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a b s t r a c t

Quantitative information on long-term net anthropogenic phosphorus inputs (NAPI) and its relationship
with riverine phosphorus (P) export are critical for developing sustainable and efficient watershed P
management strategies. This is the first study to address long-term (1980e2015) NAPI and riverine P flux
dynamics for the Yangtze River basin (YRB), the largest watershed in China. Over the 36-year study
period, estimated NAPI to the YRB progressively increased by ~1.4 times, with NAPIA (chemical fertilizer
input þ atmospheric deposition þ seed input) and NAPIB (net food/feed imports þ non-food input)
contributing 65% and 35%, respectively. Higher population, livestock density and agricultural land area
were the main drivers of increasing NAPI. Riverine total phosphorus (TP), particulate phosphorus (PP)
and suspended sediment (SS) export at Datong hydrological station (downstream station) decreased by
52%, 75% and 75% during 1980e2015, respectively. In contrast, dissolved phosphorus (DP) showed an
increase in both concentration (~7-fold) and its contribution to TP flux (~16-fold). Different trends in
riverine P forms were mainly due to increasing dam/reservoir construction and changes in vegetation/
land use and NAPI components. Multiple regression models incorporating NAPIA, NAPIB, dam/reservoir
storage capacity and water discharge explained 84% and 92% of the temporal variability in riverine DP
and PP fluxes, respectively. Riverine TP flux estimated as the sum of DP and PP fluxes showed high
agreement with measured values (R2 ¼ 0.87, NSE ¼ 0.84), indicating strong efficacy for the developed
models. The model forecasted an increase of 50% and 7% and a decrease of 15% and 22% in riverine DP
flux from 2015 to 2045 under developing, dam building, NAPIA and NAPIB reduction scenarios, respec-
tively. This study highlights the importance of including enhanced P transformation from particulate to
bioavailable forms due to river regulation and changes in land-use, input sources and legacy P pools in
development of P pollution control strategies.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus (P) is an essential element for living organisms,
playing a vital role in plant, food and energy production (Macintosh
et al., 2018; Liu et al., 2018). To meet the enormous rise in food and
energy production to sustain the increasing global population,
global P inputs to the biosphere have increased four-fold over the
past century (Steffen et al., 2015; Powers et al., 2016). However,
Resource Sciences, Zhejiang
na.
increasing anthropogenic inputs cause concerns for sustainable P
fertilizer supply (Yuan et al., 2018) and increasing P loads to aquatic
systems that lead to water quality degradation (Vitousek et al.,
2010; Goyette et al., 2018). To develop sustainable P management
strategies, it is critical to quantitatively understand and charac-
terize anthropogenic P inputs and their effects on riverine P export
(Chen et al., 2018; Stackpoole et al., 2019).

Net anthropogenic phosphorus input (NAPI) is a quantitative
budget approach to characterize anthropogenic P input sources,
which incorporates annual P contributions from fertilizer, atmo-
spheric deposition, seed input, non-food input (e.g., detergent P)
and net import/export in animal/human food supplies (Russell
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et al., 2008; Chen et al., 2016a). The NAPI approach was successfully
applied to evaluate the impact of human activities on P balance in
many watersheds across America (Russell et al., 2008; Goyette
et al., 2016), Europe (Hong et al., 2017; McCrackin et al., 2018)
and Asia (Han et al., 2013; Chen et al., 2015; Zhang et al., 2015).

Given the inherent relationship between NAPI andmany human
factors (e.g., population density, livestock density, agricultural land
area), the NAPI accounting method is a powerful approach for
quantitatively identifying the influence of human activities on P
balance at the watershed and regional scales (Hong et al., 2012;
Chen et al., 2016a). Modeling spatial or temporal variability in NAPI
versus riverine P fluxes usually produces strong relationships
ranging from linear (Zhang et al., 2015; Goyette et al., 2016) to
exponential increases in riverine P fluxes (Chen et al., 2015, 2016a).
However, the relationship varies as a function of hydroclimate,
landscape use/cover, geologic/soil factors and human activities as
they influence P delivery efficiency from land towater. For example,
previous studies found higher fractional export of NAPI by rivers
associated with higher precipitation/river discharge (Russell et al.,
2008; Hong et al., 2012; Chen et al., 2015, 2016a) and greater tile
drainage densities in agricultural watersheds (Han et al., 2011).

Most previous studies focused on the influence of terrestrial
processes (e.g., hydroclimate and land management) on riverine P
exports, while the effects of river regulation (i.e., dam/reservoir
operations) received little attention. Given increasing dam/reser-
voir number and capacity, their impacts have altered P transport
and biogeochemistry in many global watersheds (Gupta et al.,
2012). For example, Beusen et al. (2016) reported retention of P
by global river systems increased from 2.1 Tg yr�1 in 1900 to
5 Tg yr�1 in 2000 due to increasing dams/reservoirs. Phosphorus is
easily trapped/deposited with sediments in reservoirs, but this
particle-associated P may become released as more bioavailable
dissolved forms by mineralization and redox alterations in the
sediment layer (Eiriksdottir et al., 2017). Sediment resuspension
and P release could provide a persistent source of P in aquatic
ecosystems (Zhou et al., 2013). Thus, there is considerable uncer-
tainty regarding P fate and transport dynamics resulting from
reservoir impoundment (Eiriksdottir et al., 2017; Chen et al., 2018).

