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a b s t r a c t

Nitrogen (N) and phosphorus (P) flows from land to sea in the Yangtze River basin were simulated for
the period 1900e2010, by combining models for hydrology, nutrient input to surface water, and an in-
stream retention. This study reveals that the basin-wide nutrient budget, delivery to surface water,
and in-stream retention increased during this period. Since 2004, the Three Gorges Reservoir has
contributed 5% and 7% of N and P basin-wide retention, respectively. With the dramatic rise in
nutrient delivery, even this additional retention was insufficient to prevent an increase of riverine
export from 337 Gg N yr�1 and 58 Gg P yr�1 (N:P molar ratio¼ 13) to 5896 Gg N yr�1 and 381 Gg P yr�1

(N:P molar ratio¼ 35) to the East China Sea and Yellow Sea (ECSYS). The midstream and upstream
subbasins dominate the N and P exports to the ECSYS, respectively, due to various human activities
along the river. Our spatially explicit nutrient source allocation can aid in the strategic targeting of
nutrient reduction policies. We posit that these should focus on improving the agricultural fertilizer
and manure use efficiency in the upstream and midstream and better urban wastewater management
in the downstream subbasin.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nitrogen (N) and phosphorus (P) are essential nutrients
required for living organisms and often limit primary production in
terrestrial and aquatic ecosystems (Elser et al., 2007; LeBauer and
Treseder, 2008). Modern human activities demand higher food
and energy production, which helps accelerate N and P mobiliza-
tion throughout the hydrosphere (Bouwman et al., 2009). Activities
including fertilizer and manure use, fossil fuel consumption, the
cultivation of leguminous crops, and wastewater discharge have
more than doubled the rate at which biologically available nitrogen
enters the terrestrial biosphere with respect to preindustrial levels
(Galloway et al., 2008). This anthropogenic nutrient mobilization
Ltd. This is an open access article u
has led to eutrophication and oxygen-depletion of freshwater and
coastal marine ecosystems (Diaz and Rosenberg, 2008), whose
manifestations include changes in the structure of the food webs,
loss of biodiversity, the eventual formation of toxic algae blooms,
and a decline in fish production (Rousseau et al., 2000; Turner et al.,
1998).

This change has been especially dramatic in China, where net
N production increased from 9 Tg N yr�1 to 56 Tg N yr�1 from
1910 to 2010 (Cui et al., 2013; Gao and Wang, 2008; Howarth
et al., 1996; Yan et al., 2010). In the Yangtze River basin (YRB),
demographic growth and socioeconomic activities have risen
drastically during the past century, especially since 1978. The
total population dwelling by the main stream of the Yangtze
River increased by 134% from 213 million in 1949 to 498 million
in 2010 (Committee, 2014b). In the East China Sea, the frequency
of harmful algal blooms (HABs) has increased by a factor of 3
every decade since the 1970s (Tang et al., 2006). In 2003, 119
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HABs events were reported in all Chinese coastal areas, of which
89% were in the East China Sea (China, 2009; Tang et al., 2006).
Reported red tide occurrences in the Yangtze estuary region
increased from 29 in the 1980s to 195 in the 2000s (China, 2009).

Existing studies of nutrient transport within the Yangtze River
have primarily focused on the nutrient load at the river mouth (Dai
et al., 2010; Li et al., 2007; Qu and Kroeze, 2012; Xu et al., 2013) or
specific upstream monitoring stations or reaches (Cui et al., 2013;
Duan et al., 2008; Tong et al., 2017; Wang et al., 2016; Yan et al.,
2003; Zhiliang et al., 2003). Furthermore, these studies of YRB
nutrient loading, retention, and export are either based on the
measurements at Datong station or on subbasin-scale regression
models that only stimulate one or two specific years.

