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A B S T R A C T

Understanding the spatial–temporal dynamics and socioeconomic drivers of anthropogenic nitrogen inputs is 
essential for effective nutrient management in large river basins. This study presents a comprehensive assessment 
of net anthropogenic nitrogen input (NANI) in the Yellow River Basin from 1980 to 2020. It integrates multi- 
source statistical data from national, provincial, and prefecture-level yearbooks within a hierarchical spatial 
framework that includes the full basin as well as secondary and tertiary sub-basins. The results show that the 
NANI increases by 108.9% over the study period, accompanied by a clear shift in spatial patterns. Nitrogen 
inputs grow most rapidly in historically low-input upstream areas, forming a “reverse growth” trend. Centroid 
trajectory analysis reveals a northwestward shift in nitrogen input hotspots, primarily driven by land use change 
and agricultural expansion. A segmented environmental kuznets curve (EKC) model identifies a turning point in 
per capita GDP (41,000–46,000 CNY), beyond which nitrogen inputs begin to decline. This turning point has 
already been reached in the midstream and downstream regions, while the upstream region continues to 
experience growth. Despite recent signs of decline in basin-wide nitrogen inputs since 2016, the persistence of 
ecological risks and the emergence of new pollution frontiers, especially in sensitive upstream zones, highlight 
the need for continued attention. These spatial and temporal analyses jointly reveal the “shifting frontiers” of 
nitrogen pollution, defined as inflection zones where input dynamics begin to transition—spatially, temporally, 
or economically. This study provides methodological innovation and practical insights for improving nitrogen 
governance in the Yellow River Basin.

1. Introduction

Nitrogen (N) cycling is a fundamental biogeochemical process within 
Earth’s biosphere, and it has been significantly accelerated by human 
activities at an unprecedented rate (Lai et al., 2022; Socolow, 2016; 
Zhang et al., 2020). The large-scale anthropogenic production and uti
lization of nitrogen have notably enhanced industrial and agricultural 
productivity, driving substantial socioeconomic development (Huang 
et al., 2021; Liu et al., 2018). However, this comes at an environmental 
cost, leading to adverse effects such as water eutrophication, soil acid
ification, and air pollution (Cai et al., 2011; Wu et al., 2022a). Currently, 

more than half of the world’s most severe environmental issues are 
attributed to excessive anthropogenic N inputs, with N imbalance- 
induced pollution becoming increasingly critical in many countries 
and regions (Rockstroem et al., 2023; Sun et al., 2021). River basins, 
acting as critical interfaces between natural ecosystems and human so
cieties, are particularly susceptible to nitrogen overload. Excessive ni
trogen accumulation that surpasses basin carrying capacities can 
significantly degrade water quality, posing substantial risks to public 
health and economic sustainability (Chellaiah et al., 2024; Chen et al., 
2024a). Therefore, the long-term and effective control of anthropogenic 
nitrogen inputs is essential for protecting and improving basin water 
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quality. Accurate quantification of nitrogen inputs and a thorough un
derstanding of their spatial distribution patterns have emerged as crit
ical scientific and management priorities to achieve sustainable water- 
environment development.

Accurately assessing the long-term dynamics of nitrogen inputs 
within river basins is fundamental to effective pollution control and 
water quality improvement. The net anthropogenic nitrogen input 
(NANI) model provides a systematic framework for quantifying human- 
induced nitrogen inputs based on a mass balance approach and socio
economic statistical data (Howarth et al., 1996; Pei et al., 2022). This 
approach is particularly valuable in data-scarce regions, offering a 
practical and reliable means to evaluate nitrogen inputs across diverse 
spatial and temporal scales (Han et al., 2020). Owing to its simplicity, 
data accessibility, and robust performance, the NANI model has been 
widely applied in various national and regional contexts (Li et al., 
2024a; Wang et al., 2024b). Importantly, a significant proportion of 
anthropogenic N is retained in soils and groundwater, where it can be 
gradually released over years or even decades, posing long-term risks to 
aquatic environments (Chen et al., 2018; Liu et al., 2023). For instance, 
studies in the Mississippi River Basin have shown that legacy nitrogen 
may account for up to 55 % of current riverine N export, with effects 
lasting for decades (Van Meter et al., 2017). In China, although the use 
of synthetic N fertilizers in croplands has declined in recent years, other 
sources, such as atmospheric deposition and livestock waste, have 
emerged as dominant contributors (Chen et al., 2023; Wang et al., 
2024a). These trends underscore the need for long-term, high-resolution 
assessments of historical nitrogen inputs to inform basin-specific 
pollution control strategies. A key factor influencing the accuracy of 
NANI model outputs is the parameterization of nitrogen sources. In 
large-scale studies, substantial heterogeneity in natural and socioeco
nomic conditions demands localized parameter settings. Uniform as
sumptions across diverse regions may introduce considerable bias. For 
example, the N fixation capacity of soybeans can vary more than fivefold 
depending on local conditions (Pei et al., 2022). Therefore, applying 
region-specific parameters is critical to ensure the precision of NANI 
estimates and to support the development of targeted and scientifically 
grounded nitrogen management policies.

There is an urgent need for targeted research on N input manage
ment strategies for the Yellow River Basin (YRB), a region of critical 
ecological and strategic importance to China. Over the past four de
cades, China’s GDP has increased by over 220-fold, and the urbanization 
rate has risen from 19.39 % to 63.89 %, driving profound changes in N 
input patterns (Chen et al., 2021; Fu et al., 2024; Huo et al., 2022). The 
Yellow River, often referred to as the “Mother River of China”, faces a 
unique combination of fragile ecosystems and severe water scarcity, 
which amplifies its vulnerability to nitrogen pollution (Lai et al., 2024; 
Zhang and Oki, 2024). In 2019, the Chinese government launched the 
national strategy for “Ecological Protection and High-Quality Develop
ment of the Yellow River Basin,” aiming to coordinate ecological 
restoration with sustainable socioeconomic growth (Chen et al., 2024b; 
Tian and Mu, 2024). However, the basin’s regions exhibit substantial 
heterogeneity in development stages and environmental management 
capacities, which poses a significant challenge to implementing effective 
nitrogen control strategies. To address spatial heterogeneity, China’s 
13th Five-Year Plan (2016–2020) introduced a “Three-Tier Zoning 
Water Environment Management System” at the basin, sub-basin, and 
control unit levels (Wang et al., 2019; Wang et al., 2020; Wu et al., 
2022b). At the basin level, overarching priorities and pollution control 
directions are defined. At the control zone level, the focus shifts to 
delineating ecological functions and protection needs. At the control 
unit level, specific pollution reduction targets, action plans, and infra
structure projects are implemented. Despite this framework, most 
existing studies remain focused at the provincial or municipal scale, and 
comprehensive, long-term assessments of N inputs at the control unit 
scale are still lacking (Han et al., 2014; Pei et al., 2022; Wang et al., 
2024b; Wu et al., 2022b). The limited exploration of basin-wide 

nitrogen control strategies hinders the effectiveness of current policies. 
Therefore, a fine-resolution evaluation of anthropogenic nitrogen inputs 
at the control unit (tertiary sub-basin) scale is urgently needed. Such an 
approach will provide the scientific basis for regionally tailored N 
management policies, supporting the overarching goals of ecological 
protection and sustainable development in the Yellow River Basin.