The Yangtze River (YRB) is the largest river in the Eurasian
continent having a drainage area of 1.8 � 106 km2 with a human
population of over 4� 108, total length of 6300 km fromwestern to
eastern China, and average annual flow of 907 km3 yr�1 (Dai et al.,
2011) (Fig. 1). Rapid economic development in the YRB generated
42% of China’s gross domestic product, provided ~40% of grain
production and supports more than 30% of China’s population (Dai
et al., 2011). Previous studies showed dramatic degradation of
water quality in recent decades (Liu et al., 2018), with TP becoming
the major pollutant concern since 2016 (Xu et al., 2018). Over the
past three decades, more than 15 new large reservoirs (>1 km3)
were built along the Yangtze River and its tributaries (Yang et al.,
2018).

Previous studies examined riverine P export dynamics in the
YRB (Chai et al., 2009; Tong et al., 2015), finding annual/seasonal
variations of P concentrations/fluxes. Additionally, modeling ap-
proaches were developed/adopted (e.g., improved export coeffi-
cient models, ENPS-LSB, WEC-DIP, Global NEWS-DIP model,
IMAGE-GNM) to simulate P sources, retention and export in the
YRB (Li et al., 2011; Wang et al., 2011; Shen et al., 2013; Liu et al.,
2018). The impacts of dam/reservoir impoundment were poorly
addressed in the majority of these modeling studies and their
calibration and validation were usually limited by lack of detailed
data (Wang et al., 2011; Liu et al., 2018). In contrast, NAPI-based
models for riverine P export provide a simple structure to sys-
tematically incorporate human-induced P inputs with basic input
data that are readily accessible. To date, there has been no attempt
to apply the NAPI method in the YRB for addressing long-term P
budget dynamics. A previous study successfully applied the NANI
method (similar accounting approach for nitrogen) to the YRB for
quantification of long-term (1980e2012) net human-induced ni-
trogen inputs, as well as their relationships with riverine nitrogen
export (Chen et al., 2016b). Thus, the NAPI method should be
effective for addressing long-term, human-induced P dynamics in
the YRB.

This study used a 36-year record (1980e2015) of P sources and
riverine P exports in the YRB to (i) quantify and assess the temporal
and spatial dynamics of NAPI, as well as the main drivers; (ii)
identify and evaluate the historical trends and influencing factors
on riverine P fluxes and forms (DP, PP and TP); and (iii) develop
quantitative models for simulating historical riverine P fluxes and
forecasting P fluxes based on various future scenarios. This study
quantitatively assessed the influence of NAPI, terrestrial biogeo-
chemical processes, human land-use impacts and river regulation
on riverine P fluxes and forms. Results of this study provide insights
for guiding strategies to improve watershed P management and
remediate P pollution.
2. Materials and methods

2.1. Study area

The YRB was divided into three segments (Wang et al., 2008):
upstream reach (river source to Yichang), midstream reach
(Yichang to Hukou) and downstream reach (Hukou to estuary)
(Fig. 1). Average water discharge (Q) was 907 km3 yr�1 and showed
no long-term variation during the study period (Yang et al., 2018).
Over the past three decades, the number of dams (capacity
>0.13 km3) within the YRB increased from 103 in 1980 to 196 in
2015 and storage capacity increased from 93 to 296 km3 (Dai et al.,
2016; Yang et al., 2018). The east branch of the “South-to-North
Water Diversion Project” began in 2014 and annually transfers
~0.5 km3 (0.03% of Q) from Jiangsu province (downstream Datong
Station) to Shandong province. The middle branch of the Water
Diversion Project began in 2015 and transfers 2.2 km3 (0.2% of Q)
from Danjiangkou Reservoir to Beijing and Tianjin provinces. Land-
use in the YRB showed small variations from 1980 to 2010, with
forest (42%), grassland (24%), farmland (27%), water area (2%), and
residential land (1%) the dominant land uses as of 2010 (Table 1, Xu,
2017).
2.2. NAPI estimation and uncertainty analysis

To examine spatio-temporal variation of the anthropogenic P
budget, NAPI for the YRB over 1980e2015 was determined as the
sum of five major components using basic data from statistical
yearbooks (Table S1): atmospheric P deposition (APD), chemical
fertilizer P application (CF), net food/feed P input (NFFI), seed P
input (SI) and non-food P input (NFI) (Russell et al., 2008; Chen
et al., 2016a):

NAPI¼CF þ APDþ SI þ NFI þ NFFI (1)

NFFI (kg P km�2 yr�1) was calculated as the sum of human and
livestock P consumption minus the sum of P in livestock and crop
production (Han et al., 2013; Chen et al., 2015):

NFFI¼HC þ AC � ðG�GLÞ � ðAP�APLÞ (2)

where HC is human consumption, AC is animal consumption, G is
harvested grain, GL is grain loss due to pests, spoilage and pro-
cessing, AP is animal products, and APL is spoilage and inedible



Fig. 1. Yangtze River basin and administrative divisions in China.

Table 1
Characteristics of cultivated land area, population, domestic animals, and land-use change for Yangtze River basin, 1980e2015.

Periods Cultivated land area percentage (%) Population density (people km�2) Animal density (number km�2)

Upstream (1,096,760 km2) 1980s 8.6 134 144
1990s 8.7 166 160
2000s 8.6 151 184
2010s 11.2 152 189

Midstream (589,329 km2) 1980s 17.4 254 178
1990s 16.7 290 250
2000s 17.5 301 290
2010s 19.9 314 303

Downstream (113,998 km2) 1980s 31.7 603 292
1990s 31.1 674 341
2000s 30.4 757 318
2010s 27.2 847 265

Whole basin (~1,800,000 km2) 1980s 13.0 203 164
1990s 12.7 239 201
2000s 12.9 239 227
2010s 15.0 249 232