Available studies lack spatiotemporal scales to analyze inter-
annual patterns of river biogeochemistry and nutrient sources/
exports under changing human pressures. In this paper we focus
on the Yangtze River, the main water body draining into the East
China Sea and Yellow Sea (ECSYS). This study uses the Integrated
Model to Assess the Global Environment - Global Nutrient Model
(IMAGE-GNM; Beusen et al., 2015), which couples models for
hydrology and nutrient delivery to surface water with in-stream
biogeochemistry and retention in a spatially explicit manner. We
evaluate the changes in the various N and P sources and export to
the coast for the period 1900e2010, with special attention to the
impact of the Three Gorges Reservoir (TGR) (completed in 2004).
Simulation results are compared to nutrient measurements from
both upstream stations and the mouth. This study consists of two
parts: (i) applying the model to identify the spatial distribution
of nutrient sources and nutrient delivery for the upstream,
midstream and downstream subbasins for the period
1900e2010, and (ii) analyzing the nutrient retention in water-
bodies and export to ECSYS, including the effects of Three Gorges
Dam (TGD).
Fig. 1. Location of the monitoring sta
2. Methods

2.1. Study area

The Yangtze River is the largest river in the Eurasian continent,
covering an area of 1.8� 106 km2, with an average annual discharge
of 892 km3 for the period 1950e2010 (Committee, 2015) and a
length of the main stream of 6400 km (Fig. 1). The YRB covers 20%
of the Chinese land area, hosts 35% of the nation's population and
receives 32% of the Chinese fertilizer inputs (Xing and Zhu, 2002).
For our analysis, the YRB was divided based on watershed bound-
aries into three parts (Fig. 1), the upstream (upstream of Yichang),
midstream (between Yichang and Hukou) and downstream
(downstream of Hukou) subbasins (Wang et al., 2008).

2.2. IMAGE-GNM model

IMAGE-GNM is a spatially distributed model with an explicit
0.5-degree resolution. This grid cell-based model simulates the N
and P delivery to surface water via surface runoff, shallow
groundwater and deep groundwater. The IMAGE-GNM model
couples the IMAGE integrated assessment model (Stehfest et al.,
2014) with the global hydrological model PCR-GLOBWB (Van
Beek et al., 2011). PCR-GLOBWB provides the water flux direction,
discharge, surface water area, flooding area, lakes and reservoirs
information, depth of water bodies and residence time of water
bodies. IMAGE simulates the land use change and provides the
climate data, and IMAGE-GNM calculates the soil N/P budget
arising from diffuse sources (agricultural systems, natural systems,
vegetation in flooded areas, deposition) and point sources (aqua-
culture, wastewater urban areas). After calculating retention in
waterbodies (streams, rivers, floodplains, lakes, and reservoirs),
each grid cell receives all the N and P output from all upstream cells
tions in the Yangtze River basin.
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and the N and P input from sources within the grid cell. For each
grid cell, the nutrient and water flow pathway is given (Fig. SI1).
Fig. SI2 indicates the data flows between PCR-GLOBWB and IMAGE.
Additional details on the model are given in SI1.

IMAGE-GNM includes (i) N and P delivery from agricultural and
natural land systems, via runoff to surface water and via leaching
through shallow groundwater and deep groundwater, riparian
zones and finally to surface water, (ii) N and P delivery from
wastewater discharge and aquaculture, (iii) nutrient input from
allochthonous organic material from vegetation in floodplains, (iv)
N inputs from atmospheric deposition to terrestrial surfaces and
water bodies, and (v) the nutrient spiralling method (Newbold
et al., 1981; Wollheim et al., 2008) to calculate the in-stream N
and P retention. For details on input and ancillary data we refer to
Beusen et al., (2015). Land use and climate data are obtained from
the IMAGE model (Stehfest et al., 2014).

