and export for the Changjiang
River. We explored 60-year time series nutrient to assess how nutrient
change in this major river. We saw that nutrient concentration, form and
export have varied over time, which would affect the river and coastal
ecosystems.

Over the past 60 years, the DIN and DIP concentrations and fluxes of the
Changjiang River experienced slow increases during 1960-1980 and rapid
increases during 1980-2000; in recent 5 years, P decreased, while N and Si
remained stable. Although NO3 -N and DIP have shown an increasing trend
inrecent decades, a different trend between DIN and DIP has been observed
recently. The relatively slow increase in DIP suggests that a turning point of
DIP change since 2015 compared with DIN might have occurred in the
Changjiang River. Si and P limitations have been enhanced. The decline
in P fertilizer contributed approximately 55 % to the decrease in DIP flux
during 2015-2019 in the Changjiang River.

NH. -N rapidly decreased between 2015 and 2020, which implies a
change in the N form composition with a much lower NH; -N:NO3 -N
ratio than a few decades ago and an improvement in water quality. This
change in N species may be responsible for the recent decreases in fertilizer
and pollutants in the Changjiang River Basin.

The rapid alteration of nutrient transport in this large river is taken as an
indicator of the complex transformation in nutrient concentrations and
fluxes in the river basin. The nutrients in the Changjiang River may change
differently due to the continuous promotion of protection policies made by
the Chinese government and an increase in public environmental aware-
ness. Recent observations of nutrient concentrations in the major rivers
indicate that decreasing P loading could occur in the future if changes in
fertilizer use are implemented. These change in nutrient deliver of river
basins and estuaries need to be considered when assessing the impact of
human activities for coastal ecosystem.
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