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ABSTRACT

Nutrient fluxes exhibit complex dynamics under combined influences of land surface processes and human ac-
tivities. In this study, we comprehensively investigate the long-term variability of riverine nutrient fluxes and
uncover the underlying controlling mechanisms in a typical urban agglomeration by integrating observations
with the Export Coefficient Model and the Soil and Water Assessment Tool within a coupled human-hydrological-
biogeochemical framework. Our results show that the non-point sources (NPS) pollution is controlled by coupled
transport processes and nutrient sources. High surface flows in urban and agricultural areas, actively combined
with their respective nitrogen deposition and intensive fertilizer use, form active NPS zones. In forested regions,
elevated nitrogen levels result from soil nitrate leaching in the lateral layer, where lateral flow is not a limiting
factor. The elevated riverine nitrogen flux from NPS, relative to phosphorus, results from the combined effects of
abundant nutrient inputs and a disproportionately higher export rate of nitrogen. In contrast, point sources are
primarily driven by domestic wastewater, which establishes a persistent core-periphery pollution structure in
urban agglomerations, with intensity decreasing from domestic-heavy and hybrid-sourced areas at the core to
agro-centric regions at the periphery. However, this structure weakens as domestic sources decline significantly
while non-domestic sources remain dynamically balanced. Regarding instream processes, nutrient trans-
formation and removal in channels are positively influenced by organic nutrient ratios and transport distance,
whereas upstream influx has a relatively minor impact. These findings provide valuable insights into riverine
nutrient pollution from various sources across diverse landscapes in urban agglomerations worldwide.

1. Introduction

the early stages of economic development, water pollution increases as
industries and populations expand, but it declines after a critical turning

Riverine nutrient flux is vital for the health of aquatic ecosystems and
ensuring human sustainability (Battin et al., 2023). It has changed
globally due to agricultural expansion and urbanization, which directly
or indirectly alter nutrient inputs into rivers (McDowell et al., 2025).
Additionally, land surface processes significantly influence the transport
and transformation of nutrients from landscapes into river networks
(Hale et al., 2015). The interplay of human, hydrological, and biogeo-
chemical processes complicates the identification of the mechanisms
controlling nutrient flux, thereby hindering effective water quality
management (Tang et al., 2022).

Nutrient flux displays dynamic spatiotemporal patterns during urban
agglomeration development (Deng et al., 2023). The Environmental
Kuznets Curve (EKC) framework hypothesizes an inverted U-shaped
relationship between economic growth and environmental pollution. In
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point, primarily due to stricter regulations and improvements in
wastewater treatment (Santis et al., 2024). This inverted U-shaped
temporal pattern has been widely observed in regions such as China,
North America, and Europe (Hildebrandt et al., 2024). Spatially,
nutrient intensity generally decreases from central cities, dominated by
domestic activities, to peripheral regions characterized by agricultural
activities (Cheshmehzangi and Tang, 2022).

While these patterns are well-documented, variations of nutrient
sources in the associated cities may deviate from the typical EKC
pattern. For instance, nutrients from rural domestic sources may
continue to decline due to urbanization and improved sewage systems,
while nutrient fluxes from livestock and aquaculture may fluctuate in
response to macroeconomic policies and shifts in dietary preferences
(Sun et al, 2023). Central cities often reduce nutrient flux by
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transitioning to green industries after the EKC turning point; however,
peripheral regions may inherit high-pollution industries relocated from
urban cores, leading to opposing trends within urban agglomerations.
These deviations highlight the pressing need for long-term, city-level
investigations into nutrient flux patterns across diverse sources.

Non-point sources (NPS) of nutrients are the dominant contributors
to global riverine nutrient fluxes, regulated by complex biogeochemical
cycles within climate-vegetation-soil systems (Ongley et al., 2010).
Among these sources, agricultural fertilizers play a leading role, espe-
cially in regions like China, where excessive fertilizer use accounts for
30 % of global consumption, despite low use efficiency (Ju et al., 2016).
In contrast, natural nutrient sources have received comparatively less
attention (Chen et al., 2022). For instance, the decomposition of plant
debris and crop residues releases various nutrients into the soil (Wang
et al.,, 2024). Atmospheric deposition also supplies considerable
amounts of nitrogen, which enhances soil fertility and subsequently
enters aquatic ecosystems. Beyond these soil nutrient cycling, nutrient
species also change within instream environments, involving various
biotic and abiotic processes in the water column and riverbed (Li et al.,
2024). Therefore, a comprehensive understanding of riverine nutrient
fluxes necessitates clear insights into the linkages between nutrient in-
puts and losses driven by various biogeochemical processes.

Terrestrial hydrology significantly influences the transport of NPS
nutrients across land surfaces. Runoff is a primary driver of interannual
and seasonal variations in riverine nutrient fluxes, with substantial
nutrient transport during rainy seasons and in wet years. The high ki-
netic energy of surface flow actively mobilizes nutrients from the topsoil
and contributes to soil splash (Zhang et al., 2024). In contrast, the
transport of NPS nutrients in subsoils, facilitated by subsurface flow,
remains poorly understood (Nakayama et al., 2025). Nutrients in sub-
soils originate from topsoil leaching and the decomposition of detritus.
Furthermore, biological uptake and microbial processes influence soil
nutrient availability, resulting in higher nutrient concentrations in soil
solutions compared to stream water (Mihiranga et al., 2022). These
nutrient pathways within the soil profile highlight the necessity of
identifying the roles of different flow components.

Land use plays a critical role in regulating the biogeochemical pro-
cesses associated with nutrient flux on land surfaces. Agricultural lands
receive intensive fertilizers, whereas forested regions experience
elevated nitrogen deposition rates (Bojanowski et al., 2024). In these
non-urban landscapes, the decomposition of plant biomass contributes
to the formation of organic and inorganic nutrients. Moreover, land use
affect hydrological processes, indirectly affecting nutrient transport
pathways (Zhang et al., 2024). Forested and pasture areas typically
exhibit higher infiltration rates and greater subsurface flow, which can
reduce nutrient fluxes (Richards et al., 2021). In contrast, agricultural
and urban landscapes are characterized by increased surface flow,
leading to enhanced nutrient transport across the topsoil. Previous
studies have established correlations between land use patterns and
nutrient fluxes (Hamlin et al., 2020). For instance, forest cover is
negatively associated with nutrient fluxes, while urban and agricultural
areas show positive correlations (Jain et al., 2025). However, much of
the existing research relies heavily on statistical analyses, leaving a
process-based understanding of nutrient flux regulation across diverse
landscapes insufficiently explored (Naden et al., 2016).

