
Citation: Yan, T.; Bai, J.; Bao, H.; Lei,

Q.; Du, X.; Zhai, L.; Liu, H. Net

Anthropogenic Nitrogen Input and

Its Relationship with Riverine

Nitrogen Flux in a Typical Irrigated

Area of China Based on an Improved

NANI Budgeting Model. Water 2023,

15, 276. https://doi.org/10.3390/

w15020276

Academic Editor: Micòl Mastrocicco

Received: 12 November 2022

Revised: 18 December 2022

Accepted: 24 December 2022

Published: 9 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Net Anthropogenic Nitrogen Input and Its Relationship with
Riverine Nitrogen Flux in a Typical Irrigated Area of China
Based on an Improved NANI Budgeting Model
Tiezhu Yan 1,2, Jianwen Bai 3, Han Bao 4, Qiuliang Lei 2, Xinzhong Du 2,*, Limei Zhai 2,* and Hongbin Liu 2

1 Technical Centre for Soil, Agriculture and Rural Ecology and Environment, Ministry of Ecology and
Environment, Beijing 100012, China

2 Key Laboratory of Nonpoint Source Pollution Control, Ministry of Agriculture and Rural Affairs, Institute of
Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences,
Beijing 100081, China

3 College of Environmental Science and Engineering, Jinlin Normal University, Siping 136000, China
4 Agricultural and Animal Husbandry Ecology and Resources Conservation Center of Inner Mongolia,

Hohhot 010000, China
* Correspondence: duxinzhong@caas.cn (X.D.); zhailimei@caas.cn (L.Z.)

Abstract: Excessive nitrogen (N) inputs from human activities in the watershed have resulted in
water quality deterioration and other biological hazards. It is therefore critical to fully understand
the anthropogenic N inputs and their potential impacts on regional water quality. In this study, a
modified net anthropogenic nitrogen input (NANI) budgeting model considering the irrigation N
input was developed and applied to investigate spatial–temporal variations of anthropogenic N
inputs and their relationship with riverine N flux from 2005 to 2019 in a semi-arid irrigated watershed,
Ulansuhai Nur watershed (UNW), China. The results showed that the annual average anthropogenic
N inputs reached 14,048.0 kg N km−2 yr−1 without a significant temporal change trend. Chemical
N fertilizer was the major contributor for watershed NANI and accounted for 75.3% of total NANI.
Hotspots for N inputs were located in the central part of the watershed. In this study, watershed
NANI does not have a significant regression relationship with riverine N export during the study
period. Riverine N export showed an obvious decreased trend, which mainly was attributed to
human activities. In addition, approximately 1.92% of NANI was delivered into the water body.
Additionally, the N inputs into the watershed by the irrigation water accounted for 9.9% of total
NANI. This study not only expands the application range of the NANI model in irrigated watersheds,
but also provides useful information for watershed N management strategies.

Keywords: nitrogen; Ulansuhai Nur watershed; human activities; NANI; irrigated watershed

1. Introduction

Nitrogen (N) is the basic element for all creatures on the earth, but the environmental
issues of N-related water pollution have been of important concern [1,2]. Anthropogenic
N inputs have altered the global fundamental dynamics of the N cycle in natural systems
through fossil fuel combustion, chemical N fertilizer application, and so on [3]. Excessive
biological reactive N is delivered into water bodies via hydrological processes, consequently
causing adverse environmental impacts including the degradation of aquatic ecosystem
health and water quality impairments such as eutrophication and hypoxia in aquatic
ecosystems worldwide [4,5]. To formulate the specific watershed N management strategy,
it is critical to quantitatively understand and characterize anthropogenic-induced N inputs
and their impacts on riverine N flux at the watershed scale [6].