Observations of annual discharge, concentrations of dissolved
inorganic N (DIN, consisting of nitrate, ammonium and nitrite) and
dissolved inorganic P (DIP) were collected from the Yangtze Water
Resources Commission (CWRC) and published literatures (See SI2).
Total N (TN) and total P (TP) concentrations were obtained by using
TN:DIN and TP:DIP ratios from the literatures, see SI2. Nutrient
input and output data were obtained from provincial-scale Chinese
statistics (China 2014a, 2014b; Committee, 2014a). The start year
depends on the data availability. When possible, we use 1961,
otherwise the earliest available year. Missing years are interpolated.
For years preceding the first available year, we combine the dis-
tribution of subnational data for the first available year together
with FAO data for the whole country for the specific preceding year.
If data for similar categories is available (e.g. livestock data for
estimating feed use), the trend for that item is used to compute
preceding years for the itemwith missing data. The provincial data
are scaled so that the national total for China matches the FAOSTAT
data (Bouwman et al., 2005). Data for the period 1900e1961 is from
a recent study (Bouwman et al., 2013). We validated our model by
calculating the root mean square error (RMSE) with respect to
measured nutrient loads (see SI3.1).

The model sensitivity for the years 1900, 1950 and 2000 was
investigated using the Latin Hypercube Sampling method, with
uncertainty ranges for 48 input parameters for N and 34 for P
(SI3.2). The standardized regression coefficient (SRC) was calcu-
lated to represent the relative sensitivity of output to the variations
of model input parameters.

3. Results and discussion

3.1. Comparison with measurements

For the 1960e2010 period, the model predictions generally
agreewith the observed data at themonitoring stations (Fig. 2). The
RMSE for the discharges are 20%, 24%, 10%, and 11% for the Cuntan,
Yichang, Wuhan, and Datong stations, respectively. The modelled
discharge matches better with the observations (Committee,
2014c) at downstream stations than at upstream stations. The
annual trend is well represented, although the model slightly un-
derestimates the discharge at Cuntan and Yichang stations.

The simulated TN load also agrees fairly well with observations
(Fig. 2b,f,2h,2k). The RMSE for TN are 49%, 98%, 79% and 40% for the
Cuntan, Yichang, Wuhan, and Datong stations, respectively. The
uncertainty in the measurement data is shown by comparing
different annual TN load estimates (Fig. 2n) obtained from different
literature sources (SI2). The simulated TP load does not unreason-
ably deviate from the observed data at Datong (Fig. 2). The RMSE for
TP are 226%, 238%, 227% and 62% for the Cuntan, Yichang, Wuhan
and Datong stations, respectively. For the simulated period
1900e2010, there is a rapid increase of both the TN and TP loads
after 1978 at all the stations, as is well reproduced by the model.
However, we calculate on an annual basis, which may not appro-
priately capture short-term observations (due to, for example,
flooding or dry months). Furthermore, the subbasins with a higher
mismatch cover a smaller number of grid cells, which entails more
uncertainty.

The discrepancy between simulations and observations for TP in
upstream stations can be also partly attributed to the fixed TP/DIP
ratio (Yang et al., 2008) used to estimate TP, which may be different
for the various hydrogeological settings (e.g. sediment loads).
However, these have not been measured for the different river
segments or subbasins. Furthermore, the overestimation of the TP
load may result from downscaling during the soil TP budget
calculation and scarcity of measurements. This scaling problem
arises as the provincial-wide fertilizer, livestock, and crop produc-
tion data are allocated to grid cells with agricultural land use ac-
cording to the IMAGE model. This may lead to overestimations for
regions upstream of Cuntan where the actual dominant landscape
is natural forest in mountainous areas (Su et al., 2017) (SI5, Movie
SI3). The discrepancies between model and observations, howev-
er, do not affect our main conclusion that the agricultural fertilizer
and manure use dominate in the upstream and midstream and
point sources in the lower subbasin (see below).

3.2. Spatial-temporal variations of the nutrient sources

The whole-basin soil N budget increased almost 10 fold from
1.5 Tg N yr�1 in 1900 to 14.2 N Tg yr�1 in 2010 (Fig. 3a), particularly
after 1970. With expanding agricultural activity and massive
amounts of chemical fertilizer use, the soil N budget increased
dramatically after 1980 in many parts of the YRB (SI5, Movie SI2).
The soil P budget for the YRB went from slightly negative to 1.7 Tg P
yr�1 for the period 1900e2010 (Fig. 3b). Prior to 1970, the P soil
budget was negative inmost grid cells, due to no fertilizer input and
leading to soil P mining (SI5, Movie SI3). However, nutrient inputs
may be underestimated as we did not include the use of human
excreta in agriculture (FAO, 1977).

