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• Both inputs and exports of N increased
substantially during the study period.

• The NANI method and the ECM are first
integrated to assess N load in a basin.

• Urbanization, economic/population
growth are key factors of spatial-
temporal changes.

• The contribution of agricultural source
to N exports was decreased.

• Destruction of the N balance of the eco-
system is investigated in the Taihu
Basin, China.
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Over recent decades, Taihu Lake, the third largest freshwater lake in China, has borne the brunt of intensive
human activities. Non-point source pollutants and discharges of domestic wastewater are now the main cause
of eutrophication. To control non-point source pollution, it is useful to have a good understanding of the spatial
and temporal distribution of N (nitrogen). In this study, we applied Export Coefficient Model (ECM) and the Net
Anthropogenic Nitrogen Inputs (NANI) method to estimate the N loads in the Taihu Basin at county scale since
1980. We found that N inputs and exports had increased from 6432 and 3170 kg N km−2 yr−1 in 1980 to 9722
and 4582 kg N km−2 yr−1 in 2010, respectively. The 151% increase of N inputs, but 144% increase of riverine N
outputs suggested the more N was retained within the Taihu Basin. Both the population density and the urban
areas were strongly correlated with N inputs and exports. Approximately 38% of the N inputs were exported in
2010, but only 19% were exported in 1980. This ratio illustrated that human activities, especially urbanization
and population growth, have upset N budget in the Taihu Basin. This study supported by empirical models pro-
vides a case to demonstrate theN cascade in the Taihu Basin and can also be used to support decisionmaking and
to facilitate the development of measures to control N in the future.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
Nitrogen budget
Non-point source pollution
Anthropogenic activities
Eutrophication
Export coefficient model
Taihu Basin
hongbin@caas.cn (L. Hongbin).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.06.354&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.06.354
liuhongbin@caas.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.06.354
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1213L. Huishu et al. / Science of the Total Environment 645 (2018) 1212–1220
1. Introduction

Over the last 30 years, since the reform and opening-up (Economic
Reform and Open-Door Policy in China), China has experienced rapid
economic and social development and has transitioned from a mainly
rural to an increasingly urban society; indeed, urbanization increased
from 19.4% in 1980 to 49.7% in 2010 (Jian Xinhua, 2010; Xie et al.,
2017). Over-exploitation and excessive use of natural resources during
this period has resulted in severe deterioration of lake ecosystems and
pollution of water bodies (Qin et al., 2007; Xia et al., 2016), and the
area of eutrophic lakes in China increased from 600 km2 in 1980 to
14,000 km2 in 2010 (Ma Ronghua, 2011). Eutrophication threatens
the safety of natural ecosystems and the quality of drinking water
(Hobbie et al., 2017), and its occurrence has far-reaching consequences
for human welfare. It has been previously reported that N is the main
contributor to eutrophication of freshwater environments (Carpenter
et al., 1998; Poor and McDonnell, 2007; Wang et al., 2017). It generally
leads to algal blooms, reduced biodiversity, unsafe drinking water and
the destruction of water ecosystems (Wan et al., 2014; Goyette et al.,
2016). Excessive nitrogen inputs to river basins reflect increases in an-
thropogenic activities; for example, Galloway et al. (2003) reported
that N yield had increased nearly tenfold since 1860 because of
human activities (Galloway et al., 2003). Human activities, including ag-
riculture, forestry, fishing, animal husbandry, mining, transportation
and constructions and more, are generally necessary for our survival
and contribute to improved living standards. However, because of the
unreasonable rate at which human society has developed recent de-
cades, human activities have caused environmental degradation and,
in particular, eutrophication of water bodies. Therefore, it is urgently
need to improve our understanding of the relationships between
human activities and N pollution in water bodies (Johnes, 1996).