Based on survey and statistical yearbook data from prefecture-level 
cities across the YRB from 1980 to 2020, this study develops a local
ized NANI model to quantify nitrogen inputs at the tertiary sub-basin 
(control unit) scale over the past four decades. To capture the spatio
temporal variation of nitrogen inputs and their source components, we 
integrate centroid trajectory analysis to track spatial migration patterns, 
and time-series K-means clustering to classify sub-basins into distinct 
developmental trajectories based on nitrogen input intensity and growth 
rate. Together, these approaches enable the identification of the “shift
ing frontiers” of nitrogen pollution—conceptualized in this study as the 
evolving spatial, temporal, and socioeconomic boundaries where 
marked transitions in nitrogen dynamics are observed. These frontiers 
encompass potential temporal inflection points, spatial redistribution 
zones, and economic thresholds where nitrogen input trajectories begin 
to diverge. This integrated framework facilitates a multi-scale under
standing of nitrogen input patterns, and supports the delineation of 
targeted management zoning. The main contributions of this study: (1) it 
provides the first long-term, high-resolution assessment of NANI at the 
tertiary sub-basin scale across the Yellow River Basin; (2) it introduces a 
“shifting frontiers” lens to capture spatial, temporal, and socioeconomic 
transitions in nitrogen dynamics; (3) it develops a cluster-based zoning 
framework to guide differentiated and actionable nitrogen management. 
By identifying spatiotemporal differences in nitrogen input trends, this 
study offers practical insights for optimizing control strategies and 
advancing the region-specific, sustainable management of the basin’s 
water environment.

2. Methods

2.1. Study area

Originating from the Qinghai-Tibet Plateau, the Yellow River ex
tends for 5,464 km with a basin area of 795,000 km2, ranking as the 
world’s fifth-longest river and China’s second-longest (Ma et al., 2024). 
It flows through nine provinces and 76 prefecture-level cities. Per capita 
water availability is only 587 m3, equivalent to 29 % of the national 
average. The basin supports approximately 12.2 % of the national 
population and contributes 12.7 % of the country’s grain output. 
However, its water quality lags behind that of other key basins, such as 
the Yangtze and Pearl River. In 2020, water classified as I-III, IV-V, 
below-V accounted for 82.7 %, 4.2 % and 13.1 %, respectively. This 
poor water quality represents a major obstacle to the sustainable 
development of the basin’s water environment. Consistent with China’s 
“Three-Tier Zoning Water Environment Management System” for key 
river basins, this study divides the Yellow River Basin into 28 secondary 
sub-basins (Fig. 1) and 347 tertiary sub-basin units (Fig.S1). These sub- 
basin units serve as the primary spatial scale for analyzing the spatio
temporal evolution of NANI.

2.2. Data sources

This study compiled multi-source statistical data to estimate nitrogen 
input for the Yellow River Basin at the tertiary control unit level from 
1980 to 2020. Core datasets were derived from the China Statistical 
Yearbook, China Rural Statistical Yearbook, China Animal Husbandry 
and Veterinary Yearbook, and provincial and municipal statistical 
yearbooks of the nine provinces traversed by the Yellow River. To 
address spatial consistency across decades, we standardized all sub- 
basin-to-prefecture mappings using 2000-based administrative bound
aries, following the official dataset from the Ministry of Civil Affairs of 
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China (“National Administrative Division Information Platform”: http:// 
xzqh.mca.gov.cn/map). To ensure consistency with the latest 
watershed-based environmental management frameworks, which pri
oritize sub-basin units over administrative boundaries, this study 
transformed prefecture-level statistical data into hydrologically defined 
sub-basin units. Specifically, nitrogen input data originally reported at 
the prefectural level were reallocated to 347 tertiary sub-basins based on 
proportional downscaling using weighting factors such as urban and 
rural population, agricultural land area, and local GDP. These weighting 
variables were selected to match the spatial characteristics and domi
nant drivers of each nitrogen input component. The specific down
scaling criteria used for each component of the NANI framework are 
detailed in Table S2. For early years (particularly 1980–1990, Fig. S1), 
where subnational data were sparse, we reconstructed inputs by 
applying the average intra-provincial ratios during 1990–2000, 
assuming these patterns remained reasonably stable backward in time. 
This assumption is consistent with prior NANI estimations in China (Han 
et al., 2014; Li et al., 2024a). To address administrative reclassifications 
and ensure temporal consistency, we applied moving average smoothing 
and exponential interpolation techniques to normalize abrupt changes 
and fill gaps. For example, synthetic fertilizer application and BNF rates 
were interpolated using multi-year averages, while feed import nitrogen 
was estimated by combining livestock production data with feed de
mand coefficients. Atmospheric nitrogen deposition was extracted from 
the published datasets, with spatial downscaling using gridded deposi
tion maps and sub-basin areal weighting (Gao et al., 2020; Yu et al., 
2019). Validation of the reconstructed dataset followed a three-tiered 
approach: (1) Summation and Consistency Checks: Sub-basin-level in
puts were aggregated and compared with provincial and basin-wide 
totals. Deviations above ± 5 % triggered re-examination. (2) Trend 
and Volatility Analysis: Interannual variability was assessed to identify 
anomalies due to reporting changes or statistical revisions. (3) Cross- 

Referencing with Literature: Our NANI estimates were benchmarked 
against published studies on nitrogen budgets in Chinese basins (Han 
et al., 2014; Wang et al., 2024b), ensuring alignment with established 
ranges. We compared the NANI values calculated from the original and 
corrected datasets (Fig. S2). The results show strong consistency (R2 =

0.9925), indicating that the correction process introduced minimal bias 
and that the adjusted dataset is robust for long-term spatiotemporal 
analysis. Overall, this data reconstruction approach balances statistical 
reliability and spatial resolution, enabling robust long-term trend and 
spatial heterogeneity analysis of nitrogen pollution across the Yellow 
River Basin.

2.3. NANI model

The NANI model is a widely adopted framework based on a mass 
balance approach to quantify the nitrogen inputs to a region that are 
directly associated with human activities. It provides a comprehensive 
metric for assessing anthropogenic nitrogen loads at various spatial 
scales (e.g., regional, basin, or national) and has been extensively used 
in studies of nutrient cycling, pollution source apportionment, and 
environmental policy evaluation (Deng et al., 2021; Wang et al., 2022). 
The NANI framework considers four major components: 

NANI = Nim +Nfer +Nfix +Ndep (1) 

where NANI is the net anthropogenic nitrogen input (kg/(km2⋅year)); 
Nim is the nitrogen input of net food or feed (kg/(km2⋅year)); Nfer is the 
nitrogen input of fertilizer application (kg/(km2⋅year)); Nfix is the ni
trogen input of crop fixation (kg/(km2⋅year)); Ndep is the nitrogen input 
of atmosphere deposition (kg/(km2⋅year)).