The nutrient soil budget, delivery, and river export (Fig. 3a and
b) rapidly diverge after 1980, which results from N and P accu-
mulation in soils and groundwater systems and the inability of the
river biogeochemistry to retain the increasing nutrient delivery.
Parallel to the nutrient budgets, the modeled N and P delivery to
surface water in YRB was stable for the period 1900e1970, and
started to accelerate after the 1970s in most places (SI5, Movie SI4,
5). Along with the increasing delivery since the 1970s, agricultural
activities were the dominant source for N and P to the surfacewater
in most parts of the YRB (SI5, Movie SI 6,7). Groundwater discharge
from agricultural areas became the dominant N source in most grid
cells and runoff from agricultural land became the dominant P
source after 1970 (Fig. 3c). The sum of surface runoff and ground-
water from land under natural vegetation was stable at about
325 Gg N yr�1 and 18 Gg P yr�1 during 1900e2010 (Fig. 3c). How-
ever, the share of these natural sources to total surface water de-
livery decreased sharply during this period from 52% to 5% for N
and 16%e2% for P. In contrast, agricultural sources increased 31 fold
from 221 GgN yr�1 to 6791 Gg N yr�1 and 10 fold from 58 Gg P yr�1

to 587 Gg P yr�1 (Fig. 3d). The agricultural share of total delivery to
rivers increased continuously from 38% to 83% for N and from 55%
to 81% for P. These trends follow the Chinese agricultural devel-
opment during the 20th century, which not only was the main
economic driver during this period, but also saw a rapid techno-
logical increase after 1970s (Zhao et al., 2008).

The contribution of natural vegetation in floodplains decreased
from 48 GgN yr�1 to 28 Gg N yr�1 and from 4 Gg P yr�1 to 2 Gg P



Fig. 2. Comparison of measurements (blue dots) and modeled (black line) discharge, TN load and TP load in the stations of Cuntan (a-c), Yichang (d-f), Wuhan (g-i) and Datong (j-l)
for the period 1900e2010; and relationships between observed and modeled discharge, TN and TP loads for all data for all the stations (m-o). The black dashed line is the 1:1 line.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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yr�1 (Fig. 3c). Its share decreased from 8% to almost 0% for N and
from 4% to almost 0% for P, mainly due to the increasing contri-
bution from agricultural land and the construction of dams, which
lead to a regulation of river discharge and thus decreasing flooding
areas.

The contribution of point sources (sewage) for the 1900e2010
period increased three orders of magnitude from 2GgN yr�1 to
505 Gg N yr�1 and 0e64 Gg P yr�1. With lagging wastewater
treatment, rapid urbanization led to increasing amounts of un-
treated human waste which was discharged to surface water
directly. The share of sewage increased from 1% to 9% for N and
from 0% to 11% for P. The contribution of direct atmospheric
deposition on waterbodies increased from 5GgN yr�1 to 57 Gg N
yr�1, but its share was stable due to the proportional increase of the
total N sources.

Nutrients from aquaculture showed a dramatic increase from



Fig. 3. (a) N and (b) P soil budget, loads to rivers and exports to mouth for the Yangtze
river basin for the period 1900e2010; river TN and TP delivery to surface water from
different sources for the period 1900e2010 for the whole basin (c,d), the upstream
subbasin (e,f), the midstream subbasin (g,h), and the downstream subbasin (i,j); N and
P export from the upstream, midstream and the whole Yangtze River basin during the
period 1900e2010 (k,l).
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1950 to 2010 of 1 Gg N yr�1 to 415 Gg N yr�1 and from 0 to 47 Gg P
yr�1. For this period, aquaculture's contribution to total delivery
increased from 0% to 7% for N from 0% to 9% for P. This is also re-
flected in recent statistical trends for Chinese agriculture, with the
contribution of fisheries steadily increasing its share within total
agricultural production (Zhao et al., 2008).