Period Forest Grass Water area Residential land Unused land Paddy field Dry land

Whole basin (~1,800,000 km2) 1980s 750,164 429,099 36,536 15,581 73,096 254,556 240,334
1990s 769,449 442,946 42,945 9093 66,462 249,699 229,613
2000s 749,332 430,242 37,740 21,336 72,759 248,643 239,285
2010s 750,882 428,931 38,042 22,789 73,096 244,417 237,034

The land-use changes over the 1980e2015 period derived from Xu (2017) and Zhao et al. (2017).
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Fig. 2. Historical trends of (a) NAPI, NAPIA and NAPIB and (b) NAPI from atmospheric P
deposition (APD), chemical fertilizer P input, non-food P input (NFI), net food/feed P
input (NFFI), and seed P input (SI) in the Yangtze River basin over the 1980e2015 study
period. Shadow area and vertical lines denote the NAPIA/NAPIB components and 95%
confidence intervals, respectively.
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animal products. We separated annual NAPI into NAPIA (sum of
chemical fertilizer input, atmospheric deposition and seed input,
implying nonpoint source pollution potential) and NAPIB (sum of
net food/feed imports and non-food input, implying point source
pollution potential). A detailed description of calculation methods
for individual P sources and basic data sources are available in
Supplementary materials (SM), Part A. We determined basin
boundaries using a geographic information system with China’s
1:250000 first-level watershed classification dataset from Chinese
National Earth System Science Data Sharing platform. According to
the administrative divisions reported in Yangtze River yearbooks,
river basin boundaries are accurate down to the district and county
levels.

To evaluate uncertainty in NAPI estimation and corresponding
variables, we performed Monte Carlo simulations using 10,000
simulations to obtain the mean and 95% confidence interval for
annual NAPI (SM, Part A2). We assumed all parameters used in
estimating NAPI followed a normal distributionwith a coefficient of
variation of 30%, an assumption commonly used in watershed
nutrient budgeting studies (Chen et al., 2019). The uncertainty
estimation procedure was formulated in Microsoft Excel (2007)
embedded with Crystal Ball software (Professional Edition, 2000;
Oracle Ltd. USA).

2.3. Riverine P exports

Riverine P fluxes in different forms (TP-total P; PP-particulate
P > 0.45 mm; DP-dissolved P < 0.45 mm) at Datong hydrological
station (~640 km from ocean) were derived from published liter-
ature based on monthly/seasonally records (n z 250, Dai et al.,
2011; Powers et al., 2016). Yangtze River discharge varies season-
ally, with more water delivery in summer (JuneeAugust) and
autumn (SeptembereNovember) than in winter (DecembereFeb-
ruary) and spring (MarcheMay) (Chai et al., 2009). The Datong
station drainage area (~1.71� 106 km2) represents >95% of the total
YRB area (Dai et al., 2011, 2016). We calculated riverine DP flux as
the product of discharge and DP concentration at Datong station
(Dai et al., 2011). Riverine DP data for 2011e2015 was estimated
from the historical trend ofmonitoring data (1980e2010, R2¼ 0.94)
at Datong station (Dai et al., 2011). Due to the lack of long-term field
measurements for PP concentrations, we adopted the method
proposed by Powers et al. (2016) to estimate the PP flux as the
product of SS export values and a constant P density coefficient
(0.5 g P per kg sediment) (see SM, Part B). Riverine TP flux was
further defined as the summation of DP and PP fluxes (Powers et al.,
2016), which produced similar historical P trends to published
studies (Powers et al., 2016; Xu et al., 2018).

Other watershed characteristics, including water discharge,
precipitation, SS concentration, sewage discharge and dam con-
struction, were obtained from relevant sources reported in Table S1,
SM, Part A. All correlation and regression analyses were performed
using SPSS (Ver. 17.0, SPSS, Chicago, USA). One-way analysis of
variance (ANOVA) was conducted to examine temporal and spatial
differences in NAPI across the YRB. Regression analyses were used
to determine predictive models for riverine P fluxes. The Markov
Chain Monte Carlo (MCMC) method was adopted to determine
uncertainty intervals for modeled riverine P yields.

3. Results

3.1. Spatio-temporal variations of NAPI

Estimated annual NAPI in YRB showed an increasing trend from
1980 to 2015 (p < 0.001, Fig. 2), resulting in a net increase of ~1.4-
fold, with a rapid increase (944e1971 kg P km�2 yr�1) during the
first 16 years (1980e1996) and a slower increase (1971e2308 kg P
km�2 yr�1) during the 1996e2015 period (Fig. 2). Estimated NAPIA
increased from 567 to 1467 kg P km�2 yr�1, while NAPIB increased
from 377 to 814 kg P km�2 yr�1 (Fig. 2). In terms of NAPI compo-
nents, fertilizer input increased from 510 to 1347 kg P km�2 yr�1,
contributing 60% (52e65%) of NAPI over the 1980e2015 period. The
decreasing growth rate in P fertilizer application was the primary
contributor to the decreasing overall NAPI growth rate. Net food/
feed P input was also an important source of NAPI, which
contributed 27e39% of NAPI. Net food/feed P inputs showed an
increase of ~91% (359e685 kg P km�2 yr�1) during 1980e2015. In
comparison, non-food P input increased ~8-fold during the study
period (17.8e156 kg P km�2 yr�1). Although atmospheric P depo-
sition and seed P input only accounted for 4e6% of NAPI, their
contributions to NAPI continuously increased from 1980 to 2015.
Sensitivity analyses indicated NAPI values were most sensitive to
fertilizer inputs, number of livestock and poultry, and animal P
consumption rates (Fig. S10). Therefore, improving the accuracy of
these variables/parameters would be most effective for reducing
NAPI uncertainty.