In this study, we combined observational data with the Export Co-
efficient Model (ECM) and the Soil and Water Assessment Tool (SWAT)
to examine the variability of riverine nutrient fluxes in a typical urban
agglomeration over the past 30 years. The specific objectives were to: 1)
characterize the spatiotemporal patterns of nutrient fluxes, 2) assess the
combined influences of hydrological processes, biogeochemical dy-
namics, and human activities, and 3) identify the key factors regulating
each nutrient source.

Journal of Hydrology 664 (2026) 134406

2. Dataset and method
2.1. Study area

The Pearl River Delta (PRD) spans 55,400 km? and is located
downstream of the Pearl River Basin (PRB) in southern China (Fig. 1).
Urban land occupies approximately 10 % of the area, primarily around
the coast of the Pearl River Estuary (PRE), while cropland in the central
alluvial plain accounts for one-third of the delta. Forests dominate the
periphery, covering over half of the PRD. The region experiences a
subtropical oceanic climate characterized by abundant precipitation
(exceeding 1500 mm per year), warm temperatures (averaging 22 °C),
high solar radiation (5200 MJ/m? per year), and a dense river network
(0.82 km/km?). These conditions provide an optimal environment for
agricultural activities and facilitate NPS nutrient transport.

The PRD consists of nine prefecture-level cities and is one of the most
socioeconomically active regions in the world. This region experiences
significant pollution from human activities, particularly near the coast
and within the floodplain. By 2015, the PRD had become the world’s
largest urban agglomeration in terms of area and population (World
Bank, 2015). This region generates over 80 % of Guangdong Province’s
GDP and is home to approximately 78.24 million people (Guangdong
Statistical Bureau, 2020). Despite its impressive economic success, the
degree of urbanization and industrial structure varies within this urban
agglomeration. Furthermore, once known as the “world’s factory floor”,
the PRD continually faces significant challenges in water quality
degradation.

2.2. Model description

In this study, we simulated riverine nutrient fluxes of nitrogen and
phosphorus by integrating the ECM with the SWAT model to account for
point source (PS) and NPS nutrient contributions, respectively (Fig. 2).
We achieved integration by incorporating PS data into the channel
routing component of the SWAT model. We utilized the hydrology
module of the SWAT, which has been thoroughly validated for the PRB,
including climate forcing data, simulated streamflow (Fig. S1 in Ap-
pendix), and actual and potential evapotranspiration, as detailed in
Zhang et al. (2024). Additionally, the nutrient module employed has
been validated in nutrient fluxes and species throughout the Pearl River
(Fig. S2 in Appendix). Furthermore, the ECM estimates annual nutrient
inputs from PS based on the methodology outlined in the Manual of
National Emission Source Census Pollutant Discharge Accounting
Method and Coefficient (https://www.mee.gov.cn/). PS includes do-
mestic discharges from both rural and urban areas, industrial waste-
water, and contributions from the breeding industry, which
encompasses livestock farming and aquaculture. Detailed parameters
and equations related to PS in the ECM are provided in Text S1 in
Appendix.

The SWAT model consists of two phases: the land phase and the
stream phase. The land phase utilizes Hydrological Response Units as
the computational units, which address landscape heterogeneity by
integrating topography, soil properties, land use, and management
practices (Bieger et al., 2019). The hydrological cycle is the primary
driver of nutrients transport. The water balance is simplified as Equa-
tions (1) and (2):

Precipitation = AET + Runoff + Minor terms, (€D)]

Runoff = qur + Qlat + Qaqu (2)

where AET represents actual evapotranspiration. Additional minor
terms include re-evaporation from shallow aquifers to root zones,
seepage from shallow aquifers to deep aquifers, and water storage in
root zone and shallow aquifer. Qur, Quat, and Qqqy denote surface, lateral,
and aquifer flows, respectively. All terms are in millimeters (mm).
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Fig. 1. (a) Land use and city distribution of the Pearl River Delta (PRD), (b) location of the Pearl River Basin (PRB) and (c) the PRD, and (d) observed
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The SWAT model simulates NPS contributions from baseline condi-
tions, nitrogen deposition, and fertilizer use (Fig. 2). Specifically, the
baseline source reflects nutrient fluxes resulting from soil leaching in the
absence of anthropogenic inputs, while the nitrogen deposition source
accounts for contributions from both wet and dry deposition. The fer-
tilizer source captures nutrient fluxes associated with crop cultivation.
Nitrogen, with greater solubility and mobility than phosphorus, is
transported through surface and lateral pathways, leading to its
decomposition into surface and lateral components. In contrast, phos-
phorus tends to bind with soil particles and is mainly transported via
surface flow (Nakayama et al., 2025). Soil biogeochemical processes are
simulated to encompass fertilizer use, nitrogen deposition, denitrifica-
tion, plant nutrient uptake, residue decomposition, and sorp-
tion-desorption reactions. The soil nitrate pool and the labile
phosphorus pool are summarized in Equations (3) and (4):

Nitrate pool = rsdp;, + aCtyi, , 3)
Labile phosphorus pool = rsdlaborgp + 0185, — labypin, 4

where rsdpi;, represents nitrogen moving from fresh organic pool to
nitrate pool, and acty;, represents nitrogen transitioning from active
organic pool to nitrate pool. Similarly, rsdiaporg, denotes phosphorus
migrating from fresh organic pool to labile pool, orgy,, indicates
phosphorus moving from organic pool to labile pool, and laby;,, rep-
resents phosphorus transitioning from labile mineral pool to active
mineral pool. All terms are in kilograms per hectare (kg/ha). Detailed
equations regarding nutrient transport in the land phase of the SWAT
model are provided in Text S2 in Appendix.

Additionally, the stream phase simulates water and nutrient move-
ments within channels (Fig. 2). The instream biogeochemical processes
in the SWAT are based on the Enhanced Stream Water Quality Model
(QUAL2E) (Brown and Barnwell, 1987). This module simulates algal
growth, nutrient uptake by algae, transformations between organic and
inorganic nutrients, and particulate deposition within the water column.

2.3. Model configuration

Tables 1 and 2 summarize the datasets used to set up the SWAT and
ECM models for the PRD, respectively. For the SWAT model, geospatial
data—including topography, soil, and land use—were employed for
model initialization (Table 1). Besides, the river network was utilized to
define channel routing and delineate watersheds. Meteorological data
from the AgERAS dataset, covering the period from 1979 to 2020 at a
resolution of 0.1°, served as the atmospheric driver for the model.

Table 1
Datasets for setting up the Soil and Water Assessment Tool (SWAT) for the Pearl
River Delta (PRD).