Fig. 1. Location, DEM and secondary sub-basins (abbreviations in Table S1) of the Yellow River Basin. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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2.3.1. Net food/feed input
Net food/feed nitrogen input represents the balance between the 

nitrogen contained in food and feed consumed by the local human and 
livestock populations and that produced within the region. A positive 
value indicates a net import of nitrogen—meaning the region imports 
more food/feed nitrogen than it produces—while a negative value 
suggests a net export, where food/feed nitrogen is produced in surplus 
and exported out of the region. The function is as follows: 

Nim = Nhc +Nlc − Nlp − Ncp (2) 

where Nhc is the nitrogen content of food consumption by human (kg/ 
(km2⋅year)); Nlc is the nitrogen content of feed consumption by livestock 
(kg/(km2⋅year)); Nlp is the nitrogen content of livestock products (kg/ 
(km2⋅year)); Nlp is the nitrogen content of crop products(kg/(km2⋅year)).

(1) Nitrogen input of human food consumption 

Nhc = (POPu × NIu + POPr × NIr) × Day × 10− 6/Area (3) 

where POPu and POPr is the urban and rural population (people); NIu and 
NIr is the coefficients of daily nitrogen intake for urban and rural people 
(mg/(people⋅day)); Day is the day amount of one year (day); Area is the 
area of management units (km2). Parameters are in the Table S1.

(2) Nitrogen input of livestock feed consumption 

Nlc =
∑11

i=1
(LAi × LIi)

/

Area (4) 

where i is 11 species of livestock (cattle, cow, pig, sheep, goat, horse, 
donkey, mule, camel, chicken, duck and goose); LA is the livestock 
amount (head); LI is the livestock intake coefficient (kg/(head⋅year)). 
Parameters are in the Table S2.

(3) Nitrogen output of livestock products 

Nlp =
∑11

i=1
[LAi × (LIi − LEi) × EPi ]

/

Area (5) 

where LE is the livestock excretion coefficient (kg/(head⋅year)); EP is the 
edible proportion of livestock products (%). Parameters are in the 
Table S3 and S4.

(4) Nitrogen output of crop products 

Ncp =
∑18

j=1

(
CYj × NCj × EP

)
/

Area (6) 

where j is the 18 species of crop (Maize, Sorghum, Wheat, Barley, Po
tatoes, Soybeans, Rice, Groundnut, Sunflower, Cotton, Sugar beet, Olive, 
Cassava, Vegetables, Pasture and meadow, Crops NES, Other oilseeds, 
Other cereals); CY is the crop yield (kg/year); NC is the percent of ni
trogen content (%). Parameters are in the Table S5.

2.3.2. Fertilizer application input

Nfer = (NF + CF × Nr)/Area (7) 

where NF is the application of nitrogen fertilizer (kg/year, nitrogen 
equivalent); CF is the application of compound fertilizer (kg/year); Nr is 
the percent of nitrogen content (%). Parameters are in the Table S6.

2.3.3. Crop fixation input

Nfix =
∑7

m=1
(Fixm⋅Arm)

/

Area (8) 

where m is the 7 species of crop (pulses, soybean, leguminous plants, 
pasture, paddy, maize/wheat); Fix is the crop nitrogen fixation effi
ciency (kg/km2); Ar is the crop planting area (km2). Parameters are in 

the Table S7.

2.3.4. Atmospheric deposition input
Atmospheric nitrogen deposition in this study denotes the transfer of 

reactive nitrogen from the atmosphere to terrestrial ecosystems, which 
is commonly categorized into oxidized nitrogen and reduced nitrogen, 
and further subdivided into dry and wet deposition pathways. This study 
utilizes the gridded atmospheric nitrogen deposition datasets that offer 
high-resolution spatial estimates suitable for long-term analysis of 
exogenous nitrogen input from human activities (Gao et al., 2020; Yu 
et al., 2019). The nitrogen deposition dataset is constructed by inte
grating multiple existing national-scale gridded data sources, and 
harmonized into a consistent, continuous time series from 1980 to 2020 
through linear interpolation and cross-dataset fusion techniques. This 
approach ensured temporal completeness and spatial resolution suitable 
for long-term sub-basin analysis across the Yellow River Basin. 

Ndep =
∑

cell
(NDcell⋅Arcell)

/

Area (9) 

where ND is the cell nitrogen deposition intensity (kg/km2); Ar is the cell 
area (km2).

2.4. Spatial analysis of nitrogen input patterns

The gravity center model is a widely used tool for assessing the 
spatial distribution and temporal migration patterns of regional attri
butes. It has been extensively applied in the long-term spatiotemporal 
evolution analysis of environmental pollution, population distribution, 
and energy consumption (Guo et al., 2022; Liang et al., 2021). In this 
study, the model is employed to trace the spatial dynamics of NANI and 
its four major components across the Yellow River Basin from 1980 to 
2020. By analyzing changes in the coordinates of gravity centers and 
their movement distances, this method captures both the direction and 
magnitude of nitrogen input shifts. 

xk
t =

∑n
i=1

(
xi⋅wk

i,t

)

∑n
i=1wk

i,t
, yk

t =

∑n
i=1

(
yi⋅wk

i,t

)

∑n
i=1wk

i,t

(10) 

where xi and yi denote the longitude and latitude of grid cell or subre
gion i; wi,t

k is the value of variable k in year t for region i; and n is the total 
number of regions.

To quantify the migration of nitrogen input centroids over time, we 
calculated the great-circle distance between centroid coordinates in 
successive years using the Haversine formula, which accounts for the 
Earth’s curvature and is widely applied in geospatial analyses: 

d = 2R⋅arcsin

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

sin2
(

ϕ1 − ϕ2

2

)

+ cos(ϕ1)⋅cos(ϕ2)⋅sin
2
(

λ1 − λ2

2

)√ )

(11) 

where d is the distance between two centroids (in km), R is the Earth’s 
mean radius (6,371 km), ϕ1 and ϕ2 are the latitudes of the two centroids 
(in radians), λ1 and λ2 are the longitudes of the two centroids (in ra
dians). All centroid coordinates were first converted from degrees to 
radians before computation. This method provides an accurate mea
surement of displacement trajectories between centroid positions in 
different years, allowing for robust spatiotemporal analysis of nitrogen 
input migration patterns.

2.5. Cluster analysis of nitrogen managements

To support the delineation of differentiated nitrogen management 
zones in the Yellow River Basin, this study employs an unsupervised K- 
means clustering algorithm to classify all 347 tertiary sub-basins. The 
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clustering is based on two key indicators: (1) NANI intensity in the year 
2020 and (2) the average annual growth rate of NANI from 1980 to 
2020. The combination of these two indicators captures both the current 
state (input level) and the long-term trajectory (change rate) of nitrogen 
inputs, which are critical for identifying priority zones for differentiated 
management. Prior to clustering, all input variables are standardized (z- 
score normalization) to ensure comparability and avoid scale-related 
biases. The K-means clustering algorithm partitions n observations 
into k clusters by minimizing the within-cluster sum of squared distances 
(WCSS). The objective function is defined as follows: 

SE =
∑K

j=1

∑

xi∈Cj

⃦
⃦xi − μj

⃦
⃦2 (12) 

where K is the number of clusters, Cj is the set of sub-basins in cluster j, 
and μi represents the centroid of cluster j. The algorithm iteratively 
updates cluster assignments and centroids until convergence is achieved 
or the change in centroids falls below a pre-defined threshold.