Todate, numerous studies have examined the relationships between
N cycling and various human activities (Howarth et al., 1996; Y. Chen
et al., 2016; D. Chen et al., 2016). N inputs and exports are the two
vital parts of N cycling. The N export ratio, the ratio of N exports to N in-
puts, reflects the capacity for N retention in watershed ecosystems and
the potential risks of N pollution (McIsaac et al., 2001; Huang et al.,
2016). The ability of a basin to retain N determines how much of the
N that entered the basinwill be subsequently exported via the river sys-
tems, and is measured at the basin scale by the N export ratio. The N ex-
port ratio varies widely among watersheds. A review showed that N
export ratio ranged from 3% to 118%, with an average ratio of 24%
(Zhang et al., 2014), and it is influenced by hydroclimate, land use
type, the degree of N saturation, and human activities (Howarth et al.,
2012). Previous studies have shown that approximately 25% of the
NANI of 154 watersheds in the US was exported to river systems
(Howarth et al., 2012), 20%–25% was exported in North America and
Europe (Howarth et al., 2006), and 30%–51% was exported from 49wa-
tersheds in Taiwan (Huang et al., 2016). However, few researchers have
explored how this ratio changes in a watershed that has experienced
rapid social and economic development. Also, there have been few stud-
ies of howN cycling and theN balance vary over time because of human
activities (Gao et al., 2015; Goyette et al., 2016).

Adopting suitable methods to estimate the N load is the key in this
study. The Net Anthropogenic Nitrogen Inputs (NANI) method, first in-
troduced in 1996 (Howarth et al., 1996), has been widely used to esti-
mate the major sources of anthropogenic N inputs in watersheds with
areas of between 16 and 279,000 km2 in the U.S, UK, China, Sweden,
France, India and Belgium (Howarth et al., 2012; Zhang et al., 2015; Y.
Chen et al., 2016; D. Chen et al., 2016; Gao et al., 2016; Zhang et al.,
2016). Increases in N inputs are generally accompanied by correspond-
ing increases in N exports (Howarth et al., 1996), which directly cause
eutrophication and destroy water systems (Hollinger et al., 2001).
Therefore, N exports need to be assessed when evaluating the interac-
tions between human activities and N cycling. Recent studies have ex-
plored the relationships between anthropogenic N inputs and riverine
Nexports (Huang et al., 2016). However, because of the challenges asso-
ciated with measuring riverine N exports at the watershed scale, it is
generally difficult to obtain sufficient data for such studies. Models can
be used to simulate N exports from basins where there is insufficient
monitoring data. Many process-based physical models do not give
good results for areas offlat terrain and complex crisscross river systems
found in plain river network areas like the Taihu Basin (Lai et al., 2016).
Therefore, to simulate the N exports from the Taihu Basin, we chose a
very robust empirical model, namely Export Coefficient Model (ECM),
whichwas developed in North America in the 1970s to estimate pollut-
ant export load. This model can resolve the issues associated with the
flat terrain and complex river network and can be used to predict N ex-
ports from river basins (Lu et al., 2013; Worrall et al., 2012; Li et al.,
2016; Shih et al., 2016), assess the influence of land use on N loads, pre-
dict annual nutrient inputs to lakes and rivers (Johnes, 1996). The NANI
method and the ECM can be integrated to assess N budget and the cor-
responding risks of N retention.

The Taihu Basin has experienced rapid rates of urbanization and eco-
nomic growth in recent decades and is a representation of modern de-
veloped area in China. Algal blooms that thrive in the eutrophic
conditions threaten the safety of the drinking water supply and even
entire ecosystem of the lake. We believe that, if we had reasonable esti-
mates of the N budget, this challenge can be handled. The main goal of
this study was to investigate temporal variations, and environmental
implications of N inputs and exports in the Taihu Basin caused by an-
thropogenic activities. The specific objectives were to (i) estimate N in-
puts to, and exports from, the Taihu Basin; (ii) identify the impact of
human activities on N balance; (iii) assess the ecological and environ-
mental problems that might result from excessive N in the basin. We
used two empirical models to estimate N inputs and exports, and then
we explored the N budget and N retention risks. We also considered
the factors that contributed to the changes of N export ratio. The find-
ings of this studywill support improved long-termwater resourceman-
agement and land use planning, and will reinforce the need for eco-
environmental protection in many basins that are severely affected by
anthropogenic activities.