Category Description Temporal  Spatial Source
scale scale
Geography Topography; soil Static 1 km National
River network Static 50 m Cryosphere
Desert Data
Center (2025)
Land use Static 30m Zhang et al.
(2021)
Atmospheric Climate forcing Daily 0.1° Climate Data
variables Store (2025)
Wet and dry Static By land Yu et al. (2020)
nitrogen deposition use
rates
Agronomy Fertilizer Annual — Statistics Bureau
applications of Guangdong
Tillage; crop Static — Province (2021)

rotation; irrigation;
planting and
harvesting dates
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Table 2
Datasets for setting up the Export Coefficient Model (ECM) for the PRD.
Category Description Temporal  Spatial  Source
scale scale
Social Urban domestic Annual City Water Resources
economy water consumption Department of
Guangdong
Province (2021)
Rural population Decennial County National Bureau
of Statistics
(2021a)
Industrial sewage Annual City National Bureau
discharge of Statistics
(2021b)
Livestock (intensive Annual County Statistics Bureau
and free-range) of Guangdong
Aquaculture Annual City Province (2021)
products
Infrastructure ~ Urban domestic Annual City Statistics Bureau
sewage collection of Guangdong
rate Province (2022)
Proportion of Annual City Department of
administrative Ecology and
villages with rural Environment of
sewage treatment Guangdong
Sewage treatment Static — Province (2024)
plant effluent
concentration
Coefficients Emission Static City Ministry of
coefficients Ecology and
(livestock and Environment
aquaculture); (2021)
removal rates (rural
and urban

domestic); per-
capita rural
pollutant intensity;
water
contamination
factor; urban
sewage
concentration

Agricultural practices were compiled from the Guangdong Agricultural
Statistical Yearbook, while deposition rates were derived from the
observation by Yu et al. (2020). To set up the ECM, socioeconomic
factors and nutrient emission coefficients were compiled from various
statistical yearbooks, bulletins, and manuals (Table 2).

Table 3 presents the datasets used for model validation, with the
locations of the observation stations illustrated in Fig. 1d. Nutrient
fluxes in the PRD were calculated by summing the nutrient outputs from
eight outlets into the PRE and subtracting the total values from three
upstream control stations in the PRD. Due to tidal influences, direct
streamflow observations at the outlets were unavailable. Consequently,
we estimated the streamflow for each outlet by multiplying the simu-
lated basin-wide streamflow from Zhang et al. (2024) with the water
distribution ratios in these outlets from Yao et al. (2009). Besides, since
nutrient flux data from these stations were available only from 2018 to
2023, additional historical nutrient data were compiled from the liter-
ature. For nitrogen validation, historical ammonium concentrations
were obtained from the China National Environmental Monitoring
Centre for the period from 2004 to 2018. In the PRD, only two moni-
toring stations were available: Changzhou, representing the heavily
polluted site, and Henglan, representing the less polluted site. For
phosphorus validation, phosphorus concentrations from sediment cores
near the outlet to the PRE covering 1990 to 2016 (Li et al., 2023), as well
as phosphorus pollution indices for rivers in Shenzhen from 1991 to
2007 (Chen et al., 2011), were collected. Furthermore, to qualitatively
validate the nutrient simulations, water quality data were collected from
polluted rivers in the PRD for the period from 2014 to 2017, provided by
the Department of Ecology and Environment of Guangdong Province.
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Table 3
Datasets for model calibration and validation.
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Category Variable Period Data source
Hydrology Streamflow at control stations 2018-2023  National Bureau of Statistics (2021c)
Streamflow at outlets Zhang et al. (2024)
Nutrient Nitrogen and phosphorus concentrations at control stations and 2018-2023  Department of Ecology and Environment of Guangdong Province
concentrations outlets (2024)
Ammonium concentration 2004-2018 National Environmental Monitoring Centre (2019)
Phosphorus concentrations in sediment cores 1990-2016  Lietal. (2023)
Water quality Phosphorus pollution index in Shenzhen rivers 1991-2007  Chen et al. (2011)
indicators Water quality in the Pearl River Basin 2014-2017  National Environmental Monitoring Centre (2019)
Water quality in polluted rivers in the PRD 2004-2016  Department of Ecology and Environment of Guangdong Province

(2024)

Additionally, data on the key section of water quality in the PRB
covering 2004 to 2016 were sourced from the China National Environ-
mental Monitoring Center.

Table 4 lists the key parameters used in the SWAT model. These
parameters were initially calibrated during nutrient flux simulations for
the PRB (Fig. S2 in Appendix), with several parameters subsequently
adjusted to ensure an accurate representation of nutrient fluxes in the
PRD.

2.4. Statistical analysis

Significant spatial variations in nutrient intensity were observed
within the urban agglomeration. Based on the trajectories of diverse
nutrient sources, we employed the k-medoids clustering algorithm
(Meert et al., 2020) to classify cities and applied permutational

Table 4
Calibrated parameters in the SWAT.
File Parameter Value Description
hydrology. esco 0.65 Soil evaporation compensation factor
hyd epco 0.95 Plant water uptake compensation

factor
Organic N enrichment ratio
Organic P enrichment ratio

orgn_enrich 30,000
orgp_enrich 1400

(1700%)
cn3_swf 0.5 Soil water at cn3 (0 = fc; 0.99 = near
saturation)
bio_mix 0.5 Biological mixing efficiency
perco 0.75 Percolation coefficient — adjusts soil
moisture for percolation to occur (1.0
= fc)
latq_co 30 Plant evapotranspiration curve
number coefficient
nutrients. ptln_stl 50 Organic N settling rate in reach
cha ptlp_stl 1 (400%) Organic P settling rate in reach
parameters. adj_pkrtsed 0.1 Peak rate adjustment factor for
bsn sediment routing in the channel
orgn_min 0.5 Rate factor for mineralization on active
organic N
n_uptake 5 Nitrogen uptake distribution
parameter
n_perc 3 Nitrate percolation coefficient (0-1)
(0 = concentration of nitrate in surface
runoff is zero; 1 = percolation has the
same concentration of nitrate as
surface runoff)
p_perc 0.01 P percolation coefficient (0-1) (0 =
concentration of soluble P in surface
runoff is zero; 1 = percolate has the
same concentration of soluble P as
surface runoff)
p_soil 1000 P soil partitioning coefficient
(2600%)
p_avail 0.01 P availability index
rsd_cover 2.00E-05 Residue cover factor for computing the

fraction of cover

Note: The asterisk (*) indicates the raw parameter values used for the nutrient
study in the Pearl River Basin.

multivariate analysis of variance (Rideout et al., 2023) to assess the
statistical significance of the classification. The results reveal a cor-
e—periphery gradient comprising three distinct city types: domestic-
heavy, hybrid-sourced, and agro-centric (Fig. S3 in Appendix).
Domestic-heavy cities, including Shenzhen and Dongguan, are located
on the eastern bank of the PRE (Fig. 1a). On the western bank, hybrid-
sourced cities include Guangzhou, Foshan, Zhongshan, and Zhuhai. In
contrast, agro-centric cities in the peripheral regions include Jiangmen,
Huizhou, and Zhaoqing.