To determine the optimal number of clusters, we combined the 
elbow method with the Calinski–Harabasz (CH) Index and silhouette 
coefficient. The final choice of k = 9 captured a meaningful balance 
between interpretability and model performance, allowing identifica
tion of nuanced nitrogen management typologies. The clustering results 
were visualized using bivariate classification maps, and further inter
preted in relation to spatial patterns of fertilizer use, population density, 
cropland expansion, and proximity to urban centers. This approach 
enables a more operational and evidence-based delineation of nitrogen 
control zones compared to conventional administrative or hydrological 
classifications. 

CH =

∑
jnj
⃦
⃦uj − u

⃦
⃦2
/
(K − 1)

∑
j
∑

xi∈Cj

⃦
⃦xi − uj

⃦
⃦2
/(

nj − K
) (13) 

where nj is the number of sub-basins in cluster j, μj is the centroid of 
cluster j, μ is the global centroid of all sub-basins.

3. Results and discussion

3.1. Temporal trends and phased evolution

The total nitrogen input exhibits a typically inverted U-shaped trend 
in the Yellow River Basin from 1980 to 2020. Total inputs increase from 
2.48 × 109 kg in 1980 to 5.18 × 109 kg in 2020—an overall growth of 
approximately 2.09 times, corresponding to an average annual increase 
of 1.86 % (Fig. 2). Based on temporal patterns, the evolution of NANI 
can be divided into four distinct phases: a rapid growth phase I 
(1980–1995) with an annual increase rate of 3.89 %; a moderate growth 
phase II (1996–2010) with a slowed rate of 1.82 %; a stable phase III 

(2011–2015) with 5.9 × 109 kg/year; and a decline phase IV 
(2015–2020), marked by an average annual reduction of − 3.01 % 
(Zheng et al., 2023). In terms of input intensity, NANI rises from 3,079 
kg/(km2⋅yr) in 1980 to a peak of 7,350 kg/(km2⋅yr) in 2013, before 
decreasing to 6,433 kg/(km2⋅yr) by 2020. This trajectory mirrors the 
national trend in fertilizer consumption, highlighting the pivotal role of 
agricultural input intensity in shaping nitrogen loads in the basin. 
Compared to the national average, the Yellow River Basin has consis
tently exhibited significantly higher NANI intensity (Wang et al., 
2024b). For instance, the basin’s NANI intensity (4,653 kg/(km2⋅yr)) in 
1990 was 1.37 times the national average (3,400 kg/(km2⋅yr)), 
increasing to 1.4 times by 2020 (Han et al., 2014). However, when 
benchmarked against other N-intensive basins in China, the Yellow 
River’s intensity remains moderate—for example, accounting for only 
26.3 % of the Huai River’s level in 2010, and 85.0 % and 90.0 % of the 
Yangtze and Pearl Rivers’ levels, respectively, in 2015 (Zhang et al., 
2025a; Zhao et al., 2022; Zhong et al., 2022). On a global scale, it is 
substantially higher than that of typical watersheds in North America 
and Western Europe. In the early 2000 s, NANI in many major basins 
along the U.S. East Coast and in Western Europe generally ranged from 
2,000 to 4,000 kg/(km2⋅yr), well below the 6,000–7,300 kg/(km2⋅yr) 
observed in the Yellow River Basin during the same period (Goyette 
et al., 2016; Hong et al., 2012; Schaefer and Alber, 2007). This un
derscores the long-standing nitrogen pressure induced by agricultural 
intensification and population agglomeration in the basin, which has 
imposed considerable burdens on ecosystem health. Encouragingly, the 
post-2015 decline in NANI reflects the preliminary success of national 
policy interventions, including the “zero growth action plan for fertilizer 
use”, expanded wastewater treatment capacity, and strengthened ni
trogen emission regulations (Yu et al., 2025; Zhao et al., 2024). None
theless, as of 2020, the input intensity remained 2–3 times higher than 
those in developed countries, signaling a substantial gap in nitrogen 
management efficiency (Han et al., 2020; Li et al., 2024a). Moving 
forward, a coordinated strategy encompassing fertilizer-use efficiency, 
source reduction, and ecological restoration is urgently needed to 
reconcile agricultural productivity with ecological sustainability.

The intensity and contribution structure of nitrogen inputs undergo 
significant changes in the Yellow River Basin from 1980 to 2020. Multi- 
year average input intensity reveals a highly unbalanced input structure, 
with chemical fertilizer application (2,753 kg/(km2⋅yr)) and food/feed 
consumption (1,985 kg/(km2⋅yr)) dominating the total inputs, while 
atmospheric nitrogen deposition (808 kg/(km2⋅yr)) and biological ni
trogen fixation (116 kg/(km2⋅yr)) remained relatively low. Fertilizer 
application emerges as the largest and most variable source. Its unit-area 
input peaks in 2014 at 4,035 kg/(km2⋅yr), and its share of NANI in
creases from 31.3 % in 1980 to a peak of 55.4 % in 2015, then slightly 
declines to 52.9 % in 2020-exhibiting a characteristic inverted-U 
pattern. This trend reflects the substantial regulatory impact of na
tional policies, particularly the “zero growth action plan for fertilizer 

Fig. 2. Temporal changes in net anthropogenic nitrogen input and its components in the Yellow River Basin from 1980 to 2020. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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use” implemented in 2015 (Cheng et al., 2025; Ye et al., 2024). In 
addition, the intensification of agriculture in the middle and lower 
reaches of the basin and limited awareness of precision fertilization 
among farmers, further reinforced the dominance of fertilizer-derived 
nitrogen (Zhao et al., 2020). Food and feed nitrogen input rank sec
ond in contribution. Their intensity peaks in 2005 at 2,534 kg/(km2⋅yr) 
and declined thereafter, with their share of NANI dropping from a high 
of 47.8 % in 1981 to 31.9 % in 2020. Although urbanization continues to 
advance, the rapid improvement in domestic wastewater treatment ca
pacity effectively mitigates the pressure from this source (Deng et al., 
2025; Zhai et al., 2023). The number of urban wastewater treatment 
plants in China increases from 70 in 1980 to 2,618 in 2020, with daily 
treatment capacity rising from 0.7 million to 193 million cubic meters, 
significantly reducing nitrogen contributions from domestic sources (Bai 
et al., 2025). Atmospheric deposition exhibits relatively moderate 
variation, reaching a peak in 2011 and declining gradually thereafter. Its 
share of NANI decreases from 18.8 % in 1980 to 13.9 % in 2020. This 
trend closely aligns with reductions in national emissions of nitrogen 
oxides (NOx) and ammonia (NH3) (Yu et al., 2019; Zhang et al., 2025b). 
From 2011 to 2020, China’s annual NOx emissions drop from 24.03 
million tons to 10.19 million tons, while fertilizer use fall from 57.04 
million tons to 52.51 million tons, jointly contributing to reduced at
mospheric nitrogen deposition (Dentener et al., 2006; Ianniello et al., 
2011). Biological nitrogen fixation remains a minor source throughout 
the study period, with its share decreasing from 2.9 % in 1980 to 1.3 % 
in 2020. Although its direct contribution to nitrogen budgets is limited, 
as a key component of ecological agriculture, its role warrants more 
attention in future sustainable farming practices (Xiao et al., 2024). In 
summary, the NANI structure has been long dominated by chemical 
fertilizers and food/feed consumption, which together accounted for 
over 80 % of total inputs. Among them, chemical fertilizer is the most 
dynamic and policy-responsive component and remains the primary 

target for nitrogen pollution control in the basin. While nitrogen inputs 
from food and feed sources have shown phased mitigation, challenges 
persist under ongoing population agglomeration. Meanwhile, atmo
spheric deposition and biological fixation, though less significant in 
quantity, reflect the long-term feedback mechanisms between agricul
tural and environmental systems and should continue to be monitored 
and studied.