Nowadays, various model methods such as statistical models (e.g., SPARROW) and
mechanistic models (e.g., SWAT, HSPF) have been widely used to investigate N dynamics
and riverine N export at the watershed scale [7,8]. However, these models have limitations
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for application because they need enormous data and are too complex for model calibration
and validation [7]. Comparatively, the construction of the nutrient budgeting model could
give effective information for watershed nutrient management [9]. Among these budgeting
models, net anthropogenic nitrogen input (NANI) budgeting model has the characteristics
of simple calculation, clear meaning, and easy understanding. It generally includes N
sources from chemical N fertilizer, atmospheric N deposition, biological N fixation, and
net food/feed import. The quantitative identification of the anthropogenic N inputs and
their variations in spatial–temporal patterns by the NANI budgeting model has been re-
ported in the U.S., [10–12], Europe [13,14], and Asia [15–17]. The significant relationship
between NANI and the corresponding riverine N fluxes has been reported in many stud-
ies [9,14,18,19]. The proportion of NANI export varied widely across different watersheds,
which was attributed to hydrological variables (precipitation, temperature, and discharge)
and human activities, which could influence the amount of N retained in or delivered from
the watershed [9,20]. Approximately 15–30% of NANI was eventually delivered as riverine
N fluxes into the rivers [9], and lower values have been reported in some watersheds with
low surface runoff [6,21]. For example, about 2.15–2.89% of NANI was exported into rivers
in the Baiyangdian watershed, a semi-arid plain watershed in China [22]. Nowadays, the
NANI budgeting approach has been mainly applied in precipitation-driven watersheds [9].
Precipitation and irrigation are the dominant water sources for hydrological processes in
the watershed and are also major driving forces for the migration of N at the watershed
scales [23]. Irrigation is important for regional economic development, especially agricul-
tural production, and ecological environment in semi-arid or arid areas [24,25]. However,
there is limited literature related to the impacts of anthropogenic N inputs on riverine N
export in the arid and semi-arid irrigation-driven watersheds.

Ulansuhai Nur watershed (UNW), as a typical irrigation watershed, is in the semi-arid
climatic zone with strong evaporation and little precipitation [24]. Hetao Irrigation Area,
one of the important agriculture and animal husbandry bases in China, is in this watershed
and occupies 43.1% of the UNW. Ulansuhai Nur Lake (UNL), the largest freshwater lake
in the Yellow River Basin and the largest natural wetland in the same latitude on the
earth, receives most of the agricultural drainage water, industrial wastewater, and domestic
sewage produced in the UNW (Figure 1). The lake outflows of the UNL finally enter into
the Yellow River. At present, the UNL is suffering from the eutrophication, and its water
quality is National Environmental Standard V grade. Excessive nitrogen input is one of the
critical pollution factors. The UNL plays an important role in regional ecological stability
and water use safety for the downstream of the Yellow River. With the rapid development
of social economy, eutrophication became more serious, which not only accelerated the
process of planification, but also directly threatened ecological function of the UNL [26].
Therefore, the analysis of anthropogenic nitrogen input in the UNW is of great importance
for regional recovery of water quality and environmental protection for the UNL [27].

In this study, a modified NANI budgeting model was developed including a new
input item of irrigation N input and adopted to evaluate N input and export and analyze
its dynamics in the UNW, a typical semi-arid irrigation watershed in China. The main
objectives of this paper were: (1) to investigate the temporal and spatial variations in
anthropogenic N inputs; (2) to identify main sources and drivers of N inputs; (3) to explore
the relationship between watershed NANI and riverine N flux at the watershed outlet.
This study not only expands the application scope of NANI budgeting model, but also
provides basic information for N management strategy for the UNW, which is useful for
the eutrophication control of the UNL.
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Figure 1. Geographical location of the UNW.

2. Materials and Methods
2.1. Study Area Description

The Ulansuhai Nur watershed (UNW), extending from 105◦12′ E to 109◦53′ E longitude
and from 40◦13′ N to 42◦28′ N latitude, is entirely in the administrative region of Bayannur
City, Inner Mongolia Autonomous Region and is located in the middle reach of the Yellow
River (Figure 1). The watershed mainly includes seven counties of Wuyuan (WY), Dengkou
(DK), Linhe (LH), Hangjin Houqi (HH), Urad Zhongqi (UZ), Urad Houqi (UH), and Urad
Qianqi (UQ), among which three counties of LH, HH, and WY are entirely located in the
watershed. The Hetao Irrigation District, as the third largest irrigation district in China, is
located in this watershed. The irrigated farmland area is approximately 5.74 × 103 km2,
which occupies 41.3% of the watershed area. The main crops are spring wheat, corn,
and sunflower. Approximately 5 × 109 m3 irrigation water (approximately 1.8 times of
local precipitation amounts) was pumped annually from the Yellow River into irrigation



Water 2023, 15, 276 4 of 15

canals at the DK county for regional social and economic development. The irrigation
channel network is composed of drainage canals (red lines) and irrigation canals (blue
lines) (Figure 1).