2. Materials and methods

2.1. Study area

In this study, we evaluated the effects of anthropogenic activities on
N budgets at the watershed-scale over a 30-year period in the Taihu
Basin, which is situated in the Yangtze River Delta, Eastern China
(106°7′-121°47′ E, 24°30′-33°54′ N; Fig. 1). The basin extends over an
area of 36,895 km2 and covers all or part of 45 counties in Jiangsu and
Zhejiang Provinces, and the Shanghai Municipality. Taihu Lake is situ-
ated in the center of the basin, and it is the third largest freshwater
lake in China, with a surface area of 2338 km2 and a mean water
depth of 1.9 m. The basin is characterized by a humid subtropical cli-
mate with classic monsoon seasons. It has an annual mean temperature
of 16 °C, and the annual precipitation of 1115 mm (Xia et al., 2016; The
health status report of Taihu Lake, 2010), and more than 60% of the an-
nual precipitation falls from June to September. The Taihu Basin is a
plain river network region that has flat landscape, abundant rainfall,
and dense river system. More than 200 rivers connect to the Taihu
Lake (Lu et al., 2012), and the total length of channels in the Taihu
Basin is 12,000 km (Fig. 1) (Qin et al., 2007).

The Taihu Basin is one of the most industrialized and urbanized re-
gions in China. According to official statistics, the basin had a population
of 51.76million in 2010, of which 72% lived in urban or suburban areas,
and the per capita GDP in the Taihu Basin was 2.9 times higher than the
national average (Bureau of Taihu Lake Basin, 2010). In 2010, cultivated
land covered 17,237 km2 of the Taihu Basin and agriculture was domi-
nated by a rice-wheat rotation. Agriculture is relatively intensive, and,
while the total area of the basin accounts for only 0.4% of China, 1.3%



Fig. 1.Map showing the Taihu Basin and the river network. The river network is on an extensive plain, and comprises both well-developed rivers and artificially-excavated channels.
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of the total amount of fertilizer used in China is consumed in this area.
Rapid development over the last three decades has had a series of con-
sequences for the environment. Of these, the serious pollution of Taihu
Lake poses a threat to the safety of the region's drinking water supply.
The authorities have been takingmeasures to tackle thewater pollution
since the late 1990s and, for example, factories in the basin have to treat
wastewater as outlined in regulations before discharging it into rivers
and the water quality of all rivers that discharge to Taihu Lake has to
meet Grade III of the National Standards (National Surface Water Qual-
ity Standard GB3838-2002) (Qin et al., 2007). Even with these mea-
sures, the pollution of Taihu Lake is still severe in recent years.

We examined the impact of human activities on variations in N by an-
alyzing the relationships between N inputs, exports and the cultivated
and construction land proportions (%), urban population as a % of the
total population, population density, and GDP per unit area in 45 counties
in 2010. We found that cultivated land in these counties ranged from
5.47% to 81.44%, and construction area ranged from 4.11% to 95.39%.
The urban population percentage ranged from 1.07% to 90.66%. The pop-
ulation densitywas between 169 and 8179 person/km2. The GDP per unit
area ranged from 9.25 to 1225.64 million yuan/km2. The above
Fig. 2. Land-use in the Taihu Basin in (a) 1980 and (b) 2010. The land-use types are divided in
parameters varied widely between counties and so can represent varia-
tions in the inputs and exports of N for different stages of development
or different levels of human activity across the basin.

2.2. Land use change in the Taihu Basin over the last 30 years

Landuse change, a result of anthropogenic activities, drives the long-
term dynamics of nutrient cycling in watersheds (Poor and McDonnell,
2007; Jacobs et al., 2017; Xie et al., 2017). In this study, we evaluated
land use change across the Taihu Basin from 1980 to 2010 with ArcGIS
10.1 (ESRI Corporation). We obtained the 1:100000 land use maps in
1980 and in 2010 from the Institute of Geographic Sciences and Natural
Resources Research of the Chinese Academy of Sciences. We found that
the land use types had changed significantly from 1980 to 2010. Paddy
fields, the main land use, decreased from 59% to 44%, and dry land de-
creased from 5% to 4%. The changes of those two land types implied
that lots of cultivated land used for other purposes. Urban area, another
major land use type, increased from 10% to 25%, mostly at the expense
of cultivated land. The water area increased slightly from 12% to 14%,
and the forest area, at 13%, remained unchanged (Fig. 2). These spatial
to seven categories: paddy field, dry land, forest, pasture, water, urban, and unused land.
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and temporal variations in land use formed the basis of our assessment
of the N inputs and exports in the Taihu Basin.