3.2. Spatial heterogeneity and inverse growth pattern

To systematically reveal the spatial heterogeneity of nitrogen inputs 
across the Yellow River Basin, this study develops a hierarchical spatial 
management framework comprising basin-wide, secondary, and tertiary 
control units. Using data at five-year intervals from 1980 to 2020, we 
analyze the spatial distribution patterns and temporal trends of NANI 
across multiple scales. The proposed zoning approach ensures spatial 
consistency while facilitating the identification of key regional dispar
ities, thereby supporting targeted, zone-specific management strategies 
(Liu et al., 2022; Zheng et al., 2023). Overall, NANI intensity in the 
Yellow River Basin exhibits pronounced spatial differentiation, charac
terized by a stepwise increase from the upstream to the downstream 
regions (Fig. 3). This spatial gradient closely corresponds to variations in 
land use, topography, and population density: the downstream region is 
predominantly lowland plains with concentrated cropland and dense 
population; the midstream comprises hilly and mountainous areas with 
moderate agricultural activities; and the upstream region consists 
mainly of high-altitude deserts and sparsely populated areas (Tian et al., 
2025). As a result, per-area NANI in the downstream is substantially 
higher than in the upstream, a spatial pattern that aligns closely with the 
distribution of potential crop yield across China (Liu et al., 2015). In 
2020, the control unit with the highest anthropogenic nitrogen input is 
the main stem of the Yellow River from the Qin River to the estuary, 

Fig. 3. Temporal variations of net anthropogenic nitrogen input and its components in the upstream, midstream, and downstream regions of the Yellow River Basin 
from 1980 to 2020. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reaching 29,291 kg/km2⋅a-approximately 4.6 times the basin-wide 
average. This is followed by the Dawen River sub-basin (21,568 kg/ 
km2⋅a) (Zhang et al., 2025a). Areas with medium input intensity are 
mainly located in the lower reaches below Longyangxia Dam and in 
agricultural hotspots of the midstream region (Zhou et al., 2023). In 
contrast, the weakest nitrogen inputs are observed in the source region 
of the Yellow River up to the Heihe River segment (375 kg/km2⋅a) and 
the internal drainage area of the midstream (736 kg/km2⋅a). The NANI 
intensity between the highest and lowest control units differed by nearly 
78-fold, indicating extremely high spatial disparity within the basin. 
Notably, this spatial structure has remained largely stable over the past 
four decades, suggesting that anthropogenic nitrogen inputs are pre
dominantly shaped by long-standing land use and socioeconomic pat
terns. For instance, although the downstream accounts for only 3.7 % of 
the basin area, it contributes 15.5 % of the NANI in 2020; the midstream, 
covering 45.8 % of the area, contributed 57.3 %; while the upstream, 
despite encompassing 50.5 % of the basin, contributed only 27.2 % of 
NANI. In summary, the spatial distribution of NANI in the Yellow River 
Basin follows a stable gradient of “high in the downstream, moderate in 
the midstream, and low in the upstream,” with significant disparities 
and well-defined zonation (Li et al., 2025c). This spatial pattern reflects 
the combined effects of natural endowments and anthropogenic activ
ities and provides a robust spatial and multi-scale basis for implement
ing zoned nitrogen control and precision management strategies in the 
future.

Over the past four decades, nitrogen inputs in the Yellow River Basin 
increase by 108.9 %. However, the growth rates exhibit a “reverse 
gradient” pattern—opposite to the spatial distribution of NANI intensi
ty—where regions with initially low nitrogen input have experienced 
the most rapid increases (Fig. 4). The upstream records the highest 
growth rate (124.6 %), followed by the downstream (116.1 %), while 
the midstream shows a relatively lower increase (100.5 %), reflecting a 
notable rise in nitrogen input in formerly low-NANI areas. In terms of 
source components, nitrogen from fertilizer application increased most 
dramatically, by 253 % overall, with regional disparities: 605 % in the 
upstream, 230 % in the midstream, and 179.4 % in the downstream. In 
contrast, nitrogen inputs from food/feed imports grow more moderately 

(41.6 %), yet with marked spatial heterogeneity-92.9 % in the upstream 
versus only 16.5 % and 19.4 % in the midstream and downstream, 
respectively. Atmospheric nitrogen deposition increases by 54.1 % 
overall, with a slight decline in the upstream (− 6.5 %) and sharp in
creases in the midstream (67.2 %) and downstream (228.4 %). Biolog
ical nitrogen fixation from crops decrease by 4.83 % overall, with 
noticeable declines in the upstream (− 11.36 %) and downstream 
(–23.38 %), while the midstream show a slight increase (7.49 %). At the 
level of secondary management units, the most rapidly growing areas 
are mainly located in upstream and midstream agricultural expansion 
zones, including the Wuliangsuhai section of the main stem (298.1 %), 
the Qingshui River basin (275 %), and the main stem from Qingshui 
River to Wuliangsuhai (269.8 %). In contrast, the slowest-growing areas 
are concentrated in the upper headwaters and midstream internal 
drainage regions, such as the segment from the river source to the Heihe 
River (0.8 %), the Qu Shui’an to Daxia River segment (14.9 %), and the 
midstream endorheic zone (15.8 %). At the tertiary sub-basin level, 
NANI increases in the majority of control units, with only a few excep
tions. From a temporal perspective, 1980–1990 marks a period of gen
eral increase, especially in agricultural hotspots such as the Hetao Plain 
and the North China Plain, where NANI in the Wuliangsuhai area rose by 
101.6 %. Growth continued from 1990 to 2000, although some plateau 
regions, including the Qinghai-Tibet and Ordos Plateaus, experience 
slight declines primarily due to reduced atmospheric nitrogen deposi
tion. Between 2001 and 2010, the upward trend intensified again, with 
typical regions such as the Dahei River Basin and the section from 
Wuliangsuhai to Dahei River showing growth rates of 49.7 % and 44.8 
%, respectively, from 2001 to 2005. During 2010–2015, trends began to 
diverge: the downstream region experiences an overall decline (− 4.0 
%), while the midstream and upstream regions continue to grow 
modestly (1.6 % and 2.4 %, respectively). The period of 2016–2020 
marks a critical turning point, with basin-wide NANI declining overall 
by 11.5 %, including a 14.8 % drop in the midstream and an 18.8 % 
decrease in the downstream. This decline is largely driven by a signifi
cant reduction in fertilizer nitrogen inputs (− 15.4 %), coinciding with 
the implementation of the “zero growth action plan for fertilizer use” 
launched by the Ministry of Agriculture in 2013 and the “air pollution 