Nutrient fluxes from PS in the urban agglomeration exhibited an
inverted U-shaped temporal pattern. We assessed the statistical signifi-
cance of the regression coefficients using t-tests. The temporal pattern
can be divided into three distinct stages: the initiation stage (1990), the
peak stage (2002), and the protective stage (2020) (see Section 3.2.1).
This pattern reflected a period of water quality degradation from 1990
to 2002, followed by a recovery period from 2002 to 2020. To capture
this evolution, we calculated nutrient intensity for the three stages and
analyzed the driving factors behind the changes during the two inter-
vening periods. Additionally, we evaluated the contributions of various
drivers to PS by differentiating the functions in the ECM model (Egs. S1-
11 in Appendix) with respect to these variables and multiplying by their
corresponding values.

To compare the impact of different transport mediators and nutrient
sources on nutrient flux, we min-max scaled their products. To further
analyze the influence of land use on NPS, we calculated a variety of
hydrological and biogeochemical factors, as well as the nutrient in-
tensity for each land use type. Due to minimal sediment transport in the
PRD, resulting from low erosion rates in the plain areas (Mu et al.,
2022), the impacts of sediment on NPS were omitted from further
analysis. The Redfield ratio describes the typical stoichiometric balance
of essential elements in phytoplankton cells, with a common nitro-
gen-to-phosphorus (N:P) ratio of 16. When the N:P ratio exceeds 16,
nitrogen is in surplus relative to phosphorus, and phytoplankton growth
becomes constrained by phosphorus limitation (Ptacnik et al., 2010).
The export-to-source ratio (7, dimensionless) of NPS pollution is defined
in Equation (5):

n= Nloss. i, j/N (5)

source, i, j ’
where Njys represents the nutrient loss intensity from the landscape (kg/
ha), Nsource denotes the nutrient source intensity (kg/ha). The subscript i
refers to the nutrient species (e.g., surface nitrogen, lateral nitrogen, and
phosphorus), while the subscript j indicates the specific source, such as
fertilizer inputs, soil nutrient pools, or atmospheric deposition.

To investigate the key factors regulating instream processes (Fig. 2),
we conducted a series of sensitivity tests. The baseline scenario involved
the release of nutrients from PS in the upstream section of the main-
stream (see Fig. 1d). To evaluate the effects of nutrient composition and
transport distance, nutrients were released in varying ratios of organic to
inorganic forms at different locations along the mainstream. Addition-
ally, to account for the influence of upstream inflows, we coupled
nutrient influx with the PRB at three control stations (i.e., Gaoyao,
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Shijiao, and Boluo). Water influx scenarios were categorized into low,
high, and realistic discharge levels, with low and high discharges set at
100 m3/s and 10° m®/s, respectively, while the realistic discharge was
derived from our PRB model (Zhang et al., 2024). The removal ratio was
calculated by dividing the total nutrient loss across channels by the total
nutrient flux.

3. Results
3.1. Model performance

Fig. 3 compares the simulations for the PRD from 1990 to 2020 with
reference datasets. The simulations revealed a decreasing trend in
nutrient fluxes during 2016-2020, aligning well with observed trends
during 2018-2023 (Fig. 3a). The underestimations of nitrogen and
phosphorus by 8.2 % and 20.1 %, respectively, may be attributed to the
limited response of the SWAT model to storm events. For nitrogen, the
mean simulated ammonium concentration (0.64 mg/L) fell within the
observed range at Changzhou (1.30 mg/L) and Henglan (0.22 mg/L)
(Fig. 3b). The simulation also captured similar trends at these stations,
with correlation coefficients (r) of 0.67 for Changzhou and 0.44 for
Henglan. For phosphorus, the correlation between simulated fluxes in
the PRD and concentrations derived from the sediment core yielded r =
0.47, showing a similar inverted U-shaped trend with peak values
around 1996 to 2002 (Fig. 3c). Additionally, the correlation between
simulated concentrations and the pollution index for Shenzhen rivers
reached r = 0.64, with comparable peaks in the early 2000s (Fig. 3d).
Moreover, the simulated nutrient fluxes showed strong consistency with
water quality data from polluted rivers in the PRD, with correlations of r
= 0.58 for nitrogen and r = 0.59 for phosphorus (Fig. 3e). Similarly,
comparisons between simulated nutrient concentrations and observed
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overall water quality data from the PRB yielded high correlations of r =
0.74 for nitrogen and r = 0.70 for phosphorus (Fig. 3f). Overall, these
comparisons suggested that the SWAT model performed reasonably
well, supporting its reliability for process-based investigations into the
spatiotemporal variability of nutrient fluxes and dynamics in the PRD.

3.2. Spatiotemporal characteristics

3.2.1. Long-term variation in source composition

Riverine nutrient fluxes in the PRD exhibited inverted U-shaped
trajectories over the period 1990-2020, with significance levels of 95 %
for nitrogen and 99 % for phosphorus (Fig. 4). These trajectories are
characterized by an initial increase, a peak in 2002, and a subsequent
decline, with final levels returning to those observed in 1990. During
this study period, the average nutrient fluxes were 18.06 x 10* t/yr for
nitrogen and 1.19 x 10* t/yr for phosphorus, resulting in a mean N:P
ratio of 15.2. This ratio is close to the Redfield ratio of 16 and influenced
by a high NPS ratio of 63.05 and a low PS ratio of 5.18. Nitrogen fluxes
showed significant interannual variability, primarily driven by fluctua-
tions in NPS, which contributed 44 % of the total nitrogen flux. In
contrast, phosphorus exhibited greater overall variability than nitrogen
due to the dominance of PS (nearly 90 %). Over the period, phosphorus
levels fluctuated by approximately +27 %, while nitrogen levels fluc-
tuated slightly, by +16 %.

The eight sources of nutrient fluxes displayed varying temporal
patterns (Fig. 4). The urban domestic source consistently represented
the largest contributor, accounting for approximately 31 % of nitrogen
flux and 44 % of phosphorus flux. Only this source closely mirrored the
overall trend of nutrient flux, initially increasing, peaking at 1.8 times its
original level before declining by nearly 50 %. In contrast, the rural
domestic source steadily declined, decreasing by more than half over the
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past three decades and contributing approximately 13 % of the total
nutrient flux. Industrial wastewater, despite continuing to increase,
contributed the smallest share of nutrients, accounting for only 2.5 % of
the total flux. The breeding industry, encompassing livestock farming
and aquaculture, showed contrasting trends that collectively resulted in
a slight increase in nutrient fluxes. Specifically, nutrient flux from
livestock farming steadily declined, decreasing by more than one-third
between 1990 and 2020. In contrast, nutrient flux from aquaculture
increased more than threefold during the same period, ultimately ac-
counting for 16.6 % of the phosphorus flux by 2020. Among NPS, the
contribution from fertilizer use was the largest (over 50 %). Nitrogen
fluxes from baseline or nitrogen deposition sources were similar to those
from rural domestic sources, with each contributing about 10 % of the
total nitrogen flux, while their contributions to phosphorus were
minimal.