The contribution of the various nutrient sources to the Yangtze
River varied in different subbasins (Fig. 3; Fig. SI4,5,8). The shares of
upstream andmidstream to total N delivery for thewhole YRBwere
about equal in 1900 (49% for upstream, 46% for midstream) with a
small share of the downstream subbasin (5%), whereas the
midstream subbasin became the main source of N delivery to sur-
face waters from 1955. In 2010, 55% of the total N delivery to the
Yangtze was from the midstream, and 39% from the upstream, and
6% from the downstream subbasin. The upstream subbasin was the
main source of P delivery to the Yangtze with a stable share of
around 57% during the period 1900e2010. The midstream and
downstream subbasins saw a share change of P delivery from 35%
to 39%, and from 11% to 6%, respectively.

Within the upstream subbasin, agricultural N sources (ground-
water and surface runoff) became dominant from the 1970s, and N
from sewagewater became the third dominant source since around
the year 2000 (Fig. 3e). P from surface runoff in agricultural areas
remained the dominant source throughout the entire simulation
period, and increased rapidly since 1980 due to the increasing use
of fertilizer and manure from livestock (Bouwman et al., 2013) due
to the increase of animal production. P from sewage (mid 1990s)
started to exceed weathering and became the second dominant
source, while other primarily natural sources remained stable, a
direct consequence of increasing urbanization even in the upper
portions of the YRB.

In the midstream subbasin, N from groundwater and surface
runoff in agricultural areas started to increase rapidly in the 1970s.
P delivery in the midstream subbasin follows the same trend as in
the upstream subbasin, with sewage and aquaculture becoming the
second and third dominant sources in the 1990s.

Results for the downstream subbasin are quite different from
the upstream and midstream subbasins. N from groundwater in
agricultural areas had been the dominant source in the down-
stream subbasin since the 1950s. N from sewage and groundwater
in agricultural areas formed the dominant sources since the 1970s.
P from surface runoff in agricultural areas was the dominant source,
but its share in total P delivery decreased during the period
1900e1970 due to the shrinking agricultural areas. P from sewage
and surface runoff in agriculture were the first and second domi-
nant P sources since the 1980s. Aquaculture in the downstream
subbasin has significantly increased nutrient delivery since 1990,
becoming the third dominant source for P since 1992.

Groundwater receives nutrient inputs from leaching, especially
in unconfined shallow aquifers under croplands (Puckett et al.,
2011; Zhang et al., 2017). The residence times vary from years to
decades or longer, and this means that large N and P amounts are
temporarily stored in aquifers. This legacy implies that the surface
water concentrations will persist for decades even after the fertil-
izer inputs have ceased (Sharpley et al., 2013; Van Meter et al.,
2016). IMAGE-GNM accounts for the legacy of past agricultural N
and P management. For N, legacies are related to the travel time of
water and nitrate in aquifers, which typically exceeds the yearly
timescale. In 1900, we calculated a temporary storage of 71 GgN
yr�1, which rose to 3026 Gg N yr�1 in 2010, with a cumulative
amount of 17797 Gg N over the whole 1900e2010 period. For P,
IMAGE-GNM tracks all inputs and outputs in the soil P budget,
which includes the effects of P accumulation and retention (from
negative in 1900 to 1497 Gg P yr�1 in 2010) in soils. These nutrients
may thus be released into the fluvial system in the coming decades,
even if policies to reduce N and P overuse in agriculture are
implemented now. GNM does not include direct manure discharge
into the river, since we concluded that its influence on the N and P
cycling in the YRB has been only minor in the 1970e2010 period
and it is most probably declining due to government policies (see
SI3.3).