Fig. 4. Spatial distribution of net anthropogenic nitrogen input (kg/(km2⋅year)) in the Yellow River Basin at five-year intervals from 1980 to 2020. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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prevention and control action plan,” which substantially reduced NOx 
emissions and thereby further curbed atmospheric nitrogen deposition 
(Cheng et al., 2025; Wang, 2025). In summary, NANI in the Yellow River 
Basin exhibits a reverse spatial expansion pattern—characterized by 
higher growth rates in initially low-intensity region—and followed a 
three-phase temporal trajectory: “rapid growth − regional divergence −
overall decline.” Notably, turning points in NANI dynamics closely align 
with the timing of national policy interventions, providing critical 
empirical support for formulating region-specific nitrogen mitigation 
strategies in the future.

3.3. Dynamic responses of NANI to economic and spatial drivers

A nonlinear relationship between economic development and ni
trogen pollution is observed in the Yellow River Basin, with nitrogen 
inputs first rising and then declining as GDP per capita increased. To 
interpret this coupling pattern, we apply the environmental kuznets 
curve (EKC) framework, which focuses on examining the relationship 
between economic growth and environmental pressures, and is widely 
used to assess the dynamic interplay between economic growth and 
environmental pressures (Durmaz and Thompson, 2024). In this study, 
after comparing alternative model specifications, we selected the 
segmented regression function for its best-fitting performance and 
ability to clearly capture distinct development stages. Based on panel 
data from 1980 to 2020, a segmented regression model is fitted to reveal 
the turning point of this relationship and explore its regional heteroge
neity. The results reveal a typical inverted U-shaped EKC pattern at the 
basin scale, with an inflection point occurring when per capita GDP 
reaches approximately 41,000–46,000 CNY (Fig. 5, Fig. 6). During the 
early stage of economic development (GDP per capita < 15,000 CNY), 
NANI increases logarithmically with GDP growth, primarily driven by 
population expansion, intensification of agricultural inputs, and indus
trialization. In contrast, during the later stage of development (GDP per 
capita > 40,000 CNY), NANI begins to decline, attributed to green 
transformation efforts, reductions in fertilizer use intensity, enhanced 
wastewater treatment capacities, and the declining share of nitrogen- 
intensive industries (Li et al., 2025b; Wang et al., 2025a). Regional 

heterogeneity further reveals that the downstream region has completed 
the full EKC trajectory—characterized by “growth-plateau-decline”-and 
has already surpassed the turning point, exhibiting a decoupling be
tween economic growth and environmental degradation (Wang et al., 
2025b; Zhang et al., 2024b). These regions should now focus on 
consolidating reductions, preventing rebound effects, and serving as 
demonstration zones for low-N development. In contrast, the upstream 
remains on the rising segment of the EKC, with lower per capita GDP and 
continued pressure on nitrogen inputs from agriculture and population, 
showing no clear turning point in nitrogen reduction. These regions 
require early policy entry points to prevent long-term pollution lock-in, 
especially through ecological redlines, agricultural land-use planning, 
and investment in early-stage nutrient monitoring infrastructure. The 
spatial divergence in EKC trajectories has been confirmed by numerous 
studies, underscoring that pollution control and economic growth do not 
evolve synchronously but are instead shaped by a complex interplay of 
resource endowments, governance capacity, and policy implementation 
(Mutascu, 2025; Ozturk et al., 2024). More importantly, the EKC tra
jectory in the Yellow River Basin has been shaped not by spontaneous 
market adjustments but by a series of targeted interventions—including 
total pollutant control systems, green agriculture promotion, and region- 
specific development strategies (Cui et al., 2024; Zhang et al., 2024a). 
The emergence of EKC turning point is thus a consequence of the com
bined effects of institutional pressure and technological progress. 
Without sustained policy support and continuous innovation, the cur
rent downward trend in NANI could stagnate or even reverse. This 
finding highlights the critical importance of building long-term, stable 
mechanisms for green development to consolidate and expand nitrogen 
reduction achievements in the basin.

The geographic shift of nitrogen input centroids serves as a critical 
indicator of agricultural expansion, pollution redistribution, and the 
spatial evolution of socioeconomic activities. This study is the first to 
apply a centroid trajectory analysis at the scale of the Yellow River Basin 
to systematically assess the five-year spatial dynamics of total nitrogen 
input and its four major sources—fertilizer application, food/feed ni
trogen, atmospheric deposition, and biological nitrogen fixation—over 
the period 1980–2020 (Fig. 7). Overall, the centroids of NANI and its 

Fig. 5. Changes in the five-year growth rate of net anthropogenic nitrogen input in the Yellow River Basin from 1980 to 2020. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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major components remained consistently concentrated near the 
midstream region, particularly around the Shanxi-Shaanxi junctions, 
forming an elliptical agglomeration belt extending in a northwest- 
southeast direction (He et al., 2025; Liu et al., 2025). From 1980 to 
2000, the centroids exhibit a persistent southeastward shift, reflecting 
the strong gravitational pull of agricultural and industrial intensification 
in the middle and lower reaches. After 2000, however, the centroid 
begins to migrate northwestward, with a total displacement of 73.73 km 
at an average annual rate of approximately 3.69 km, peaking during 
2016–2020 with a single-period movement of 34.57 km. This spatial 

turning point coincides with the launch of the “Western Development 
Strategy” and reflects increasing nitrogen input intensity in western 
regions (Dai et al., 2022; Zheng et al., 2022). Source-specific analysis 
reveals substantial heterogeneity in centroid migration trajectories: (1) 
Fertilizer-derived nitrogen exhibits a steady southeast-to-northwest 
shift, with a total displacement of 237.66 km over 40 years. Moreover, 
the spatial trajectory of fertilizer nitrogen closely mirrors that of total 
anthropogenic nitrogen input: the correlation coefficients between their 
centroid coordinates are 0.98 for longitude and 0.88 for latitude, 
respectively. This high degree of alignment indicates that agricultural 