2.3. Estimation of the net anthropogenic nitrogen inputs

We calculated the NANI across the Taihu Basin using county-level
statistical data in 1980 and in 2010 of Jiangsu, Zhejiang, and Shanghai.
The NANI were assumed to be the sum of four N components, namely
atmospheric N deposition (Ndep), fertilizer N (Nfer), agricultural N-
fixation (Nfix), and net imports of N in food and animal feed (Nim)
(Howarth et al., 2012). All four N components are closely related to
the N balance in the basin and have direct or indirect impacts on
water quality. For instance, atmospheric N is not only deposited directly
onto surface water, but also affects soil N dynamics and losses of N to
both surface water and groundwater. Fertilizer N that is applied to
land in both mineral and organic forms can be washed off by rain or ir-
rigation water. The N fixed by leguminous crops can be released from
root systems by microbial decomposition. Finally, the N in food for
humans and animal feeds imported to the watershed, exported as
waste excreted, has a huge influence on the N balance of thewhole sys-
tem (Swaney et al., 2012).

2.3.1. Atmospheric N deposition (Ndep)
Atmospheric N deposition is a major input of nitrogen (Hobbs et al.,

2016) that has increased all over theworld in recent years because of in-
tense anthropogenic activities (Duce et al., 2008; Liu et al., 2017). We
only calculated oxidizedN (NOx) deposition for Ndep becausemost am-
monium N (NHx) was derived from the emission in the same basin due
to the instability of NHx in atmosphere. Thus, we did not consider it as
new input to the basin (Howarth et al., 1996). Information about the
amount of atmospheric N deposition in the Taihu Basin was acquired
from a previous study (Ti et al., 2011; Han et al., 2014; Song et al., 2005).

2.3.2. Fertilizer N applications (Nfer)
Information about the amount of fertilizer applied was obtained

from local agricultural statistical almanacs in 1980 and in 2010.We con-
ducted face-to-face interviews with agricultural service departments,
village committees, farmers and agricultural product sales personnel
in Yixing, Jiangsu province, to obtain information about fertilizer use
in the basin. We obtained a total of 76 valid questionnaires. Our survey
included questions about the area of farmland, crop species, rotation
patterns, and methods and rates of fertilizer application. We found
that the N component of compound fertilizer was 15% on average.

2.3.3. Agricultural N-fixation (Nfix)
Fixation of atmospheric N byN-fixing plants represents another sup-

ply of N to the basin. Microorganisms in the roots of N-fixing crops
transfer the molecular N in the air to ammonia through a series of bio-
chemical processes. There are two types of nitrogen fixation, free-
living N-fixation and symbiotic N-fixation. Because symbiotic N-
fixation generally dominates, and free-living N fixation is very limited,
we only considered symbiotic N-fixation in this study. We used the N-
fixation rates of the main N-fixing crops, peanuts (8000 N km−2 yr−1)
and soybeans (10,000 kg N km−2 yr−1), in the Taihu Basin from a previ-
ous study (Smil, 1999). Then we estimated the agricultural N-fixation
by multiplying the N-fixation rates by the corresponding crop areas
using an area-based method (Hong et al., 2013).

2.3.4. Net food and animal feed imports (Nim)
We calculated the net food and animal feed imports to the Taihu

Basin by subtracting the consumed N by humans and livestock from
the produced N. The consumed N was calculated by multiplying the
number of humans and animals with the amount of food-N consumed
per capita.We usedN consumption rates of 3.95 and 3.71 kgN capita−1-

yr−1 for rural and urban residents in 2010, respectively, and of 16.68,
66.75, 6.85, 0.60 kg N capita−1 yr−1 for swine, cow, sheep, chicken
respectively (Wu, 2005; Zhai et al., 2005) Food N production was esti-
mated from eight main crops, all fruits, vegetables and animal hus-
bandry. The population, animal, and crop production data were
collected from Statistical Reports published by Jiangsu Province,
Zhejiang Province, and the Shanghai Municipality. We used the N con-
tent of crops and animals (Supplementary Table 1) published by the
China Food Composition (Yang et al., 2010). Han et al. (2014) found
that human N consumption increased by 16% over the 30 years (Han
et al., 2014), according to this rate we calculated the N consumption
in 1980 based on in 2010. We calculated the net food and feed imports
with Eq. (1) (Gao Wei, 2014), as follows:

Nim ¼ Nhc þNlc–Nlp−Ncp ð1Þ

where Nim represents the net imports of food and feed, Nhc and Nlc are
the human and livestock N consumption, respectively, and Nlp and Ncp

are the N contents of livestock and crop production, respectively, in
the basin.