The watershed covers an area of 13,947 km2 and has a typical semi-arid continental
climate that features a cold and dry climate, strong evaporation, and little precipitation.
The annual mean temperature is 9.3 ◦C, and annual precipitation is 220.6 mm with 70.1%
of rainfall occurring from June to September during the period of 2005–2019 (Figure 2).
Annual evaporation is 2100–2300 mm, which is more than 10 times the precipitation [24].
The industrial wastewater, domestic sewage, and farmland drainage water travel through
the watershed from west to east by means of the drainage canals, flow into the Ulansuhai
Nur Lake (UNL), and eventually enter into the Yellow River [28]. The UNL, as the largest
freshwater lake in the Yellow River basin, performs an important ecological function for
the regional ecological environment. In recent decades, the gradual deterioration of water
quality in the UNL poses a great threat to water resources security for downstream cities of
the Yellow River [29].
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2.2. Description of the NANI Budgeting Approach

The NANI value of a watershed is determined based on the method proposed by
Howarth [30] and further improved by Han [31]. In previous studies, the NANI budgeting
model generally includes the following five major components: atmospheric N deposition
(Ndep), N fertilizer input (Nfert), crop N fixation (Ncrop), net food/feed N imports (Nim), and
seed N input (Nseed) [14,31–33]. Due to the semi-arid climate condition in the UNW, Yellow
River irrigation is essential for regional sustainable development, especially for agriculture
production. Considering that the N could be introduced along with the irrigation water
from the Yellow River into the watershed, the irrigation N input (Nirri) as the calculation
item should be incorporated into the NANI budgeting model in this study. Therefore,
the modified NANI budgeting model, including six major components, was established
to quantify anthropogenic N inputs in the watershed during the period of 2005–2019 in
this study. The N budget was divided into N inputs through land phase (Nland) and N
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input through the irrigation water (Nirri) due to the differences in their input modes. The
framework of NANI estimation is shown in Figure 3, and the formula is shown as follows:

NANI = NANIland + NANIirri (1)

NANIirri = Nirri (2)

NANIland = Ndep + Nfert + Ncro + Nim + Nseed (3)

where NANI is the total net anthropogenic nitrogen input, NANIirri is the nitrogen input
through the irrigation water, NANIland is N input through land phase, the Ndep refers to
atmospheric N deposition, Nfert means chemical N fertilizer application, Ncrop represents
crop N fixation, Nim is net food/feed N import, Nseed refers to seed N input, and Nirri
means irrigation N input. The Nim was determined by the difference between the sum of
N consumption from human and livestock and the sum of the N content in livestock and
crop products as follows [34].

Nim = Nhc + Nlc −Ncp −Nlp. (4)

where Nhc and Nlc represent human and livestock N consumption, respectively. Ncp and
Nlp refer to the N content in crops and livestock products, respectively.
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Necessary data, such as the sown area, human and livestock populations, crop yields,
chemical fertilizer application amount, atmospheric nitrogen deposition, irrigation wa-
ter amount and total nitrogen concentration at the Sanshenggong hydrological station,
were adopted for the calculation of watershed NANI (Figures S1–S4). The raster data of
atmospheric nitrogen deposition during 2005–2015 were obtained from Regional Emission
inventory in Asia version 3 (REASv3) with a spatial resolution of 0.25◦ [35] and could
be download at https://www.nies.go.jp/REAS/index.html (accessed on 1 October 2022).
The remaining data sources were acquired at the county scale from regional Statistical
Yearbooks. Watershed NANI budget was equal to the sum of NANI budgets in each county
of the study area, which was quantified by summing up the values of different NANI
components in the specific county. During the calculation process, the land use weighting
method was used to convert NANI values at the county level to the watershed level [36].
The land cover data in 2000 and 2010 with a 30 m resolution (http://www.globeland30.com
accessed on 1 October 2022) were adopted in this study [37].

The parameters related to nitrogen contents for different fertilizer types, seeding
nitrogen per unit area for different crop type, nitrogen contents for different livestock,

https://www.nies.go.jp/REAS/index.html
http://www.globeland30.com
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Biological nitrogen fixation coefficients for soybean, peanut, rice and other non-symbiotic
crops, nitrogen consumption rate per livestock, human protein consumptions for urban
and rural population, and seeding nitrogen per unit area for each crop type were from
the published literatures [16,22,31,36,38–43]. Nitrogen contents for different crop products
were obtained from China Food Composition Tables [44]. Detailed information of the
calculation methods for each NANI component, the involved parameter values, and their
sources are available in the Supplementary Materials (SM).