Fig. 6. Relationship between net anthropogenic nitrogen input and per capita GDP in the Yellow River Basin (a) and its upstream, midstream, and downstream 
regions (b) from 1980 to 2020. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Temporal dynamics of spatial centroids for net anthropogenic nitrogen input and its components in the Yellow River Basin from 1980 to 2020. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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planting activities, particularly fertilizer application, are the dominant 
driver of anthropogenic nitrogen input dynamics across the basin. This 
trend highlights the intensifying fertilizer use in northwestern agricul
tural zones and underscores the urgent need for enhanced nutrient 
management and fertilizer reduction strategies in these areas (Yang 
et al., 2024). (2) Food/feed nitrogen shows a west-to-east migration 
between 1980 and 2005, indicating a concentration of domestic-source 
nitrogen pollution in downstream urban areas during rapid urbaniza
tion. After 2005, the centroid partially shifted back westward, suggest
ing emerging pollution pressures from livestock production and small to 
medium-sized cities in the western regions (Yang et al., 2023). (3) At
mospheric nitrogen deposition experiences an initial northwest-to- 
southeast migration, followed by a slight reversal (total movement of 
161.51 km). This pattern may reflect the initial effectiveness of emission 
control policies in eastern China, while highlighting increasing atmo
spheric nitrogen burdens in central and western regions (Tian et al., 
2025). (4) Biological nitrogen fixation displays no clear directional trend 
but shows pronounced periodic fluctuations, averaging 42.91 km per 
interval. These variations are likely driven by shifts in cropping struc
tures and arable land distribution. Previous studies have shown that 
westward shifts in China’s agricultural nitrogen flow are often influ
enced by institutional interventions such as ecological restoration, 
cropland retirement in urbanizing regions, and structural adjustments in 
agriculture (Fu et al., 2024; Li et al., 2025b). As a national ecological 
protection priority, the Yellow River Basin’s shifting nitrogen input 
centroid reflects deep structural changes in the spatial distribution of 
human activities. More importantly, it suggests that future pollution 
control efforts should increasingly focus on ecologically sensitive west
ern subregions, enabling targeted regulation and regionally coordinated 
nitrogen management strategies.

3.4. Spatial typologies of nitrogen input for tiered management

To support zoned and targeted nitrogen pollution control in the 
Yellow River Basin, this study employs an unsupervised K-means clus
tering algorithm to classify all tertiary sub-basins based on two in
dicators: NANI intensity in 2020 and the growth rate of NANI from 1980 
to 2020. This approach effectively integrates multidimensional data 
while avoiding subjectivity associated with threshold-based classifica
tions, thereby enhancing the objectivity and spatial specificity of ni
trogen control unit delineation. The clustering results identify nine 
composite types of sub-basins, corresponding to combinations of nitro
gen input intensity and growth rate-namely, “High-High (H-H),” “High- 
Medium (H-M),” “High-Low (H-L),” “Medium-High (M− H),” and so on- 
establishing a differentiated nitrogen input management zoning system 
based on the dual dimensions of intensity and growth (Fig. 8). Spatial 
analysis reveals that NANI in the basin exhibits strong spatial clustering 
and autocorrelation, indicating that nitrogen inputs are not only driven 
by local agricultural activities and population density, but also influ
enced by spillover effects from adjacent urban expansion, wastewater 
discharge, and regional policy dynamics (Sun et al., 2020; Zheng et al., 
2023). Specifically, H-H sub-basins are concentrated in tributaries such 
as the Weihe, Qinhe, Yiluo, and Dawen Rivers, which serve as key 
agricultural hinterlands for major urban agglomerations including 
Xi’an, Zhengzhou, Jinan, and Luoyang (Ji et al., 2024; Tian et al., 2025). 
These regions face dual pressures from intensive fertilizer application 
and domestic nitrogen sources, making them “core risk zones” for ni
trogen pollution. Comprehensive strategies are urgently needed, 
including fertilizer reduction and substitution, enhanced wastewater 
nitrogen removal, and rural non-point source control, along with the 
establishment of coordinated regional governance mechanisms to 

Fig. 8. Spatial classification of tertiary sub-basins in the Yellow River Basin based on NANI intensity in 2020 and historical growth trends (L-L: low NANI and low 
growth; L-M: low NANI and medium growth; M− L: medium NANI and low growth; M− M: medium NANI and medium growth; M− H: medium NANI and high growth; 
H-L: high NANI and low growth; H-M: high NANI and medium growth; H-H: high NANI and high growth). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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improve mitigation efficiency and joint prevention capabilities. In 
contrast, H-L and H-M sub-basins exhibit high input intensities but 
slower or stable growth trends, suggesting that existing control measures 
are beginning to show results. These areas should focus on consolidating 
current achievements and preventing rebound effects. Moreover, they 
offer valuable opportunities to serve as demonstration zones for me
dium- to long-term nitrogen control, promoting best practices such as 
precision fertilization, green cropping systems, and organic substitution. 
M− H sub-basins, located mainly in the agriculturally suitable 
midstream and irrigated farming expansion zones, have experienced 
rapid NANI growth in recent years due to increased grain production 
and the spread of intensive agriculture. These are designated as “early- 
warning zones” and should be targeted with timely interventions to 
prevent transition into high-load areas. M− M and M− L sub-basins show 
moderate loads and should adopt development-compatible constraint 
strategies based on their potential risk. Of particular concern are L-H 
sub-basins, which are primarily distributed along the margins of the 
Qinghai-Tibet Plateau and the Ordos Plateau-ecologically sensitive re
gions where current nitrogen inputs remain low but are increasing 
rapidly (Li et al., 2024b). This trend reflects westward agricultural 
expansion and growing external pressure on ecological buffer zones. 
Without timely intervention, these areas could evolve into emerging 
pollution hotspots. Hence, they should be designated as “ecological 
early-warning zones,” with strict control over nitrogen input sources, 
farmland expansion, and high-intensity projects (Huang et al., 2022). L- 
L sub-basins, located in headwater regions, alpine zones, or internal 
drainage areas, maintain persistently low nitrogen input levels and 
function as “ecological bottom-line zones” for basin-wide security (Feng 
et al., 2024). These areas require sustained protection efforts, strict 
enforcement of ecological redline policies, and restrictions on anthro
pogenic disturbances. Compared to conventional classifications based 
on administrative boundaries or hydrological units, the K-means clus
tering framework proposed in this study offers a more scientific and 
operationally feasible approach. It not only captures the spatial varia
tion and temporal evolution of NANI but also provides a robust foun
dation for implementing differentiated control strategies. Based on the 
clustering results, we propose a multi-tiered management framework 
tailored to the specific nitrogen input profiles of the Yellow River Basin: 
(1) For H–H and M− H zones, which are typically concentrated in 
intensively cultivated and densely populated areas (e.g., Weihe, Yiluo, 
and Dawen sub-basins), we recommend establishing nitrogen control 
priority zones. These regions require integrated mitigation strategies 
targeting agricultural nutrient reduction, enhanced wastewater treat
ment, and industrial source control, along with strengthened inter- 
jurisdictional coordination mechanisms; (2) For L-H zones, often 
located at the ecological margins of the Qinghai-Tibet Plateau and Ordos 
Plateau, we suggest designating them as early-warning control zones. 
These areas, though currently low in N load, are experiencing rapid 
growth due to land conversion and new agricultural projects. Manage
ment should emphasize ecological redline protection, regulation of 
farmland expansion, and proactive control of nitrogen-intensive devel
opment; (3) For transitional zones such as M− M and H-M, which show 
moderate or stabilizing trends in nitrogen inputs, we recommend 
adopting flexible and adaptive management approaches. These should 
include ongoing evaluation of development–pollution trade-offs, pilot 
projects for green agriculture, and the gradual introduction of differ
entiated fertilizer pricing or quota mechanisms; (4) For L-L zones, 
mainly located in headwaters, alpine zones, and internal drainage areas, 
we propose maintaining them as ecological bottom-line protection 
zones. Management in these areas should focus on long-term ecological 
monitoring, land use restrictions, and the prevention of anthropogenic 
disturbances to safeguard the basin’s overall nitrogen balance. In sum
mary, the K-means clustering approach offers a scientifically grounded 
and practically oriented framework for spatially explicit nitrogen man
agement. Under the broader context of China’s “dual carbon” goals and 
the “Beautiful China” initiative, this method helps clarify nitrogen 

control priorities in the Yellow River Basin and supports the formulation 
of differentiated, regionally coordinated, and ecologically oriented ni
trogen mitigation pathways.