2.4. Estimation of N exports with the Export Coefficient Model (ECM)

The Export Coefficient Model is a mathematical weighted equation
that can be used to calculate the annual pollution load, and to estimate
the pollutant load exported from different sources to water bodies
(Shrestha et al., 2008; Lu et al., 2013). The ECM can represent the inter-
actions among land use types, pollutants, livestock, and N exports load.
The basic expression of the ECM is as follows:

L ¼
Xm

i¼1

EiAi

where L is the amount of N exports, Ei is the export coefficient for each
pollution source, and the export coefficients (Supplementary Table 2)
for different pollution sources in the Taihu Basin were collected from
previous studies. Ai is the area of land use or the number of the popula-
tion or animals for each pollution source, and m is the total number of
pollution sources (Johnes, 1996). The areas covered by the different
land use types in the 45 counties in 1980 and in 2010 were calculated
based on the land use map provided by the Institute of Geographic Sci-
ences and Natural Resources Research of the Chinese Academy of Sci-
ences. The population, livestock and poultry breeding data for each
county were collected from local statistical yearbooks.

We calibrated the model with the observed TN concentrations and
flow data (Supplementary Table 3) (Lian et al., 2017a; Lian et al.,
2017b) and found that the export coefficient model was a simple and
reliable way to evaluate the N loads in the Taihu Basin. We calculated
the pollutants exported from crop production source (CPS), livestock
source (LS), rural life source (RLS), urban life source (ULS), and others
sources (OS).We used the export coefficients for the different pollution
sources in the Taihu Basin from previous studies (Cai et al., 2004; Liu
et al., 2009; Wu et al., 2012; Du Juan et al., 2013; Zhou et al., 2014;
Shen et al., 2013). According to the variation of fertilization intensity
and consumption of human and livestock, we calculated the N export
coefficients in 1980 based on in 2010.

2.5. Uncertainty analysis

First, to generate reliable results from models, the statistical data
must be accurate. In previous model applications, the accuracy and
type of data used by different scholars varied, and including national-,
provincial-, municipal-, county-, and even township-level statistics
(Han et al., 2014; Swaney et al., 2015; Gao et al., 2016). At these differ-
ent levels, the total amount of N did not change, but the spatial distribu-
tion of N was improved as the accuracy of the data increased. Our
estimateswere based on county-level data, and could help local govern-
ments to implement different N management policies in the various



Fig. 4. The four components of NANI in 1980 and 2010. Nim, Nfer, Ncro, and Ndep
represent net imports of N in food and animal feeds, fertilizer N applications, crop N-
fixation, and atmospheric N deposition, respectively.
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administrative regions. Secondly, the accuracy of themodel parameters
can also influence the simulation results. The export coefficients of the
model must represent the entire basin. We reviewed many previous
studies in which the exports from different sources in the Taihu Basin
were calculated. Minimum and maximal N load under different value
of parameters were shown in (Supplementary Table 5).

3. Results

3.1. Spatial and temporal variations of NANI from 1980 to 2010

Spatial variations of NANI over the study period are shown in Fig. 3.
The NANI in the Taihu Basin increased 50% over the 30 years, with
greater increases in the eastern plain than in the western hilly region.
The NANI of 45 counties in the Taihu Basin ranged from 1860 to
19,884 kg N km−2 yr−1, with an average of 6432 kg N km−2 yr−1 in
1980, while ranged from 2253 to 37,692 kg N km−2 yr−1, with an aver-
age of 9722 kg N km−2 yr−1 in 2010.

The composition of NANI changed considerably over the past
30 years. While fertilizer applications were the main source of N inputs
throughout, their contributions to the total NANI decreased from 77% in
1980 to 53% in 2010. The overall fertilizer application in 1980 was
180,738 tons, while 179,882 tons in 2010. The total numbers of fertilizer
application in those two periodswere very close to each other, but it de-
creased in 2010. In addition, the cultivated land had decreased from
23,259 km2 to 17,237 km2. Thus, it can be concluded that the fertilizer
application rates per unit area actually increased over the study period.
The percentage of food and animal feedN inputs of NANI increased from
11% to 16%, N-fixation by crops increased from 2% to 15%, and N depo-
sition increased from 10% to 16% (Fig. 4). It was previously reported
that atmospheric N deposition in the Taihu Basin increased from 677
to 1363 kg N km−2 yr−1 over the 30 years from 1980 to 2010 (Han
et al., 2014).