Annual NAPI in upstream and midstream watershed sections
increased continuously from the 1980se2010s, while NAPI in the
downstream peaked in the 1990s, followed by a small decrease in
subsequent years (Fig. 3). The highest NAPI growth rates (>2 times)
were observed in Chongqing, Henan, Yunnan and Hubei (upstream
and midstream provinces) from the 1980se2010s. In contrast, NAPI
growth rates were negative in Shanghai, Jiangsu and Zhejiang
located in the downstream section. As for specific NAPI compo-
nents, the highest growth rate for chemical fertilizer input was
observed in Tibet (17.2 times), while the lowest was observed in
Shanghai (�65%). The entire basin showed an increasing trend for
net food/feed and non-food P inputs, with the highest growth rate
in net food/feed P input (1.4 times) and non-food P input (13.3
times) observed in Yunnan and Shanghai, respectively (Figs. S7 and
S8).

Multi-annual average NAPI across the YRB showed an increasing
trend from west to east, with higher NAPI observed in the down-
stream section (3829 kg P km�2 yr�1) compared to midstream
(2477 kg P km�2 yr�1) and upstream (983 kg P km�2 yr�1, p < 0.01)
(Fig. 3). The highest average NAPIs were observed in Shanghai
(4613e8471 kg P km�2 yr�1) and Henan (1250e8628 kg P km�2

yr�1), while the lowest values were observed in Qinghai
(111e167 kg P km�2 yr�1) and Tibet (218e410 kg P km�2 yr�1)
(Fig. 3). All components of NAPI presented a similar pattern to
overall NAPI, with higher values observed in downstream versus



Fig. 3. Changing spatial distribution of NAPI (kg P km�2 yr�1) in 18 provincial-level regions of the Yangtze River basin in (a) 1980s, (b) 1990s, (c) 2000s and (d) 2010s.
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upstream areas (Fig. 3). The highest chemical fertilizer and seed P
inputs were observed in Henan (4117 kg P km�2 yr�1) and Jiangsu
(11.9 kg P km�2 yr�1), while the highest net food/feed and non-food
P inputs were observed in Shanghai (2684 and 418 kg P km�2 yr�1).

3.2. Drivers of spatio-temporal NAPI dynamics

Spatio-temporal differences in NAPI and its components across
the YRB were mainly associated with distributions of human pop-
ulation and livestock densities, as well as agricultural land area.
There were significant relationships between NAPI and population
density and livestock density over the past 36 years, as well as
across the 18 provinces in the entire YRB (Fig. 4). The high NAPI
observed in Shanghai was associated with both high population
and livestock densities. Despite the lower population density, a
higher NAPI was observed in Henan (30e60% higher) than in
Zhejiang, Jiangsu and Anhui. This results from a higher livestock
density in Henan, which experienced a higher NAPI increase rate
from increasing livestock density compared to changes in popula-
tion density (Fig. 4c and d). Furthermore, there was a strong linear
relationship between cultivated land area percentage for the 18
provinces and NAPI (R2 ¼ 0.87, n ¼ 18, p < 0.001). Provinces with
high proportions of agricultural and residential lands had the
highest NAPI values, such as Shanghai, Jiangsu, Zhejiang and Anhui
(downstream); Henan, Hubei and Hunan (midstream); and
Chongqing (upstream) (Fig. 3).

3.3. Riverine P export dynamics

During the study period, annual riverine TP fluxes at Datong
station decreased (~52%) from 142 kg P km�2 yr�1 (0.25 mg P L�1)
in 1980 to 68.9 kg P km�2 yr�1 (0.12 mg P L�1) in 2015. PP flux
accounted for 50e97% of TP flux and was therefore the primary
component of riverine TP fluxes. Riverine PP flux decreased (~75%)
from 137.9 to 34.3 kg P km�2 yr�1 between 1980 and 2015 (Fig. 5a).
Given the strong association between PP and SS dynamics, riverine
SS flux also showed a consistent decreasing trend with a net
decrease of 75% from 1980 to 2015 (average SS flux of 277 tons
km�2 yr�1 in 1980e1985,199 tons km�2 yr�1 in 1986e2002, and 81
tons km�2 yr�1 in 2003e2015). In contrast, riverine DP flux
increased from 4.2 to 34.6 kg P km�2 yr�1 between 1980 and 2015
(~7-fold increase) and its contribution to TP increased 16-fold
(Fig. 5a).

Annual riverine TP and PP fluxes showed decreasing trends
during 1980e2015 (~1.4 times, Fig. 5a) despite increasing NAPI.
Negative relationships were also observed between riverine TP/PP
fluxes and NAPIA or NAPIB (Table 2). The cumulative number and
capacity of large dams showed a significant negative relationship
with riverine TP and PP fluxes, which explained 85% of the vari-
ability in annual PP flux (Fig. 6c). In addition, hydroclimate played
an important role as demonstrated by the power function re-
lationships between discharge and TP (R2 ¼ 0.31, p < 0.001) and PP
fluxes (R2 ¼ 0.23, p ¼ 0.003).

NAPI and DP fluxes showed a positive relationship across the 36-
year record (R2 ¼ 0.85, p < 0.001, Table 2). Strong positive re-
lationships (R2 ¼ 0.83e0.84) between DP fluxes and NAPIA and
NAPIB (Table 2) suggest an important role for both nonpoint and
point source P inputs. There was no significant relationship be-
tween riverine DP flux and discharge or precipitation. Riverine DP
flux was positively related to NAPI components (Table 2), with the
strongest relationship associated with net food/feed input
(R2 ¼ 0.86, p < 0.001). Similarly, increasing non-food P inputs,
mainly associated with use of detergent, showed a positive rela-
tionship with riverine DP flux (R2¼ 0.81, p < 0.001, Table 2). DP flux
showed a significant logarithmic relationship with dam/reservoir
capacity (R2 ¼ 0.66, p < 0.001). Our analysis detected a temporal
inflection point for the relationship between reservoir capacity and
DP flux (Fig. 6b) in 2003 when Three Gorges Damwas constructed.
The pre- and post-2003 segments of the relationship both showed
statistically significant slope coefficients, with a weaker correlation
in the 2003e2015 period (R2 ¼ 0.46, p ¼ 0.011) compared to the
1980e2002 period (R2 ¼ 0.80, p < 0.001).