3.2.2. Spatially core-periphery structure

Riverine nitrogen and phosphorus intensities among cities exhibited
a strong correlation (r = 0.97), and the proportion of domestic sources
also positively correlated with these intensities (r = 0.94) (Fig. 5). This
spatial pattern supports a statistically significant core-periphery struc-
ture (pseudo-F = 8.25, p = 0.01), with intensity decreasing from
domestic-heavy to hybrid-sourced and agro-centric city groups,
extending from the eastern bank to the western bank and peripheral
regions (Fig. S3 in Appendix). Specifically, Shenzhen and Dongguan
were classified as domestic-heavy cities. These cities exhibited the
highest nutrient intensities, with annual averages of 64.45 kg/ha for
nitrogen and 4.53 kg/ha for phosphorus, and had the highest pro-
portions of domestic sources, accounting for approximately 70.25 % of
nitrogen and 90 % of phosphorus (Fig. 5). Notably, they had a high NPS
of nitrogen, though the lowest NPS of phosphorus and breeding sources
among city groups.

In contrast, Jiangmen, Zhaoqing, and Huizhou, situated in the
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Fig. 5. Annual nutrient intensity of (a) TN and (b) TP at the city level.
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periphery of the PRD, were classified as agro-centric cities. These cities
had the lowest nutrient intensity levels, which were less than one-third
of those in domestic-heavy cities. The agro-centric cities were predom-
inantly influenced by non-domestic pollution, which accounted for 70 %
of nitrogen and 56 % of phosphorus contributions. Guangzhou, Foshan,
Zhongshan, and Zhuhai, located on the western bank of the PRE, were
classified as hybrid-sourced cities. These cities exhibited intermediate
levels of nutrient intensity and domestic source ratios (slightly
exceeding 50 %), falling between those of domestic-heavy and agro-
centric cities, with annual nitrogen intensity levels of 40.42 kg/ha and
phosphorus intensity levels of 2.7 kg/ha. This group was characterized
by the highest intensity of the non-domestic sources.

3.3. Controls on riverine nutrient flux

3.3.1. Land surface processes on NPS

To clarify the variability of NPS pollution in the study region, we
analyzed its components from various sources across surface and lateral
layers (Fig. 6). The active zone of NPS was primarily concentrated in the
southwestern plain, where annual intensities of nitrogen and phos-
phorus reached 24 kg/ha and 0.32 kg/ha, respectively (Figs. 6a and 6g).
Fertilizer sources dominated NPS pollution, contributing 55 % of the
nitrogen and 74 % of the phosphorus (Figs. 6b and 6h). The active zones
of baseline sources on the surface were scattered across the foothills
surrounding the central alluvial plain, with nitrogen and phosphorus
intensities of 1.6 kg/ha and 0.1 kg/ha annually, respectively-
—approximately four times higher than in surrounding areas (Figs. 6¢
and 61). In contrast, the intensity of baseline nitrogen in the lateral layer
was elevated, reaching an annual 4 kg/ha, and was extensively
distributed across the southwestern and southeastern peripheral regions
(Fig. 6d). The nitrogen deposition source exhibited divergent spatial
patterns across the surface and lateral layers (Figs. 6e and 6f). In the
surface layer, nitrogen deposition was most active in the central delta
near the PRE, with annual intensities exceeding 8 kg/ha, followed by
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surrounding areas at approximately 4 kg/ha. Conversely, in the lateral
layer, nitrogen deposition was most active in the northeastern periph-
ery, with an annual intensity of 3.2 kg/ha. Overall, these similarities and
differences in distributions suggest both shared and distinct mechanisms
among NPS categories.

We then further investigated the characteristics of hydrological and
biogeochemical factors that regulate NPS pollution on the land surface
(Fig. 7). Surface flow was most active in the central delta, with moderate
activity in surrounding areas, aligning with the spatial distribution of
surface-layer nitrogen deposition sources (r = 0.87) (Figs. 6 and 7).
Lateral flow, nitrogen deposition rates, and nitrogen pools from nitrogen
deposition were most active in the northeastern peripheral regions,
corresponding to the lateral-layer nitrogen distribution from nitrogen
deposition sources (r = 0.77). In contrast, baseline soil nutrient pools
were concentrated in the southwestern and southeastern peripheral re-
gions, consistent with the lateral-layer distribution of baseline nitrogen
sources. Fertilizer use was particularly high in the southwestern plain.
However, only 1/158 of phosphorus fertilizer and 1/5 of nitrogen fer-
tilizer were transported into rivers, resulting in a high N:P ratio of 68 for
fertilizer sources.

Land use directly influenced hydrological and biogeochemical pro-
cesses on the land surface (Fig. 8). It controlled flow components, with
elevated surface flow (over 1,000 mm/yr) in urban areas located in the
center of the PRD (Figs. 7 and 8). Agricultural land within the alluvial
plains experienced intensive fertilizer use (144 kg/ha of nitrogen and 65
kg/ha of phosphorus annually) and moderate surface flow (432 mm/yr).
In contrast, lateral flow was most pronounced in forested regions,
reaching up to 900 mm/yr. Forests also acted as active zones for soil
nutrients, providing abundant annual nitrate (128.6 kg/ha) and labile
phosphorus (20.3 kg/ha) pools from baseline sources attributed to
extensive organic residue accumulation. Additionally, forests exhibited
elevated nitrogen deposition rates (36.6 kg/ha annually), 1.3 times
higher than those in urban and agricultural areas, contributing to a high
nitrate pool at an annual intensity of 30.5 kg/ha.
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Fig. 7. Annual intensity of factors impacting nutrient flux: (a) surface flow, (b) lateral flow, (c) soil nitrate pool (N pool) from baseline sources, (d) soil labile
phosphorus pool (P pool), (e) nitrogen deposition rate, (f) N pool from nitrogen deposition, (g) nitrogen and (h) phosphorus fertilizer use.