2.3. Estimation of Riverine N Input and Export

In this study, the measurements of streamflow at the Sanshenggong and Shagaibulong
hydrologic stations represented the irrigation water by irrigation canals into the UNW and
drainage water by drainage canals into the UNL, respectively. The annual riverine TN flux
was calculated as the product of the monthly average river discharge and TN concentration
(the sum of particulate N and dissolved N) and expressed as follows [45–47]:

FTN =
12

∑
i=1

Ci ×Qi × 100 (5)

where FTN represents annual riverine TN flux (ton N yr−1); Qi is monthly average river
discharge (108 m3), in which i = 1, 2, 3, . . . ,12; Ci refers to monthly average TN concentration
(mg L−1); and 100 is the unit conversion factor. Monthly streamflow and total nitrogen
concentration measurements at these two hydrological stations were obtained from the
local hydrological department and ecological environment department, respectively.

2.4. Data Analysis

One-way ANOVA with a multiple comparison test (Tukey–Kramer test) was adopted
to identify the variations in NANI across the UNW [45,48]. Pearson correlation analysis
was conducted between social–economic influencing factors (Table 1) and NANI to identify
the main driving factor for watershed NANI [47]. Linear regression was used to detect the
trend change of NANI during the period of 2005–2019 [49].

Table 1. Social–economic factors used for correlation analysis with NANI value and its components.

Category Factor Symbol

Social factors
Total population TP

Total population density TPD

Agricultural factors

Cultivated land area per unit area CLA
Grain yield per unit area GY

Fertilizer consumption density FCD
Livestock density LD

Economic factors
Gross domestic product per unit area GDP

Gross agricultural output value per unit area GAO
Gross industrial output value per unit area GIO

3. Results
3.1. Spatial and Temporal Variations of NANI in the Watershed

The temporal variations of NANI and its components in the UNW during the period of
2005–2019 is shown in Figure 4. The watershed NANI values did not show a significant change
trend, and the annual average value of watershed NANI was 14,048.0± 574.4 kg N km−2 yr−1.
For NANI components, chemical N fertilizer application and irrigation N input did not
show significant change trends with an average of 10,577.3 ± 332.2 kg N km−2 yr−1 and
1397.6 ± 420.9 kg N km−2 yr−1, respectively. Significantly increasing trends were deter-
mined with an average value of 1522.3± 300.5 kg N km−2 yr−1 from 1019.8 kg N km−2 yr−1

in 2005 to 1987, 6 kg N km−2 yr−1 in 2019 for atmospheric N deposition (p < 0.01), and
with an average value of 546.4 ± 65.0 kg N km−2 yr−1 from 405.2 kg N km−2 yr−1 in
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2005 to 633.6 kg N km−2 yr−1 in 2019 for biological N fixation (p < 0.01), respectively. On
the contrary, the net food/feed N import and seed N input showed significant decreased
trends (at the level of 0.01 and 0.05, respectively) and varied from 1025.9 kg N km−2 yr−1 in
2005 to −645.7 kg N km−2 yr−1 in 2019 with an average of −18.0 ± 444.8 kg N km−2 yr−1

and from 25.7 kg N km−2 yr−1 in 2005 to 19.3 kg N km−2 yr−1 in 2019 with an average of
−21.9 ± 3.4 kg N km−2 yr−1, respectively.
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(Nir), atmosphere N deposition (Ndep), seed N input (Nseed), Nitrogen fixation (Ncro), and net food
and feed N input (Nim) during 2005−2019 in the UNW.