3.3. Nutrient retention and export

3.3.1. Nutrient retention in waterbodies
The whole-basin retention in the Yangtze for 1900e2010

increased 9 fold from 239 Gg N yr�1 to 2252 Gg N yr�1 and 7 fold
from 49 Gg P yr�1 to 348 Gg P yr�1 (Fig. 4a,c). In contrast, due to
increasing N concentrations and the removal of electron donors,



Fig. 4. (a) Total retention of N and the river basin N retention fraction, and (b) fraction of retention in streams/rivers, lakes and reservoirs in total basin; (c) total retention of P and
the river basin P retention fraction, and (d) fraction of retention in streams/rivers, lakes and reservoirs in total basin. Yellow bar indicates the filling stage of the TGR; (e) Retention of
N and (f) N retention fraction of midstream and downstream subbasins; (g) Retention of P and (h) P retention fraction of midstream and downstream subbasins for the period
1900e2010. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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denitrification rates dampened (equation 5) and thus the fraction of
N retained decreased from 41% in 1900 to 28% in 2010. For P, it
remained constant at 48% during the whole period (Fig. 4a,c).

During this same period, total retention in streams and rivers of
the YRB increased from 155 Gg N yr�1 to 747 Gg N yr�1 and from
38 Gg P yr�1 to 154 Gg P yr�1. However, the share of this retention
decreased from 65% to 33% for N and from 76% to 44% for P
(Fig. 4b,d). Total retention in lakes increased from 85 GgN yr�1 to
863 GgN yr�1 and from 12 Gg P yr�1 to 87 Gg P yr�1, with the share
of retention in lakes increasing from 35% in 1900 to 42% in 1996 and
then decreasing to 38% in 2010 for N, while it remained steady at
24% during the entire 1900e2010 period for P (Fig. 4b,d). The
retention in reservoirs increased rapidly from 0 to 642 GgN yr�1

and from 0 to 107 Gg P yr�1. The share of retention in reservoirs to
the total retention increased from 0% to 28% for N and from 0% to
31% for P (Fig. 4b,d).
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Total retention in the three subbasins increased both for N and P,
but the fraction of nutrients removed in each subbasin has fluctu-
ated (Fig. 4f,h). The upstream N retention fraction decreased from
35% in 1900 to 26% in 2010, increased from 51% to 58% in the
midstream subbasin, and was constant at 15% in the downstream
subbasin. For P, the contribution of upstream retention was con-
stant at 46% throughout the period 1900 to 2010, increased from
39% to 46% for the midstream subbasin, and decreased from 18% to
11% for the downstream subbasin.

Total N retention in the TGR increased from 1GgN yr�1 in 2003
to 90 Gg N yr�1 in 2004 and from 0.2 Gg P yr�1 in 2003 to 20 Gg P
yr�1 in 2004 (Fig. 5a and b). This increase in nutrient retention was
mainly due to the infilling of the TGR, and contributed 5% for N and
10% for P of the nutrients load into the TGR (Fig. 3a and b). Our
estimate of N retention is fairly close to the observation (6%) of TDN
(the dominant form of N) in the TGR (Ran et al., 2017). The P
retention is lower (circa 44%) than a measurement performed in
April 2004 (Ran et al., 2016) but higher than a measurement (circa
4.91%) in 2003 when the TGR impoundment occurred (Sun et al.,
2013). Due to the increase of N and P retention in the TGR, the N
concentration increased by 39% from average 4.3mg L�1 in 1900s to
6.0mg L�1 after 2003 and the P concentration by 34% from
0.5mg L�1 in 1900s to 0.7mg L�1 after 2003 (Fig. 5c and d). The
contribution of TGR to thewhole-basin retention increased from 0%
before impounding to approximately 5% for N and 6% for P after the
impounding. The TGR reduced the nutrient load to the downstream
part of YRB, but its differential nutrient retentionmay lead to a high
risk of eutrophication within the reservoir itself.

3.3.2. Nutrient export to lower subbasin and the ECSYS
For the 1900e2010 period, the river N export at Yichang

increased 13 fold from 196 Gg N yr�1 to 2562 Gg N yr�1 (17 fold
339e5714 Gg N yr�1 at Hukou, 17 fold 337e5896 Gg N yr�1 at the
mouth) (Fig. 3k). The difference between Yichang and Hukou can be
attributed to the increasing N contribution from the midstream
Fig. 5. N (a) and P (b) retention and TN (c) and TP (d) concentrations in the TGR for the per
TGR, and the concentration as the average of all TGR grid cells.
subbasin. The N export to the ECSYS stems mainly from the
midstream subbasin.