Fig. 4. Correlation (p < 0.001) between NAPI and (a) population density and (b) livestock density in the Yangtze River basin from 1980 to 2015. Correlation (p < 0.001) between
average annual NAPI of 18 sub-basins and (c) population density and (d) livestock density.

Fig. 5. (a) Temporal variations of P export and SS flux in Yangtze River and (b) his-
torical trends of water discharge, precipitation, cumulative number and capacity of
large dams/reservoirs (storage capacity >0.1 km3) in the Yangtze River basin (red box
indicates the period between the start of impounding water and the completion of the
dam for the Three Gorges Dam). The red dash lines represent the start water
impoundment for dam/reservoir group on the Jialing River (1986) and for the Three
Gorge Dam (2003). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Table 2
Correlations between riverine P export and NAPI and its components in Yangtze
River basin, 1980e2015.

P forms Regression equations R2 n

TP FTP ¼ �0.06NAPI þ 207.26 0.65** 36
FTP ¼ �0.09NAPIA þ 198.92 0.61** 36
FTP ¼ �0.19NAPIB þ 220.01 0.69** 36
FTP ¼ �0.09CF þ 195.98 0.60** 36
FTP ¼ �0.24NFFI þ 236.55 0.64** 36
FTP ¼ �40.40ln(NFI) þ 270.84 0.71** 36
FTP ¼ �17.56SI þ 183.94 0.02 36
FTP ¼ �1.52APD þ 232.58 0.75** 36

PP FPP ¼ �0.07NAPI þ 217.24 0.78** 36
FTP ¼ �0.11NAPIA þ 207.15 0.74** 36
FTP ¼ �0.25NAPIB þ 232.10 0.81** 36
FPP ¼ �0.11CF þ 203.58 0.73** 36
FPP ¼ �0.31NFFI þ 255.30 0.76** 36
FPP ¼ �0.80NFI þ 145.15 0.85** 36
FPP ¼ �37.91SI þ 256.74 0.09 36
FPP ¼ �1.91APD þ 245.97 0.86** 36

DP FDP ¼ 1E-05NAPI1.92 0.85** 36
FTP ¼ 7E-05NAPIA1.77 0.83** 36
FTP ¼ 2E-05NAPIB2.16 0.84** 36
FDP ¼ 23.55ln(CF) - 143.91 0.85** 36
FDP ¼ 1E-06NFFI2.65 0.86** 36
FDP ¼ 10.80ln(NFI) e 25.17 0.81** 36
FDP ¼ 20.30SI e 72.59 0.37** 36
FDP ¼ 32.35ln(APD) - 123.45 0.82** 36

CF is chemical fertilizer P input, NFFI is net food/feed P input, NFI is non-food P input,
APD is atmospheric P deposition, SI is seed P input. **p < 0.001.
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3.4. Modeling and forecasting riverine P fluxes

We developed regression models for predicting riverine P ex-
ports based on the relationships between riverine P fluxes and the
driving factors identified above. First, NAPIA (nonpoint source po-
tential) and NAPIB (point source potential) were independently
evaluated to address the impact of contrasting P sources. Second,
we used dam capacity (V, km3) to address the contribution of legacy
P sources given the strong positive relationship between V and net
accumulated NAPI (R2 ¼ 0.99, p < 0.001; Chen et al., 2019). Third,
climate and hydrology variables incorporated the natural temporal
variability. The following DP and PP predictive model equations
were selected after screening several model formulations based on



Fig. 6. Relationship between riverine DP flux and (a) NAPI and (b) dam capacity, and relationship between PP flux and (c) dam capacity and (d) discharge for the Yangtze River
basin. An inflection point in 2003 appears related to completion of Three Gorges Dam.
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simulation accuracy metrics (Table S8, SM, Part B):

FDP ¼0:009InVQ0:386ðNAPI0:461A þNAPI0:552B Þ � 17:599 (3)

FPP ¼0:457Q0:501ð�6:441InV þ38:767Þ (4)

Equation (3) accounted for 84% of the variation in annual
riverine DP flux over the 1980e2015 period with a Nash-Sutcliffe
efficiency coefficient (NSE) of 0.80 between modeled and
observed values (Fig. 7b). Calibrated Eq. (4) explained 92% of the
variation in annual riverine PP flux with a NSE of 0.92 (Fig. 7c).
Annual riverine TP flux was considered the sum of DP and PP and
explained 87% of the variation in annual riverine TP flux with a NSE
of 0.84 (Fig. 7a). These strong model efficiency metrics verify the
efficacy of the DP and PP predictive models. Thus, these model
formulations provide a robust and reasonable performance for
predicting annual riverine TP loads with relative errors ranging
from �15.5 to 51.8% (average absolute error: 9.8%, Fig. 7a).