The spatial distribution of average NANI from 2005 to 2019 in the UNW showed a
gradual decrease pattern from midstream to upstream and downstream, indicating stronger
influences of anthropogenic activities in the midstream (Figure 5a). The greatest NANI
value was recorded in HJH county (21,016.7 ± 4827.4 kg N km−2 yr−1), followed by LH
(20,450.9± 2492.4 kg N km−2 yr−1) and WY (18,887.9± 1409.2 kg N km−2 yr−1) counties, while
the lowest NANI value was observed in UZ county (3474.9± 1144.3 kg N km−2 yr−1). The HJH,
LH, and WY counties covered 47.1% of the watershed area and accounted for 62.1% of total
NANI on average during the period of 2005–2019. Therefore, these three counties were consid-
ered to be the hotspots of NANI. The temporal changes of spatial distribution of NANI every
five years in the watershed are shown in Figure 5b–d and had similar patterns to that during
2005–2019. The LH, WY, and HJH counties all showed significant decreased trends (p < 0.05),
and the decreased magnitude varied from 15.1% to 49.9%. The largest decreased magnitude
occurred in the HJH county, which decreased by 49.9% from 27,105.0 kg N km−2 yr−1 to
13,583 kg N km−2 yr−1 during the period of 2015–2019. The other four counties showed
significant increase trends (p < 0.05), and the increase magnitude varied from 28.9% to 255.7%.
DK County had the highest increase magnitude, and the NANI value increased by 2.55 times
from 3767.6 kg N km−2 yr−1 in 2005 to 13,401.6 kg N km−2 yr−1 in 2019.
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3.2. Nitrogen Sources and Driving Factors of NANI

The variations in NANI components during the period of 2005–2019 is shown in
Figure 4. In terms of NANI components, chemical N fertilizer as the dominant source of
NANI contributed to 69.2–80.8% (average value of 75.3%) of watershed NANI over the
period of 2005–2019. It indicated that watershed NANI in UNW mainly originated from the
application of chemical N fertilizers. The atmospheric N deposition and irrigation N inputs
accounted for 10.9% and 9.9% of watershed NANI, respectively. The contribution of atmo-
spheric N deposition to NANI increased from 7.1% to 15.4% from 2005 to 2019. The net N
in food and feed, as another important source of NANI, varied from 531.0 kg N km−2 yr−1

in 2005 to 266.8 kg N km−2 yr−1 in 2019 and accounted for 26.7–8.9% of NANI over the
study period. The negative values of net N in food and feed showed that food and feed
were exported out of the watershed. The contribution of seed N to NANI was relatively
small, only accounting for less than 2%. The total contribution of biological N fixation and
seed N input to watershed NANI was less than 5%.

In this study, Pearson correlation analysis between NANI and social–economic factors
was conducted to identify the main driving factors for NANI in the watershed (Figure 6).
As a major industry in UNW, agriculture production had an important impact on NANI. In
this study, cultivated land area per unit area (CLA), grain yield per unit area (GY), fertilizer
consumption density (FCD), and livestock density (LD) were chosen as agricultural factors,
and their correlation coefficients with NANI were 0.18, −0.35, 0.52, and 0.22, respectively.
Fertilizer application showed the highest correlation among agricultural factors, i.e., 0.52,
indicating that it was the dominant contributor to NANI changes in the watershed. Gross
domestic product per unit area (GDP), gross agricultural output value per unit area (GAO),
and gross industrial output value per unit area (GIO) are main economic factors. NANI
was positively correlated with economic factors. The correlation coefficient between NANI
and GIO is 0.16, followed by GDP (r = 0.06) and GAO (r = 0.02). Contrary to economic and
agricultural factors, social factors represented by total population (TP) and total population



Water 2023, 15, 276 9 of 15

density (TPD) were negatively correlated with NANI, with correlation coefficients of −0.42
and −0.42, respectively.
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3.3. Quantitative Response of Riverine N Export Load to Watershed NANI

The characteristics of annual riverine N export load at the watershed outlet during the
period of 2005–2019 are shown in Figure 7. Annual riverine N export showed a significant
decreased trend (p < 0.01) with a net decrease of 68.5% from 336.6 kg N km2 yr−1 ton in
2005 to 106.0 kg N km2 yr−1 in 2019. Meanwhile, the riverine N export ratio also had a
significant declined trend, with an average value of 1.92% during the period of 2005–2019
and decreased from 2.34% in 2005 to 0.82% in 2019. The riverine N export was not closely
correlated with watershed NANI value and annual precipitation whenever the linear or
exponential regression was conducted (Table 2).

Table 2. Regression analysis between riverine N export (y) and independent variables (x) in the UNW
from 2005 to 2019.