The P export at Yichang increased 7 fold from 37 Gg P yr�1 to
249 Gg P yr�1 (56e377Gg P yr�1 at Hukou, 58e381 Gg P yr�1 at the
river mouth) for the period 1900e2010 (Fig. 3l). The difference
between Yichang and Hukou stations was smaller than for N
export. This is largely due to the P export to the ECSYS, which
stemmed mainly from the upstream subbasin.

The downstream subbasin contributes a small fraction of
nutrient export to the ECSYS. This small share results from the small
area of the downstream subbasin (only 5% of the whole YRB) while
thewater area of the downstream subbasin covers 19% of thewhole
water area. This leads to higher retention efficiency downstream,
with our results indicating that 71% of local N (99% for P) delivery to
surface water was removed in the downstream subbasin in the
2000s.

Nutrient export estimates from the Yangtze River to the ECSYS
are available from various literature sources (SI6, Table SI5) for the
year 2000. For N they vary from 1807Gg N yr�1 (Lumped regression
(Ti et al., 2012)) to 1132 Gg N yr�1 (Global NEWS-2 (Li et al., 2011;
Mayorga et al., 2010; Seitzinger et al., 2005)) and 1142 Gg N yr�1

(MARINA model (Strokal et al., 2016a; Strokal et al., 2016b)). For P,
they range from 95 Gg P yr�1 (Global NEWS-2 (Mayorga et al., 2010;
Seitzinger et al., 2005)) to 172 Gg P yr�1 (MARINA model (Strokal
et al., 2016a; Strokal et al., 2016b)). In contrast, our estimate of
3497 GgN yr�1 and 296 Gg P yr�1 overshadow these values. If we
use an observational reference of TN and TP concentration mea-
surements combined with observed discharge in the Datong sta-
tion, we obtain export values of 3698 Gg N yr�1 and 289 Gg P yr�1

(SI6) in 2002 (no observation available in 2000), which closely
resemble our simulation estimates. There are several reasons for
the discrepancy between the export calculations based on con-
centration and discharge to those of the statistical regression
models. For one, the statistical analysis that served the basis for
Global NEWSwas based on discharge data frommultiple rivers, and
iod 1900e2010. The retention is calculated as the total for all grid cells covered by the
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the Yangtze River may fall outside this global correlation. Further-
more, these lumped and statistical correlation models were cali-
brated with data from the Datong station (Li et al., 2011; Strokal
et al. 2016a, 2016b; Ti et al., 2012; Yan et al., 2010), and ignore
the contribution of the 600 km (Yang et al., 2002) river reach
downstream of this station. The largest city group of China, the
Yangtze River Delta Agglomeration, drains into this reach, and ac-
cording to IMAGE-GNM, wastewater discharged into this reach is
currently the dominant N and P source for the whole downstream
subbasin. Our results show that the reach downstream of Datong
contributes 78% of the total N export and 84% of total P export to the
downstream subbasin, However, most of the N and P inflow is
retained in the large areas of local water bodies such as Lake Tai.
Consequently, this contribution represents a small fraction of the
total N and P export to ECSYS (Fig. 3k and l).

Results from IMAGE-GNM closely match the monitoring data at
Datong station despite not implementing direct animal manure
discharge of N and P to surface waters, which we argue has been
significantly overestimated in previous models of the YRB (see
SI3.3). IMAGE-GNM can furthermore provide the direct nutrient
export from Shanghai, the largest city of China, to the ECSYS. This
value increased from 2.3 Gg N yr�1 to 99 Gg N yr�1 and from
0.3 Gg P yr�1 to 10 Gg P yr�1 for the period 1900e2010, mostly due
to the rapid urbanization and development since the 1960s.

The sensitivity analysis shows that there is a shift of natural
processes being themost important factors to agriculture becoming
dominant in the course of the twentieth century (see SI3.2).