3.5. Limitation and uncertainty

Despite the incorporation of high-resolution spatiotemporal data and 
a robust methodological framework, the estimation of net anthropo
genic nitrogen input and its spatiotemporal dynamics in the Yellow 
River Basin inevitably involves multiple sources of uncertainty. These 
uncertainties stem from data quality, parameter assumptions, model 
structure, and socio-political variability. (1) Data accuracy and consis
tency represent a core source of uncertainty in NANI estimation. The 
four major components of NANI—fertilizer application, food/feed ni
trogen inputs, atmospheric nitrogen deposition, and biological nitrogen 
fixation-are derived from multiple data sources, including statistical 
yearbooks, remote sensing interpretation, model outputs, and literature- 
based coefficients. Fertilizer data, typically obtained at the county level, 
often suffer from mismatches between production and application lo
cations, especially near basin boundaries. In addition, the reconstruction 
of missing historical data, particularly for the period prior to the 1990 s, 
introduces further uncertainty, as it relies on proportional estimation 
methods based on limited or aggregated records. Food/feed nitrogen 
estimates are influenced by shifting population dynamics and changing 
urban–rural classification criteria, which can compromise temporal 
consistency. Atmospheric deposition estimates, especially before 2000, 
are modeled with limited ground observation support, leading to large 
uncertainty bounds. Biological nitrogen fixation depends heavily on 
crop types and cropping patterns, and is particularly challenging to es
timate in irrigated or reforested areas, where land cover frequently 
changes. (2) Methodological choices also introduce structural uncer
tainty. Some key coefficients (e.g., per capita food nitrogen input, live
stock excretion rates) assumed constant over time and space, potentially 
underestimating local heterogeneity or intensification effects. More
over, to convert nitrogen input data from administrative units to hy
drologically defined tertiary sub-basins, we applied proportional 
downscaling using weighting factors such as population, GDP, and 
agricultural land area. While this approach is widely used and facilitates 
alignment with ecological management units, it may introduce spatial 
allocation errors—especially in regions with mixed land use, cross- 
boundary cities, or rapidly changing socio-economic conditions. (3)
There is a lag between socioeconomic behavior and policy effectiveness. 
While EKC analysis shows a turning point in nitrogen input trends, this is 
not an automatic function of economic growth, but the result of policy- 
driven interventions. Fertilizer reduction, livestock restrictions, and 
straw return programs are unevenly implemented across regions. (4) 
The physical and ecological context of the YRB introduces specific 
challenges. The Yellow River is one of the most regulated river systems 
globally, with extensive reservoir cascades and inter-basin transfers (Li 
et al., 2025a; Yarleque et al., 2024). These infrastructures alter nitrogen 
fate through sedimentation, denitrification, and hydrological attenua
tion, potentially decoupling NANI values from observed water quality 
outcomes (Mu et al., 2024; Tian et al., 2025). High nitrogen input in 
downstream sub-basins, for instance, may be attenuated by reservoir 
retention before reaching sensitive aquatic ecosystems. Similarly, the 
basin’s high sediment load affects nitrogen through adsorp
tion–desorption processes not accounted for in the NANI model. In 
addition, the extreme seasonal variation in runoff (with 60 % of annual 
discharge occurring in 3–4 months) creates temporal mismatches be
tween nitrogen loading and transport, while water scarcity in the lower 
reaches may exacerbate accumulation and hotspot formation (Dou et al., 
2025; Xie et al., 2025). (5) The NANI model, as a pressure-based 
framework, quantifies potential rather than actual nitrogen export or 
impact. It does not incorporate retention, transformation, or ecosystem 
response processes. Nor does it disaggregate the marginal contributions 
of overlapping drivers such as policy reform, market dynamics, and 
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climate change. In conclusion, although the NANI estimates in this study 
provide critical insights into nitrogen input dynamics and priority areas 
for management, they must be interpreted in light of the basin’s hy
drological modifications, sediment context, and implementation vari
ability. Future research should consider coupling NANI outputs with 
hydrological-biogeochemical models, expanding in situ validation ef
forts, and integrating feedback mechanisms to support more accurate 
and policy-relevant nitrogen risk assessments in complex basins such as 
the Yellow River

4. Conclusion

This study presents a comprehensive assessment of the spatiotem
poral patterns and driving mechanisms of net anthropogenic nitrogen 
input in the Yellow River Basin from 1980 to 2020, integrating high- 
resolution spatial datasets, multi-source nitrogen input accounting, 
and multiple analytical frameworks including centroid migration, EKC 
and unsupervised clustering. The results reveal that: (1) Long-term 
growth with spatial polarization. Over the past four decades, the NANI 
increased by 108.9 %, but spatial disparity widened significantly. The 
downstream regions consistently exhibit the highest input intensity, 
whereas upstream areas experienced the fastest growth, forming a 
reverse gradient between the baselines and growth rates. (2) Stable 
spatial hierarchy with shifting frontiers. Although NANI intensity fol
lowed a persistent “high downstream-moderate midstream-low up
stream” pattern, the centroid and its major sources migrated 
northwestward after 2000, indicating a spatial frontier of transition 
driven by agricultural expansion and shifting pollution pressures. (3) 
Nonlinear coupling with economic growth. A clear EKC relationship was 
identified, with a per capita GDP threshold (41,000–46,000 CNY) 
marking the onset of nitrogen decoupling in mid- and downstream re
gions. Upstream zones remain on the rising curve, reflecting a socio
economic frontier of transition. (4) Zoned typologies for precision 
management. K-means clustering classified sub-basins into nine types, 
corresponding to different nitrogen dynamics and control strategies. 
These typologies delineate governance frontiers, from priority risk zones 
to ecological bottom lines.

This study demonstrates the value of identifying spatiotemporal and 
socioeconomic frontiers of nitrogen pollution to guide more adaptive 
and region-specific management strategies. By capturing centroid 
migration patterns, nonlinear economic linkages, and sub-basin clus
tering typologies, we reveal where and how nitrogen input dynamics are 
transitioning across the Yellow River Basin. These findings enable the 
construction of a differentiated management framework aligned with 
ecological risk, development stage, and policy capacity. More broadly, 
this research exemplifies how high-resolution, data-driven diagnostics 
can strengthen basin-scale environmental governance in rapidly devel
oping, resource-constrained regions. Continued integration of nitrogen 
output pathways and ecosystem responses will be critical for informing 
long-term sustainable transitions.
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