Independent Variables (x) Formulas R2 p

NANI (kg N km−1 yr−1)
y = −150.79 + 0.0304x 0.048 0.431
y = −80 exp(0.0249x) 0.031 0.53

Chemical fertilizer (kg N km−1 yr−1) y = 106.45 + 0.0361x 0.022 0.591
Annual streamflow (108 m3) y = −0.014x + 7.6662 0.371 0.015
Annual precipitation (mm) y = −0.3174x + 308.13 0.186 0.108
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4. Discussion
4.1. Contrasting Contribution from NANI Components in Different Watersheds

Quantitative assessment of anthropogenic N inputs and identification of the dominant
component are critical for watershed N pollution control [6]. It has been documented
that anthropogenic N inputs vary widely at different watersheds or regions influenced
by anthropogenic activities [9]. As indicated in Figure 8, annual average NANI value
in the UNW during the period of 2005–2019 was 14,048.0 kg N km−2 yr−1, which was
significantly higher than the average values of 1226.0 kg N km−2 yr−1 in the world [50]
and of 5013.0 kg N km−2 yr−1 in mainland China [31]. At the watershed scale, the NANI
value in the UNW was lower than in some watersheds, such as 27,186.0 kg N km−2 yr−1

from 2003 to 2010 in the Huai River watershed of central China, 21,800.0 kg N km−2 yr−1

from 2000 to 2010 in the Taihu basin [51], 20,221.0 kg N km−2 yr−1 from 2008 to 2016 in
the Pearl River Delta region [16], and 18,852.0 kg N km−2 yr−1 in 2015 in the Baiyangdian
basin in northern China [22]. However, the NANI value in the UNW was far higher than
other basins worldwide [11,13,19,40,51,52]. For example, the NANI value in the UNW
is far higher than that of 1953 kg N km−2 yr−1 in 2010 in the St. Lawrence sub-basin in
Canada [11] and 7736 kg N km−2 yr−1 in 2013 in the Poyang Lake basin in China [53]. The
dominant sources of N in different areas are different (Figure 8). Numerous studies have
found that chemical N fertilizer, and net import of food and feed are two major components
of the NANI. According to whether the agroecosystem in the watershed is heterotrophic or
autotrophic, the watershed types are divided into the agricultural watershed and urban
watershed [9]. Agricultural watersheds represent the net export of N in crop products,
which are supported by large inputs of chemical N fertilizer, such as the Baltic basin [14],
the Mississippi basin [54], and the Huai River basin [6]. Urban watersheds need imported
food and feed, which are supplied for large urban populations, such as Pearl River Delta
region [16]. As for the NUW, the chemical N fertilizer in the UNW was the major contributor
to watershed NANI and accounted for 75.4% of watershed NANI, which was higher than
that of other watersheds worldwide except for the Chaohu basin (Figure 8). The UNW
is the important agricultural and animal husbandry base in China, and the agriculture
and animal husbandry in the watershed was the main industry, accounting for 35.2% of
local GDP.
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4.2. Necessity of Irrigation N Input Incorporated in the NANI Budgeting Model

Although inter-basin water transfer projects could meet the water demands for agri-
cultural and domestic purposes in arid and semi-arid areas, nutrients are also carried into
the watershed and might lead to adverse impacts on the regional environment [55,56]. The
annual average N flux carried by the irrigation water into the UNW during the period of
2005–2019 was 1397 kg N km−2 yr−1, accounting for approximately 9.9% of watershed
NANI. Meanwhile, nutrients are easily transported into rivers by flood-irrigation along
with agricultural return water through the drainage system [57]. Additionally, different
from other irrigation watersheds, an ecologic water compensation project was conducted
since 2013 in order to restore the ecological function of the UNL, and river water diverted
from the Yellow River increased from about 2 × 108 m3 in 2013 to 5.6 × 108 m3 in 2019. Be-
cause the water from the Yellow River directly flows into the UNL by the drainage system,
the N input by the diversion varied from 970.5 ton in 2013 to 1347.5 ton in 2019, on average
accounting for 23.35% of the riverine N export from 2013 to 2019 with the consideration
of the N retention ratio of irrigation channel [58]. Therefore, the irrigation N input was
considered as an anthropogenic N input source and as the calculation item for the NANI
budget model in this study in order to reduce the uncertainties for the NANI result in the
UNW. Furthermore, the modified NANI model proposed in this study could provide useful
reference for formulating watershed N management strategies for improving regional
water quality.