We quantified the relationships between NPS categories and their
controlling factors and compared nutrient intensity across different land
uses (Fig. 9). Nutrient dynamics were proportional to the coupling of
transport processes and nutrient inputs, with all r values being higher
than 0.85. Surface flow played a dominant role in nutrient transport in
the PRD by actively coupling inputs from fertilizer, atmospheric depo-
sition, and soil nutrients; these couplings created distinct active zones
for NPS components (Figs. 7 and 9). Specifically, agricultural land
exhibited the highest annual nutrient yield, at 25.16 kg/ha for surface
nitrogen and 0.37 kg/ha for phosphorus, as surface flow interacts with
intensive fertilizer use. Surface flow also interacts with atmospheric
deposition, which regulates nitrogen deposition sources in the surface
layer. Annual nutrient contributions from this source are most pro-
nounced in urban areas (11.23 kg/ha) and agricultural areas (5 kg/ha),
compared to forested areas (1.18 kg/ha). This contrasts with the pattern
of nitrogen deposition rates, highlighting the dominant role of surface
flow in nutrient transport from atmospheric deposition (Figs. 8 and 9).
In addition, surface flow interacted with soil pools, which regulate
baseline levels of surface nitrogen and phosphorus. However, baseline
nutrient intensity is lower compared to other sources due to the limited
overlap between active soil nutrients and surface flow (Figs. 7 and 9).

For example, forests exhibit the highest baseline nutrient levels, at 1.13
kg/ha of nitrogen and 0.06 kg/ha of phosphorus annually, due to their
high soil nutrient content; however, these levels are constrained by low
surface flow.

Forested regions displayed elevated annual nitrogen levels (5.7 kg/
ha) in the lateral layer, which were higher than its nitrogen intensity in
the surface layer (1.3 kg/ha) (Figs. 9a and 9b). The soil nitrogen pool
played a key role in regulating both baseline and nitrogen deposition
sources in the lateral layer (r > 0.85) (Fig. 9b). In contrast to the sig-
nificant role of surface flow, lateral flow did not notably limit nutrient
fluxes in this layer. Nitrogen was more readily transported than phos-
phorus, with its export-to-source ratio # being much greater than 1 %.
For nitrogen, surface flow demonstrates a high transport capacity, with
exceeding 13 % for sources from nitrogen deposition and fertilizer use,
compared to over 5 % from soil pools. Overall, these relationships
indicate that land use regulates nutrient components by influencing
hydrological and biogeochemical processes. The rationale for this
mechanism is discussed in Section 4.1.

3.3.2. Human activities on PS
To understand the evolution of nutrients resulting from human
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activities, we analyzed the intensity of PS categories across three tem-
poral stages of the U-shape curve in the domestic-heavy, hybrid-sourced
and agro-centric source cities, and examined the contributions of a va-
riety of factors during the two intervening periods (Fig. 10). The core-
periphery pollution structure remained consistent throughout all
stages. The contributions of factors exhibited consistent directional
trends across city groups, reflecting the integrated nature of the PRD
agglomeration.

As urbanization progressed, urban domestic sources sharply
increased due to rising water consumption during the degradation stage,
followed by a decline resulting from improvements in wastewater
treatment during the recovery stage (Fig. 10). Rural domestic sources
continuously decreased, initially due to a declining rural population and
later due to improvements in rural wastewater treatment. Nutrient flux
from the breeding industry experienced a slight increase with agricul-
tural modernization, driven by contrasting trends in livestock farming
and aquaculture. The reduction in livestock farming was primarily
attributed to a higher proportion of intensive farming practices, while
the expansion of aquaculture was mainly linked to freshwater fish
farming.

The evolution of nutrient emissions varied among city groups, driven
by distinct source compositions. Domestic-heavy cities maintained the
highest nutrient intensity and exhibited the most pronounced temporal
variations, largely due to the dominance of urban domestic sources,
which accounted for over 90 % after the peak stage (Figs. 10a and 10d).
Urban domestic sources increased more than tenfold from the initial to
the peak stage, followed by a 40 % decline by the protective stage. In
contrast, nutrient flux from the breeding industry decreased by 80 %
during the protective stage, due to a high ratio of intensive farming
practices.

Hybrid-sourced cities exhibited similar trends to domestic-heavy
cities in urban domestic sources, tripling during the degradation
period and then decreasing by nearly half during the recovery period
(Figs. 10b and 10e). Conversely, breeding industry sources continued to
rise, driven by increases in freshwater aquaculture, reflecting a transi-
tion from livestock farming dominance to aquaculture dominance.

Agro-centric cities exhibited the lowest nutrient intensity from PS,
showing the greatest disparity during the peak stage compared to other
city groups, at approximately one-eighth of that of domestic-heavy cities
and one-quarter of hybrid-sourced cities (Figs. 10c and 10f). Nutrient
intensity remained relatively stable, with domestic sources annually
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averaging approximately 5.3 + 1 kg/ha and breeding industry sources
around 2.4 £ 0.3 kg/ha. Urban and rural domestic sources were com-
parable after the peak stage and experienced synchronous decreases,
while livestock farming remained the dominant source within the
breeding industry, albeit at a declining trend. Overall, these similarities
and differences among city groups in nutrient evolution suggest a divi-
sion of labor and cooperation within the urban agglomeration. Potential
explanations for these patterns are discussed in Section 4.2.

3.3.3. Instream process

We examined the key factors regulating instream biogeochemical
processes: organic nutrient ratio, transport distance, and upstream
influx from the PRB (Fig. 11). The organic nutrient ratio had the greatest
influence on nutrient loss (Figs. 11a and 11d). Nitrogen exhibited a
particularly strong response to this ratio, with an organic-only scenario
resulting in a nitrogen loss ratio of 20.5 %, which was over five times
greater than the phosphorus loss. Conversely, the total transformation of
nitrogen species was negatively correlated with this ratio, as trans-
formation was dominated by inorganic forms.

Transport distance over the river networks positively influenced
instream nutrient transformation and removal across all species
(Figs. 11b and 11e). For instance, a transport distance of approximately
400 km, from the upstream reaches of the PRD to the estuarine outlet,
resulted in a 9.2 % loss of nitrogen and a 2.8 % loss of phosphorus—-
three times greater than the losses observed over a 100 km travel
distance.

Furthermore, the actual influx from the PRB did not significantly
affect the local nutrient transformation loads within the PRD (Figs. 11c
and 11f). Instead, the high nutrient concentration in low streamflow
scenarios, compared to the reality scenario, accelerated nutrient trans-
formation and doubled the nutrient removal rate. In contrast, the dilu-
tion effect of high streamflow scenarios had a minimal impact on
nutrient dynamics.