3.2. Spatial and temporal variations of N exports from 1980 to 2010

N exports from the eastern plain area were higher than those from
the western hilly region (Fig. 5). The N exports from the 45 counties
in Taihu Basin ranged from 1042 to 5750 kg N km−2 yr−1 in 1980,
with an average of 3170 kg N km−2 yr−1. While in 2010, the N exports
ranged from 1235 to 201,245 kg N km−2 yr−1, with an average of
4582 kg N km−2 yr−1. N exports were generally high in areas where
the population density was high, and were low in the southwest of
the basin, where woodland is the main land use types. We found that
Fig. 3. Spatial distribution of NANI in the Taihu Basi
the N exports fromWuxi City decreased over the study period, possibly
because of the changes in the production structure and improvements
in farm management practices.

We calculated the N exports from different sources, including farm-
ing, aquaculture, rural life, urban life, and other land use types (Fig. 6)
and found that the contributions from the main pollution sources
changed considerably between 1980 and 2010. Crop production was
the main source of the N exported, and accounted for 40% and 28% of
the total N exports in 1980 and 2010, respectively. The N exports from
urban life increased from 7% in 1980 to 22% in 2010, while those from
rural areas decreased, reflecting the increases with the urbanization.

3.3. The relationship between NANI and N exports

The N exports from the 45 counties were significantly and positively
correlated with the NANI in 1980 and 2010 (Fig. 7). The slopes of the
fitting equations indicated that, on average, approximately 19% and
38% of the NANI were exported to water bodies in 1980 and 2010, re-
spectively. We also noticed a saturation effect in the N exports relative
to the N inputs.

4. Discussion

Over recent decades, N inputs and exports have changed consider-
ably worldwide as the intensity of anthropogenic activities has in-
creased (Boyer et al., 2002; Han et al., 2014; Gao et al., 2015; Swaney
et al., 2015). During our study period, we found that the NANI in the
n at the county level in (a) 1980 and (b) 2010.



Fig. 5. Spatial distribution of N exports to the Taihu Basin at the county level in (a) 1980 and (b) 2010.

1217L. Huishu et al. / Science of the Total Environment 645 (2018) 1212–1220
Taihu Basin increased from 6432 to 9722 kg N km−2 yr−1. Comparison
with similar studies shows that the NANI in the Taihu Basin in 2010
were 1.9, 5.0 and 2.1 times higher than the same averages for China,
the USA and India, respectively (Boyer et al., 2002; Han et al., 2014;
Swaney et al., 2015). These increases are not unique to the Taihu
Basin; for example, from 1980 to 2010, NANI in the Dianchi Basin in-
creased from 4700 to 12,600 kg N km−2 yr−1 (Gao et al., 2015), and
the rate of increase was considerably greater than in the Taihu Basin.
The compositions of the NANI for the Taihu and Dianchi basins also var-
ied considerably. In the Taihu Basin, the contribution of Nim to the total
N inputs increased from 11% to 16%, Nfix increased from 2% to 15% and
Ndep increased from 10% to 16%, however, Nfer decreased from 77% to
53%. Those changes reflected the rapid development of urbanization in
the basin and the decreased contribution of agriculture to N inputs. On
the other hand, the proportions of Nim and Nfer increased from 1980
to 2010 in the Dianchi Basin, while Nfix and Ndep did not change, as
also occurred in the St. Lawrence sub-basin in the Great Lakes Region
of North America (Goyette et al., 2016). Large areas of arable land
have been converted to construction land in the Taihu Basin because ag-
riculture was no longer economically profitable in rural areas. Over the
30 years, N exports in the Taihu Basin increased from 3170 to
4582 kg N km−2 yr−1. The changes in the composition of the N inputs
and exports reflected the economic and social development, changes
in farming practices, reductions in crop production and the rapid urban-
ization in the Taihu Basin.
Fig. 6. The contribution of different N source
We examined N inputs/exports budgets with the N export ratio
(Huang et al., 2016) and found that 38% of the N inputs were exported
to water bodies in 2010, which was double the proportion exported in
1980 and was also higher than the N export ratio estimates of 20%–
25% reported elsewhere (Boyer et al., 2002; Goyette et al., 2016;
Hobbie et al., 2017). Compared with retention of approximately 75%
in other watersheds (Groffman et al., 2004), only 63% of the N inputs
to the TaihuBasinwas retainedwithin the basin. The variation in the ex-
port ratio between these different catchments indicated N saturation
and showed that the N surplus in the Taihu Basin was so heavy that
the excess N could not be retained. De Girolamo et al. (2017) found
that excessive N inputs could induce saturation (De Girolamo et al.,
2017). In general, the lower the N inputs, the greater the amount of N
retained in the watershed (Gao et al., 2015). When N inputs exceed
the storage capacity of the watershed ecosystem, the N capacity be-
comes saturated and the surplus N is exported. Because of the increases
in anthropogenic N inputs over the last three decades, the proportion of
the N exports in the Taihu Basin increased by 19%. Hong et al. (2017)
found that the relationship between net N inputs and riverine nutrient
fluxes did not vary significantly between 2000 and 2010 (Hong et al.,
2017) and demonstrated that N export ratios would not change in un-
disturbed basins. There is the evidence showed that N export ratios
were generally higher in highly-disturbed watersheds than in less-
disturbed watersheds (Huang et al., 2016), and this suggested that the
s to nitrogen export in 1980 and 2010.