3.4. Implications for the ECSYS

Our results show that various human activities have become
dominant drivers of the nutrient cycling in the YRB, especially since
the 1970s. Agricultural practices dominate the nutrient delivery to
the upper and middle subbasins, whereas point sources stemming
from the Yangtze River Delta Agglomeration control those to the
downstream subbasin (Fig. 3, Fig. SI7). Policies to reduce YRB
nutrient concentrations should therefore focus on improving fer-
tilizer and manure agricultural use efficiencies in the midstream
and upstream subbasins and on improving urban wastewater
management in the lower subbasin. The 17-fold increase in N
export and 7-fold increase in P export imply a dramatic increase in
the availability of nutrients and could lead to declining oxygen
concentrations in coastal waters (Breitburg et al., 2018). Further-
more, due to increasing nutrient loadings and unbalanced nutrient
retention in dams, the Yangtze River discharge to the ECSYS has
seen a marked variation in its nutrient stoichiometry. Nutrient
stoichiometry is an important indicator for the risk of HAB prolif-
eration. Themolar N:P ratio calculated for themouth of the Yangtze
in 1900 was 13, a value that is very close to the Redfield ratio
(Redfield, 1934) (molar N:P¼ 16:1), indicating a healthy envion-
ment. However, in the year 2010 the water had a much higher N:P
ratio of 35, indicating that exported water switched to P limitation.
This change coupled to the decreasing silica (Si) export from the
Yangtze River (Dai et al., 2011; Li and Chen, 2001) has caused a
coastal imbalance in the loading of N, P and Si. When N and P are
discharged in excess of Si with respect to the requirements of sili-
ceous algae (diatoms), non-diatoms, often undesirable algal spe-
cies, will develop (Billen and Garnier, 2007). HABs in both
freshwaters andmarginal seas in China are strongly related to these
overall changing nutrient loads and ratios (Glibert et al., 2014).
With a cumulative amount of 17797 Gg N stored in groundwater,
and because policy efforts to reduce P loading to surface water are
often more successful than strategies to reduce N flows (Bouwman
et al., 2017), it will be very difficult to restore the nutrient stoichi-
ometry to a “healthy” level (molar N:P¼ 16:1).
4. Conclusion

The model results from the dynamic, spatially explicit, mecha-
nism non-calibrated IMAGE-GNM are in fair agreement with the
measurements in the Cuntan, Yichang, Wuhan and Datong stations.
To our knowledge, we have included the most comprehensive
nutrients validation dataset covering from the upstream Cuntan
station to the downstream Datong station for the period
1964e2010. This spatiotemporal simulations go beyond the finding
from time-specific measurements and regressionmodels calibrated
to the Datong station nutrient data. This model thus elucidates the
following findings:

⁃ Our results reproduced the observed enormous increase of N
and P export by the YRB to the ECSYS, particularly since the
1970s. The increase of nutrient retention in the YRB could not
balance the increase of the nutrient delivery to the river.

⁃ The contribution of TGR to the whole-basin retention increased
from 0% before impounding to approximately 5% for N and 6%
for P after the impounding. This additional retention after 2004
is insufficient to change the trend in the export due to the
rapidly increasing N and P delivery to the streams. The TGR
reduced the nutrient load to the downstream parts of the YRB,
but this retention also implies an increasing risk of eutrophi-
cation within the reservoir itself.

⁃ The modeled results indicate that the N export to the ECSYS
stems mainly from the midstream subbasin, while P export is
primarily from the upstream subbasin. The dominant source in
the downstream subbasin is from sewage wastewater, most of
the nutrients are sustained within the subbasin due to high
fraction of water area. Dramatically increasing nutrients loads
with high N:P ratio (molar N:P increase from 13 in 1900 to 35 in
2010) may be one of the reasons for the recent rapid increase in
frequency and area coverage of harmful algal blooms in ECSYS.

⁃ Policies to reduce the N and P export from the Yangtze river
basin should focus on the midstream and upstream subbasins to
improve fertilizer and manure use efficiencies. More concrete
scenarios analysis should focus on the effectivity of current and
future policies and regulations aimed at reducing nutrient
sources in different parts of the YRB (i.e. where and how to
reduce the anthropogenic nutrient inputs).
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