By setting average NAPI and water discharge at 2010e2015
levels and dam capacity in 2015 as baseline conditions, we fore-
casted riverine P exports for the 2016e2045 period based on
regression equations (3) and (4). Four scenarios (e.g., developing,
dam building, tackling A, and tackling B) were adopted to forecast
future trends in NAPI and dam capacity (SM, Part C; Fig. 7c and d).
Specifically, the ‘‘developing” scenario assumes a 55% increase of
NAPI and 30% increase in dam capacity relative to 2015 (consistent
with trends from 1980 to 2015). The ‘‘dam building’’ scenario in-
corporates a 30% increase in dam/reservoir capacity with constant
NAPI relative to 2015. Under the ‘‘tackling A00 and “tackling B00

scenarios, NAPIA and NAPIB are projected to decrease 41%
(~842 kg P km�2 yr�1) and 39% (~439 kg P km�2 yr�1), respectively.
Under the “developing” scenario, although riverine TP flux

would decrease 16% due to a significant decrease in PP flux (~80%
decrease), DP flux is predicted to increase by 50% in 2045 (Fig. 7).
Despite the decrease of PP and TP fluxes, an increased DP
(bioavailable P) flux could introduce considerable risks for eutro-
phication. Under the “dam building” scenario, riverine TP flux
showed a considerable decrease (�37%) (Fig. 7a) along with
decreased PP (�80%) and increased DP (þ7%) fluxes (Fig. 7b and c).
Under the “tackling A” scenario, riverine TP flux showed a consid-
erable decrease (�8%) (Fig. 7a), along with a decrease in DP (�15%)
flux. The “tackling B00 scenario projects a considerable decrease
(�11%) in riverine TP flux, along with a decrease in DP (�22%) flux
(Fig. 7a).

4. Discussion

4.1. Long-term fate of NAPI

Due to relatively high population density, livestock density and
agricultural land proportion (Table 1), estimated average NAPI
(1783 kg P km�2 yr�1 in 1985e2015) for YRB was significantly
higher than the average NAPI reported for mainland China
(465 kg P km�2 yr�1 in 2009, Han et al., 2013), US watersheds
(~463 kg P km�2 yr�1 in 2007, Han et al., 2012), Baltic Sea water-
sheds (~250 kg P km�2 yr�1 in 1900e2013, McCrackin et al., 2018),
and the St. Lawrence Basin (~230 kg P km�2 yr�1 in 1901e2011,
Goyette et al., 2016). Although average NAPI for the entire YRB was
lower than the Huaihe River basin, the adjacent watershed to the
north (2700 kg P km�2 yr�1 for 2003e2010; Zhang et al., 2015),



Fig. 7. Observed riverine (a) TP, (b) DP and (c) PP fluxes vs modeled values in the
1980e2015 study period; and predicted future (2016e2045) P changes under four
future scenarios for the Yangtze River basin. Shaded area denotes 95% confidence in-
terval for modeled riverine P fluxes.
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NAPI in the downstream section of YRB (Fig. 3) was higher than that
in the Huaihe River basin, indicating distinct NAPI hot spots within
the YRB. Therefore, YRB is a global hotspot of anthropogenic P in-
puts and accumulation (Powers et al., 2016).

Assessing cumulative NAPI in the YRB, riverine export and
retention in landscapes (e.g., soils and sediments) were the two
major fates for the added P (Fig. S5, Russell et al., 2008). Estimated
cumulative riverine TP export (3760 kg P km�2) accounted for ~6%
on average of total NAPI (~61050 kg P km�2) over the 1980e2015
period, implying that the remaining ~94% of NAPI (~57290 kg P
km�2) was retained in the basin. Our estimated riverine P export
percentage is within the range of 1.6e17% reported in previous
studies (Russell et al., 2008; Chen et al., 2015; Goyette et al., 2016;
Hong et al., 2017). Powers et al. (2016) estimated an average P
accumulation in YRB of ~10 kg P ha�1 yr�1 during 1980e2010,
which was relatively lower than our estimate (16 kg P ha�1 yr�1

during 1980e2015). This discrepancy results mainly because
Powers et al. (2016) did not include food/feed and non-food P in-
puts in their analysis. Cropland soil and aquatic sediments are the
likely major places for legacy P accumulation (Li et al., 2015;
Maavara et al., 2015). Liu et al. (2018) reported a considerable in-
crease of P accumulation (~7 times) in soils of the YRB from 1980 to
2010 (<0.2 to ~1.5 Tg P yr�1; equivalent to ~80% of total accumu-
lated P). This trend is consistent with elevated P accumulation rates
for arable lands in China, which experienced increased levels of
surplus P from ~1 to ~6 Tg P yr�1 from 1980 to 2010 (Li et al., 2015).
In terms of P accumulation by dams/reservoirs in YRB, Maavara
et al. (2015) estimated retention of ~1.8 Tg P in reservoirs, which
accounted for 1.7% of total accumulated P during 1980e2015. The
remaining ~18% of accumulated P may be retained in wetlands,
lakes and rivers within the basin (Chen et al., 2018). Although small
compared to P retained by soils (~80%), the P retained in water
bodies maybe more easily transformed to DP providing a long-term
P source for phytoplankton and macrophyte production (Zhou
et al., 2013). Generally, these legacy P pools (soil and sediment)
increase the risk of P loss to riverine transport if the accumulated P
becomes mobilized by human activities or future changes in
hydroclimate.

4.2. Riverine P transformations

The trends in long-term riverine P fluxes identified in this study
(Fig. 2) are consistent with Xu et al. (2018) who reported a signif-
icant decrease of TP concentration in rivers (~65%) and lakes/res-
ervoirs (~57%) in YRB during the 2006e2016 period. Zhou et al.
(2013) also highlighted a considerable decrease of PP (~84%) and
TP (~77%) fluxes from 1950 to 2011. Despite these decreasing
trends, DP in the Yangtze River chronically exceeds the critical
concentration of 0.05 mg P L�1 set to limit the risk of excessive algal
growth (Li et al., 2010).