Fig. 7. Relationships between N exports and net anthropogenic N inputs (NANI) from counties in the Taihu Basin in (a) 1980 and (b) 2010. Approximately 19% of NANI were exported in
1980, while 38% were exported in 2010.
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N-cycling in the Taihu Basin was disturbed by intense anthropogenic
activities.

To determine how human activities influenced the N balance in the
Taihu Basin, we compared the N cycling in 1980 and in 2010. The levels
of social and economic development, land use change and population
density were the main impact factors on N exports to water environ-
ment in the Taihu Basin (Fig. 8). We found that NANI and N exports
were significantly correlated with urban area (%), urban population
(%), population density, and the GDP (Supplementary Table 4). Also,
the hotpots of N inputs and exports (Figs. 3, 4) were the counties with
heavy population density and high levels of urbanization. While other
researchers reported a strong linear relationship between NANI and
the proportion of cropland (Zhang et al., 2016), and our study showed
that NANI, N exports, and the proportion of cultivated land in the
Taihu Basin were not significantly correlated. Therefore, it
Fig. 8. Relationships betweenNANI andN export for several humanactivity indexes in 1980 (a, b
urban area to the basin area; the urban population (%) is the percentage of urban population t
demonstrated that the changes in the N budgets in the Taihu Basin
were mainly driven by urbanization and economic growth.

When we made reasonable estimates of various components of the
N cycle, we could improve our estimates of the pollution in the Taihu
Basin by studying N cycling at the macroscopic scale. We should also
carry out a more detailed assessment of the potential pollution risks to
determine how human activities influence the N cycle. The residence
time of N has an important role in plain river networks. Because of the
flat terrain, the slope of the river is low, and N moves slowly from
land to water. As the retention time increases, the amount of N con-
verted into a gaseous form and volatilized during denitrification will
also increase, thereby reducing the amount of N exported to freshwater
and the potential for eutrophication.We identified themain inputs and
exports of N in the basin,which can be used as a basis for controlling the
sources and transport of N in the basin. However, to control N in the
, c, d) and 2010 (e, f, g, h). Those indexes includeUrban (%),whichmeans thepercentage of
o the total population; population density; GDP.
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future, strategies should consider N retention and how to control N ex-
ports by usingmeasures such as ditches, swamps, and buffers to reduce
N pollution.

Nitrogen loads in this study were calculated based on two empirical
models. The uncertainty discussed in this study is mainly attributed
from the value of parameters due to the relatively limited experimental
data (specifically, parameter uncertainty). Thus, parameter uncertainty
was considered and ranges of resultswere examined accordingly. In this
study, uncertainty from parameters could be effectively reduced by ac-
quiring long-term and abundant measurement data.

5. Conclusion

In this study, we highlighted the spatial and temporal variations in N
inputs and exports in the Taihu Basin from 1980 to 2010. The NANI
method and the ECM were first integrated to assess N load in a basin.
We found that net N inputs to the basin increased from 6432 to
9722 kg N km−2 yr−1 and N exports increased from 3170 to
4582 kg N km−2 yr−1 over the study period. Depredations of N balance
(1980–2010) were investigated in the Taihu Basin, and anthropogenic
activities are the primary contributors of fast-growing N loads. Urbani-
zation, economic and population growth are key factors of spatial-
temporal changes.
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