Overall, the magnitude of nitrogen transformation and removal was
significantly greater than that of phosphorus. For nitrogen, the deposi-
tion of organic nitrogen emerged as the dominant pathway contributing
to nitrogen loss as ammonium was primarily converted into nitrite
(Fig. 11a—c). For phosphorus, both organic and inorganic forms sub-
stantially contributed to nutrient loss, which may be through adsorption
onto sediments followed by deposition in the water column (Fig. 11d-f).
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Fig. 9. Nutrient species controlled by the coupling of transport mediators and
nutrient sources, including (a) nitrogen in the surface layer, (b) nitrogen in the
lateral layer, and (c) phosphorus. The x-axis shows the min-max scaled product
of the transport mediators and nutrient sources, and the y-axis represents the
intensity of nutrient species. The inset axis displays nutrient intensity across
different land uses, including AGRL (agriculture), FRST (forest), and URBL
(urban). The controlling factors for each species and source, with the nutrient
transport efficiency (1) and correlation coefficients (r), are annotated. Green,
blue, and red lines represent regression lines for baseline, nitrogen deposition,
and fertilizer sources, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

4. Discussion
4.1. NPS controlled by hydrological and biogeochemical processes

In this study, we systematically investigated and differentiated the
components of NPS pollution across various land uses regulated by hy-
drological and biogeochemical processes. Agricultural regions are
recognized as hotspots of NPS pollution due to the concentrated accu-
mulation of fertilizers in the topsoil, which significantly contributes to
widespread eutrophication and estuarine hypoxia (Han et al., 2023).
This issue is further exacerbated by enhanced surface flow (Fig. 8)
resulting from soil compaction caused by intensive tillage and heavy
machinery use. The active interaction between fertilizer uses and surface
flow (Fig. 9) facilitates rapid and high ratio of nutrient exports, espe-
cially in regions with monsoonal or high-intensity rainfall patterns.
Notably, nitrogen fertilizers exhibit a significantly higher proportional
transport into riverine systems compared to phosphorus fertilizers
(Fig. 9), as phosphorus tends to adsorb strongly to soil particles due to
the chemical affinity of phosphate ions for iron oxides and other mineral
surfaces (Basinski et al., 2024). As shown evidently in this study, these
processes lead to elevated N:P ratios in NPS pollution and chronic ni-
trogen exceedances in river networks, a phenomenon commonly
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observed in agricultural watersheds. Moreover, the relatively low N:P
ratio from PS shifts the overall ratio in the PRD toward the Redfield
benchmark, thereby facilitating phytoplankton growth and increasing
the risk of algal blooms. Therefore, water managers should adopt dual
nutrient management strategies that address nitrogen and phosphorus
simultaneously in the urban agglomeration.

Surface flow also plays an important role in transporting nutrients
from baseline and atmospheric deposition sources in surface layers
(Fig. 9). Nutrients from baseline sources are primarily observed in areas
where high surface flow overlaps with soil nutrients in foothill regions
(Figs. 6 and 7). This overlap produces a scattered spatial distribution of
nutrients, attributable to heterogeneous topography and patchy distri-
butions of vegetation and organic residues. Regarding nitrogen deposi-
tion sources, urban areas are major contributors due to prevalence of
surface flow on impervious surfaces, which inhibit soil infiltration
(Zhang et al., 2024). Additionally, atmospheric deposition rates in the
PRD exceed those observed in North America and Europe by two to
threefold, primarily driven by local fossil fuel combustion and fertilizer
volatilization, leading to intensified nitrogen fluxes (Nespoulous et al.,
2019). To address elevated nutrient fluxes from NPS pollution, China
launched source mitigation measures, such as the “Battle Against Agri-
cultural Non-Point Source Pollution” in 2015 and a zero-growth plan for
chemical fertilizer use (Tables S1 and S2 in Appendix). However, miti-
gation measures on transport process are critical in both agricultural and
urban landscapes (Hoffmann et al., 2020). Among surface flow inter-
ception strategies, the relative cost typically decreases in the sequence of
constructed wetlands, storage ponds, and riparian buffers (Cole et al.,
2020; Walton et al., 2020). It is important to note that best management
practices are site-specific and should be scientifically tested, considering
environmental benefits, costs, and practical feasibility (Luna Juncal
et al., 2023).

Nutrient fluxes from lateral flow merit significant attention, partic-
ularly within forested areas that encompass over half of the study region
(Figs. 6 and 8). The pronounced lateral nutrient fluxes in forested eco-
systems arise from elevated soil nutrient pools combined with enhanced
lateral flow dynamics (Figs. 8 and 9), supporting that lateral flow is not a
limiting factor in nutrient transport (Mihiranga et al., 2022). The sub-
stantial soil nutrient pools result from active microbial decomposition of
organic debris under subtropical and tropical climates, releasing
bioavailable nutrients predominantly stored in subsurface soil horizons
(Chen et al., 2025). Enhanced lateral flow is facilitated by high canopy
interception in forests, elevated hydraulic conductivity, and well-
connected macropore networks in humid forest soils. Additionally, the
mountainous terrain increases lateral hydraulic conductivity by several
folds compared to flat landscapes (Lu et al., 2024). To mitigate lateral
nutrient fluxes, root-mediated interventions targeting nutrient uptake
are particularly effective. The overall feasibility of such interventions
decreases from managing root density to cultivating deep-rooted species
(Li et al, 2025; Zeng et al., 2020). Moreover, these approaches
contribute to long-term soil fertility, enhance forest productivity, and
promote biodiversity.

4.2. Controls on spatiotemporal patterns of riverine nutrients

Although the trends of different sources in PS nutrient fluxes vary
(Fig. 4), their temporal variations are primarily influenced by economic
development and environmental protection policies. Among the PS
categories, urban domestic sources uniquely exhibit a trend consistent
with the EKC, which reflects an early emphasis on economic growth,
which later shifted toward environmental protection. During initial
economic expansion, labor-intensive manufacturing drove rapid popu-
lation growth and increased urban water consumption (Cheung and
Leung, 2018). However, effective pollution control measures were
delayed until the introduction of the “Total Pollutant Control Plan” in
1996, which aimed to curb pollutant emissions and peaked in nutrient
fluxes in the early 2000s (Tables S1 and S2 in Appendix). Subsequently,
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as economic priorities shifted toward environmental protection,
particularly following the State Council’s introduction of comprehensive
reforms and targeted pollution control measures in 2011. The PRD, like
many other rapidly developing regions, has transitioned toward an
innovative-driven economy, with the tertiary sector emerging as the
dominant economic force during the protective stage. As a result,
wastewater treatment infrastructure has improved significantly, reach-
ing levels comparable to those of developed countries, with current
treatment rates exceeding 90 % in both urban and rural areas (Tang
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et al., 2022).