Over the study period, riverine P fluxes and forms changed
remarkably in YRB (Fig. 5a). These P dynamics were regulated by
changes in NAPI, dam/reservoir capacity and land cover/use (Figs. 5
and 6; Table 2). Specifically, riverine PP fluxes were more strongly
affected by factors influencing transport processes than P input
sources. Large-scale dam building is an important factor regulating
SS and PP fluxes in the YRB (Dai et al., 2016; Yang et al., 2018).
Riverine PP fluxes showed two periods with decreasing trends in
the mid-1980s (>30% decrease compared to pre-dam period) and
2003e2006 (~40% decrease; Fig. 5a) associated with two stages of
dam/reservoir building in the YRB since 1980. The considerable
decrease in riverine PP fluxes associated with SS is attributed to a
group of dams (capacity: 5.6 km3) built on the Jialing River (a major
tributary) during 1985e2002 (Fig. 5a; Yang et al., 2006), such as the
Shengzhong (1.3 km3) and Baozhusi (2.6 km3) reservoirs. Since
completion of Three Gorge Dam (39.3 km3) in 2003, the reservoir
intercepted ~170 Mt yr�1 sediments with an average interception
efficiency of 75% (Hu et al., 2009). Thus, interception of sediment
and associated P was greatly increased in reservoirs of the YRB
(Maavara et al., 2015; Liu et al., 2018). At the global scale, increasing
dam construction reduced riverine TP exports, with an estimated
doubling of retained TP in reservoirs between 1970 and 2000, ac-
counting for ~12% of the global riverine TP load in 2000 (Maavara
et al., 2015).

Decreasing trends in riverine SS and PP fluxes are also attrib-
utable to improved soil andwater conservation practices within the
YRB. Soil and water conservation areas in the YRB reduced the area
subject to high soil erosion potential by ~30% between 2002 and
2013 (Changjiang Water Resources Commission, 2016). Soil and
water conservation areas in the YRB reached ~4 � 105 km2 by 2015,
with a ~5% increase in vegetative coverage from 1982 to 2015 (Qu
et al., 2018) achieving a remarkable reduction in soil erosion and
corresponding SS export (Yang et al., 2018).

We posit that the increasing trend for riverine DP fluxes results
from elevated NAPI, dam-building, and legacy P pools (Figs. 2 and
5). Riverine DP flux was independent of rainfall and river discharge
(Table 2), suggesting that point source pollution (NAPIB) might be
an important contributor of riverine DP (Fig. 7). Li et al. (2011)
estimated that sewage discharge in YRB increased from 197 � 108

to 347 � 108 Mt between 1998 and 2015 (>75% increase). Previous
modeling studies also suggested the importance of point sources to
riverine P export in YRB, with estimates of 25e37% of DP flux in
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2003 (Ding et al., 2010; Li et al., 2011) and 14% of TP flux in 2000
(Wang et al., 2011).

A considerable legacy P pool has accumulated in soils/sediments
of the YRB where it may be mobilized/transformed to become an
important DP source (Zhou et al., 2013). The buildup of legacy P in
soils/sediments due to long-term excessive NAPI is susceptible to
release as DP to surface waters (Chen et al., 2018). Organic matter
mineralization within the water column and sediments, as well as
redox-mediated release of PO4

3� from iron (hydr)oxides in anoxic
sediments may generate DP during reservoir impoundment
(Ahearn et al., 2005; Maavara et al., 2017), facilitating the release of
P from particulate forms. Therefore, despite significant reductions
in PP and TP fluxes (Fig. 5a), the concomitant increase of bioavail-
able DP export contributes to downstream eutrophication.
Increased water clarity associated with decreased SS elevates light
penetration and the temperature of surface waters and sediments,
which may further enhance microbial activities and the photo-
release of dissolved organic matter and nutrients from particulate
forms (He et al., 2016). Hypoxic water released by damsmay further
enhance redox transformations and release of DP from sediments
in downstream channels (He et al., 2016). Our results revealed a
decreasing P retention efficiency in the YRB since 2006 (Fig. S12),
which we attribute to increasing P-saturation of soils/sediments
(Chen et al., 2019). Increasing NAPI and decreasing P-retention ef-
ficiency lead to elevated riverine P export (especially DP), and
thereby pose enhanced ecological risks to aquatic ecosystems
(Beusen et al., 2016).

4.3. Efficacy and implications of the model for forecasting riverine P
fluxes

The developed regression models Eqs. (3) and (4) incorporating
contrasting P input sources, as well as hydrological and river
regulation factors, demonstrated good accuracy for predicting
annual riverine P fluxes (Fig. 7). The efficiency metrics
(R2 ¼ 0.84e0.92; NSE ¼ 0.80e0.92; relative error: 10e21%) for our
regression-based models (Fig. 7) were comparable or superior to
several previous lumped/mechanistic models for the YRB. Previous
modeling efforts produced relative errors ranging from �66 to
115%, such as for the improved export coefficient model (�66 to 1%
for year 2003, Ding et al., 2010), ENPS-LSB model (17.7% in 2000,
Wang et al., 2011) and Global NEWS-DIP model (�39.2 to 114.7% for
1970e2003, Li et al., 2011). Efficiency metrics for our developed
models were also comparable to previous NAPI-based models
(R2 ¼ 0.64e0.97) for predicting riverine P fluxes in other water-
sheds (Russell et al., 2008; Hong et al., 2012, 2017; Chen et al., 2015,
2016a; Zhang et al., 2015; Goyette et al., 2016). In contrast to pre-
vious applications, this study validated model efficiencies by
comparing the sum of modeled PP and DP fluxes to measured TP
fluxes, providing a simple and effective approach for model vali-
dation. Considering the complexities of P biogeochemistry and
transport processes at large spatial and temporal scales, our
riverine P-export models established using long-term records (36
years) combined with the NAPI method were deemed robust with
good accuracy.