4.3. Responses of Riverine N Export to Anthropogenic Activities

After entering into the watershed, the anthropogenic N would be accumulated in the
landscape and increase riverine N fluxes through surface runoff and leaching loss, further
leading to a series of environmental problems [49,59,60]. Some studies have demonstrated
that riverine N fluxes are significantly correlated with anthropogenic N inputs in various
watersheds, and the N export ratio reflects the potential risk of N pollution and the retention
ability for N in the watershed [14,49]. For the NUW, there was no significant relationship
between watershed NANI value and riverine N exports in this study. Meanwhile, the
riverine N export ratio (an average value of 1.92% during the period of 2005–2019) was
lower than other watersheds worldwide [9,22,45], which could be generally attributed to
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two aspects: natural condition and human activities. Firstly, the N transport is driven by
hydrological processes, which are mediated by hydroclimatic condition (precipitation and
temperature) and watershed characteristics [9,20]. The mechanism of runoff generation was
mainly driven by irrigation water other than natural precipitation due to less precipitation,
high evaporation, and flat topography in the watershed. Meanwhile, farmland drainage
water accounted for approximately 8.0% of the total water amount, which was equal to
the sum of the irrigation water and precipitation amount in a typical irrigation area of the
UNW [61]. Secondly, external factors, such as the human activity factor, further increased
the N retention ability of the UNW. Many different measures were conducted to recover the
water quality of the UNL. For example, the annual wastewater treatment ability in the UNW
increased from 2.2 × 107 m3 yr−1 in 2009 to 7.8 × 107 m3 yr−1 in 2019. The agricultural
nonpoint pollution control program was formally launched by China’s government in 2015.
Many management measures have been implemented mainly for the improvement of N
fertilizer use efficiency and the control of livestock and poultry manure pollution. In the
above context, the anthropogenic intervention strengthened watershed N retention ability
in the landscape.

4.4. Implications for Watershed N Management

This study was very useful for the UNW since the reduction of nutrient export in
the UNW was vital for eutrophication mitigation as an indicator of the ecological restora-
tion of the UNL [26]. The positive NANI value implies the N surplus in the watershed.
Based on the results in this study, targeted watershed N management strategies could
be implemented to reduce riverine N fluxes and improve the ecological function of the
UNL. Firstly, more attention should be paid to improve fertilizer usage efficiency and
reduce the application amount of N fertilizer by soil testing for formulated fertilization
technology [62]; partial organic substitutes for chemical N fertilizers should be explored
given the high contribution (>75%) of fertilizer N input to watershed NANI [63]. Secondly,
irrigation efficiency improvement, such as replacing flood-irrigation with trickle irrigation
and furrow irrigation, should be conducted to reduce nutrient loss and soil erosion [64].
Finally, NANI hotspot areas should be given more attention from the point of view of N
pollution control due to its greater risk of N loss [65]. Riparian buffer strips and wetlands,
as effective treatment techniques, could be constructed in the downstream of the hotspots
to intercept riverine N pollutants [66–68].

5. Conclusions

The NANI budgeting model was modified by considering the irrigation N input
and then applied to investigate spatial–temporal variations of anthropogenic N inputs
and the relationship with riverine N flux during the period of 2005–2019 for a semi-arid
irrigated watershed, Ulansuhai Nur watershed, China. The annual average anthropogenic
N inputs reached 14,048.0 kg N km−2 yr−1 without an obvious trend change. The chemical
N fertilizer accounted for 75.3% of total NANI. There was not a significant regression
relationship between watershed NANI and riverine N export during the study period.
Under intervention from human activities, riverine N export showed a significant decreased
trend and accounted for approximately 1.92% of total NANI in the watershed. In irrigated
watersheds, irrigation N input as an anthropogenic N input source should be incorporated
into the NANI model. In addition to reducing the external N inputs into the watershed,
particular attention should be given to the control of irrigation N input and the control of N
in the hotspot areas of NANI in the watershed. This study could provide new insights into
formulating strategies for the watershed N pollution control and expand the application of
the NANI model in irrigation watersheds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15020276/s1, Figure S1: Maps of land use types of 2010 and
2020 in the Ulansuhai Nur watershed (30 m resolution), Figure S2: Chemical nitrogen fertilizer
application amount in the Ulansuhai Nur watershed from 2005 to 2019, Figure S3: Sown areas for
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major crops in the Ulansuhai Nur watershed from 2005 to 2019, Figure S4: Variations of irrigation
water volume from Yellow River and the corresponding total nitrogen concentration in the Ulansuhai
Nur watershed from 2005 to 2019.
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