In contrast to urban domestic sources, other nutrient sources exhibit
trends that deviate from the EKC model (Fig. 4) due to complex interplay
between economic growth and environmental protection. For example,
nutrient fluxes from rural domestic sources have declined, largely driven
by urbanization-induced population migration and improvements in
rural wastewater treatment systems. Similarly, livestock farming has
decreased (Fig. 10), as poultry and livestock production have been
relocated to surrounding cities of the PRD, such as Shaoguan and



Y. Zhang and J. Gan

Qingyuan, where greater land availability supports more efficient
farming practices. This relocation, combined with a shift toward inten-
sive farming systems, has contributed to the reduction in livestock-
related nutrient fluxes. In contrast, nutrient fluxes from industrial
sewage and aquaculture display consistent increases, primarily driven
by ongoing economic growth. For instance, the expansion of aquacul-
ture has been fueled by the growing demand for diversified food systems
that prioritize high-quality protein sources (Bao et al., 2019).

Urban agglomeration exhibits an integrated spatial structure, re-
flected in similar trends in domestic nutrient sources and consistent
directional trends in key influencing factors across city groups (Fig. 10).
This integration is further reinforced by the region’s political framework
(Tables S1 and S2 in Appendix). Notably, the conceptualization of the
PRD as an urban agglomeration was first introduced in 1994 and later
solidified by the national-level strategic plan in 2019, “Outline Devel-
opment Plan for the Guangdong-Hong Kong-Macao Greater Bay Area”
(The State Council of the People’s Republic of China, 2019).

Despite this integration, non-domestic sources have led to divergent
trends among different city groups (Fig. 10). Their fluxes in domestic-
heavy cities continue to decline, driven by the steady expansion of the
environmentally friendly tertiary sector, which accounted for over 50 %
of the regional economy during the protective stage (Guangdong Sta-
tistical Bureau, 2020). Additionally, rapid urban expansion has dis-
placed agricultural activities in these cities, contributing to a downward
trend in non-domestic pollution (Liu et al., 2018). However, nitrogen
deposition has emerged as the dominant NPS of pollution in domestic-
heavy cities, primarily due to high surface flow over impervious sur-
faces (Figs. 6 and 7).

In contrast, agro-centric cities face challenges in reducing non-
domestic sources of nutrient flux. Agriculture remains a key industry
in these areas, driven by the need to meet the growing food demands of
accelerated urbanization. For instance, Jiangmen, one of the region’s
primary agricultural zones, generates substantial pollution due to
intensive fertilizer use (Figs. 5 and 6). Additionally, nutrient fluxes from
industrial sewage have slightly increased since the implementation of
Guangdong Province’s “Double Transfer” strategy in 2008, which relo-
cated labor-intensive industries from the central delta to peripheral
areas (Cheung and Leung, 2018). Furthermore, weaker environmental
regulations in remote regions have contributed to persistently high
levels of nutrients.

Hybrid-sourced cities are emerging as pollution hotspots due to their
dual reliance on domestic and non-domestic sources. On one hand, these
cities share similarities with domestic-heavy cities, as they were the
pioneers of China’s reform and opening-up policies, leading to signifi-
cant contributions from domestic nutrient sources. On the other hand,
they also generate the region’s highest levels of non-domestic pollution
(Fig. 5), corresponding to their strong GDP contributions from the pri-
mary sector. The predominant land uses in these cities—cropland and
urban areas—act as active zones of nutrient fluxes, with fertilizers and
nitrogen deposition significantly contributing to NPS pollution (Fig. 8).
Additionally, the dense river network in delta and proximity to estuaries
have facilitated extensive aquaculture, which now accounts for 68 % of
Guangdong Province’s total output (Liu et al., 2018).

4.3. Limitations and perspectives

Our study investigates long-term riverine nutrient dynamics and
pathways within a coupled human-hydrological-biogeochemical
framework. Like all other similar studies, the limitations of the current
study exist, such as contributions to riverine nutrient loads from
groundwater. However, this contribution is expected to be minor in the
PRD, as groundwater accounts for less than 10 % of total runoff (Fig. S4
in Appendix). The groundwater-borne nitrogen in the PRD primarily
originates from domestic and industrial sewage (Huang et al., 2021),
and we have accounted for these sources in the ECM. The coupling be-
tween the SWAT with 3D groundwater flow models and reactive

13

Journal of Hydrology 664 (2026) 134406

transport models requires extensive observation datasets and further
investigation (Yang et al., 2024).

The temporal resolution of our analysis is constrained by the ECM
module, which operates at an annual scale and does not capture seasonal
variability in PS. Furthermore, several parameters are treated as static
(Table 2)—for example, removal rates for rural and urban domestic
pollutants and pollutant production intensities—based on available
statistics due to spatiotemporal limitation of observational data. Finally,
our analysis focuses on long-term variations in nitrogen and phosphorus,
while the detailed speciation of nutrients from NPS and PS remains for
future work. Improvements in land use classification and management
practices are also warranted, as plant and crop types differ in their in-
teractions with nutrients and soils.

Further improvements to the model and observation network pose a
great challenge in capturing the large-scale pollutant flux across the
global river basins. Emerging artificial intelligence approaches may
address these challenges by providing continuous, spatiotemporal,
multi-indicator assessments of water quality across diverse landscapes
(Ismail et al., 2024; Kieu and Quoc, 2024). Such developments would
enable a more nuanced understanding of nutrient dynamics and support
targeted management strategies.

5. Conclusions

This study elucidates the dynamics of riverine nutrient fluxes and
their pathways within a coupled human-hydrological-biogeochemical
framework by examining a typical urban agglomeration during a
period of rapid socioeconomic development. The following conclusions
can be drawn from the analysis:

1. Nutrient dynamics of NPS are proportional to the coupling of
transport processes and nutrient inputs. Surface flow is particularly
high in urban and agricultural areas, making agricultural land an
active NPS zone due to the intensive fertilizer use, while urban areas
serve as hotspots for surface nitrogen transport from nitrogen
deposition. High nitrogen levels in forested regions result from soil
nitrate pool in the lateral layer, where lateral flow is not a limiting
factor.

2. PS variations are primarily driven by domestic sources, which
initially surged and subsequently declined following significant ad-
vancements in wastewater treatment. Domestic sources establish a
core-periphery pollution structure, where intensity decreases from
domestic-heavy and hybrid-sourced areas at the core to agro-centric
regions at the periphery. However, this structure weakens as do-
mestic sources decline significantly while non-domestic sources
remain dynamically balanced.

3. The organic nutrient ratio and transport distance positively affect
instream nutrient transformation and removal, whereas upstream
influx has a relatively minor impact.

4. The overall N:P ratio is close to the Redfield ratio, resulting from a
high N:P ratio in NPS and a low ratio in PS, signals that dual controls
on nitrogen and phosphorus reductions are necessary. The high N:P
ratio in NPS is caused by an abundance of nitrogen fertilizer and soil
nitrate pools, as well as a higher export ratio for nitrogen compared
to phosphorus. Nitrogen variations are driven primarily by NPS,
whereas phosphorus fluxes are dominated by PS. As a result, nitrogen
shows greater interannual variability, while phosphorus exhibits
higher overall variability.
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