This study highlights the role of dams/reservoirs in regulating P
retention, transformation and export that must be considered in
modeling riverine P fluxes (Ahearn et al., 2005; Zhou et al., 2013).
Given the considerable number (>70,000) of large global dams/
reservoirs and their continued construction, a large amount of P has
been retained in reservoirs where it may be potentially trans-
formed to more bioavailable forms (Maavara et al., 2015). Thus, our
models provide a simple and effective tool for assessing long-term
P dynamics and guiding development of P pollution control stra-
tegies for large river systems. Although the predictions are subject
to considerable uncertainties in forecasting future P inputs and
legacy P pools, the predicted results under the “developing” and
“tackling B” scenarios roughly represent the upper
(DP z 0.08 mg L�1) and lower (DP z 0.04 mg L�1) bounds for
future riverine DP (most bioavailable form) exports/concentrations
in response to anthropogenic activities and hydroclimate change.
The predicted riverine P export bounds thereby provide a baseline
for evaluating and adopting relevant watershed P management
strategies.

4.4. Implications for watershed P management

Quantitative information on long-term NAPI and riverine P
export is critical for optimizing watershed P management strate-
gies (McCrackin et al., 2018). Considering the riverine P flux pre-
dicting models and forecasts, several remediation strategies are
warranted for reducing P loading to surface waters. First, given the
high contribution (>90%, Fig. 2) of fertilizer P input to nonpoint
source pollution potential (NAPIA), more attention should be paid to
reduce chemical P fertilizer application and improve P-use effi-
ciency in meeting crop yield demands (Chen et al., 2018), especially
in the middle and lower reaches of the basin. Second, considering
the increasing riverine DP flux (Fig. 7b) and the increasing point
source pollution potential (NAPIB, Fig. 2), it is important to improve
collection and processing of animal and domestic wastewater
(current treatment rates range from ~30 to ~70% in China; Hu et al.,
2014) to reduce point source P pollution loading to surface waters.
Third, as a considerable fraction of NAPI was retained as PP in soils
and sediments trapped in reservoirs, optimized farm management
practices (e.g., minimizing erosion, use of plants and microbial in-
oculants with high P extraction efficiency, precision P fertilizer
management; Gaba et al., 2014) and interception and reuse of P
from farmland runoff (e.g., riparian buffer strips, wetlands, irriga-
tionwater reuse;Macintosh et al., 2018; Chen et al., 2019) should be
promoted to reduce the mobilization/transport of legacy P pools.

Despite watershed P management strategies, reduction of both
N and P levels in the YRB is warranted to control eutrophication and
harmful algal blooms (HABs). The NANI:NAPI molar ratio in the YRB
was >8:1 during the past decades (Fig. S13, Chen et al., 2016b),
which compares to a Redfield ratio of 16:1 (N:P) for marine algae.
However, the dissolved inorganic nitrogen (DIN ¼ NH4þNO3þNO2)
to DP molar ratio (DIN:DP) at Datong Station in the lower YRB
showed a decreasing trend in the past decades (~430 in 1980 to
~120 in 2012), which may be related to differential transport and
transformation processes for N and P (Alexander et al., 2008). The
relatively high DIN:DP ratio in the Yangtze River implies ultimate P
limitation for the exported water. As coastal and marine systems
are typically N-limitation, the high DIN:DP coupled with decreasing
silica (an essential element for diatom algae) export caused by river
impoundments (Dai et al., 2011) could increase the prevalence of
eutrophication and HABs in downstream and coastal areas (Liu
et al., 2018). Therefore, comprehensive strategies should address
decreasing both N and P riverine fluxes. In the YRB, chemical fer-
tilizer (51% for NANI and 60% for NAPI) and food/feed inputs (26%
for NANI and 31% for NAPI) are the largest nutrient inputs. Thus,
management strategies that target increased fertilizer-use effi-
ciency and improved sewage disposal/reuse will be most effective
at addressing both riverine N and P fluxes.

5. Conclusion

This study accomplished the first long-term spatio-temporal
analysis of anthropogenic P inputs and historical riverine P exports
for the YRB in 1980e2015. NAPI increased ~1.4-fold from 1980 to
2015 driven primarily by increases in fertilizer P input (52e65%)



M. Hu et al. / Water Research 177 (2020) 11577910
and net food/feed P inputs (27e39%). NAPI and its components
showed a trend of increasing from western to eastern China, with
the highest rates of NAPI increase occurring in the upstream and
midstream segments of the YRB. NAPI dynamics were strongly
related to population density, livestock density and agricultural
land proportion. Despite a significant decrease of riverine TP, PP
and SS fluxes, riverine DP flux increased 7-fold over the study
period. More than 94% of NAPI was retained in the basin, which
leads to accumulation of large legacy P pools that could be mobi-
lizedwith changes in land use or climate change. Riverine TP and PP
flux dynamics in the YRB were more strongly affected by factors
influencing transport processes rather than P sources. In contrast,
riverine DP flux appears to be determined by P sources (NAPIA and
NAPIB) and factors influencing transport processes (i.e., increasing
reservoir impoundment and vegetation coverage). Multiple
regression models incorporating NAPIA, NAPIB, dam storage ca-
pacity and water discharge were highly effective in explaining
inter-annual variability in riverine DP and PP fluxes; these results
were verified by the strong agreement between estimated TP
(DP þ PP) flux and measured TP values. This study identified a
critical need to better understand the role of river regulation on P
transformation mechanisms that have resulted in continuously
increasing concentrations of more bioavailable DP during the study
period.
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