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ABSTRACT: Excessive nitrogen export from agricultural water-
sheds remains a critical water quality challenge, with the Upper
Mississippi River Basin (UMRB) significantly contributing to
downstream eutrophication and hypoxia in the Gulf. This study
investigates the spatiotemporal dynamics of riverine nitrate plus
nitrite (NO3

− + NO2
−-N) export across the UMRB at high spatial

resolution (12-digit Hydrologic Unit Codes or HUC12 sub-
watershed scale) during 2001−2020 and quantifies the effects of
anthropogenic activities and hydrological variability on riverine
NO3

− + NO2
−-N export changes in the region between 2001−2005

and 2016−2020. Our results revealed hotspots of substantial
increases in NO3

− + NO2
−-N yields across the UMRB, with distinct

regional patterns in driving factors. Over the entire UMRB, NO3
− +

NO2
−-N yields increased by 9.7 kg/ha/yr on average from 2001−2005 to 2016−2020, with anthropogenic activities contributing 4.8

kg/ha/yr and hydrological variability contributing 4.9 kg/ha/yr. The northern and western UMRB had combined influences from
both anthropogenic activities and hydrological variability, while the east-central regions had predominantly hydrologically driven
changes. Agricultural sources, including fertilizer, manure, and biological nitrogen fixation, collectively contributed over 80% of
NO3

− + NO2
−-N loading throughout the basin. This framework for disentangling human and hydrological impacts provides critical

insights for developing effective and targeted watershed management strategies to reduce nutrient losses and improve water quality.
KEYWORDS: nutrient export, nitrogen export yield, upper mississippi river basin, WRTDS-K, SPARROW, anthropogenic impact,
hydrological impact

1. INTRODUCTION
Excessive nutrient export, especially nitrogen export, is one of
the most pressing water quality problems and has cascading
effects on aquatic ecosystems and human health across the
globe.1−16 The Upper Mississippi River Basin (UMRB) is a
major contributor of nitrogen to the Mississippi-Atchafalaya
River Basin (MARB) and ultimately to the Gulf, significantly
impacting coastal ecosystems.11,17−23 Despite ongoing state
and regional nutrient reduction efforts across the UMRB,
limited understanding of spatiotemporal changes and driving
factors of riverine nutrient exports at high resolutions hinders
the development of effective policy design and targeted
watershed management.11,24−29

From a practical viewpoint, local hydrologic units, such 12-
digit Hydrologic Unit Codes (HUC12, ∼25−100 km2) defined
by the U.S. Geological Survey (USGS), represent a critical
management unit, effectively balancing the capture of
heterogeneous land use and hydrologic processes with
computational efficiency while providing actionable context

for stakeholders.30−32 Despite extensive research using various
modeling approaches to understand nutrient transport across
multiple scales in the UMRB, from regional basin-scale33−37 to
HUC08 scale38 to field scale,18,39 and from process-based
hydrological models (Soil and Water Assessment Tool,
SWAT),40 to semiempirical models (Spatially Referenced
Regression On Watershed attributes, SPARROW),11 to
machine learning methods,41 critical knowledge gaps of
nutrient spatiotemporal dynamics persist at the regional scale
and at the HUC12-level resolution, particularly in quantifying
the interactions between nutrient inputs, transport processes,
and hydrological dynamics.42
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Besides identifying spatiotemporal patterns, understanding
and quantifying the impacts of the underlying drivers of these
patterns are important for developing effective mitigation
strategies for nutrient loss. A key challenge in nutrient export
research is the lack of a scalable, spatially detailed, and
temporally consistent framework for attributing changes to
distinct drivers. Previous efforts to differentiate these impacts
have primarily been conducted at the basin scale using data-
driven approaches (N budgets,43 flow normalization,44 and
land-use categorization45) or at small watershed scales using
process-based models like SWAT.46 There remains a critical
gap in quantifying the effects of anthropogenic activities (e.g.,
fertilizer application) and natural hydrological variability (e.g.,
precipitation) on nitrogen export, particularly at fine spatial
resolutions across large regions and over extended time
periods. To fill this gap, this study proposed a scenario-based
modeling approach that integrates long-term datasets with an
annual-scale SPARROW model, effectively differentiating the
anthropogenic and hydrological contributions. This study is
the first comprehensive spatiotemporal analysis of NO3

− +
NO2

−-N export at the HUC12 resolution across the UMRB
over a 20-year period (2001−2020).
The overarching goal of this study was to investigate the

changes and driving factors of the NO3
− + NO2

−-N yields and
quantify the effects of anthropogenic activities and hydrological
variability. NO3

− + NO2
−-N represents the mobile and

bioavailable forms of nitrogen most relevant to aquatic
ecosystem impacts and the type of nitrogen most commonly
measured. This study addresses three key science questions
regarding NO3

− + NO2
−-N dynamics: What are the

spatiotemporal patterns of the NO3
− + NO2

−-N export in
the UMRB? What factors are shaping the patterns of the NO3

−

+ NO2
−-N export? How and to what extent did anthropogenic

activity and hydrological variability affect the NO3
− + NO2

−-N
export? This study aims to support targeted nutrient reduction
strategies and provides a replicable framework for investigating
nutrient dynamics over a range of spatial scales in large river
systems.

2. METHODS AND DATA
To address these questions, this study employed a systematic
methodological framework (Figure 1). WRTDS-K (Weighted
Regressions on Time, Discharge, and Season with Kalman
Filtering, developed by USGS)48 was used to estimate annual
NO3

− + NO2
−-N loads from 2001 to 2020 at monitoring

stations. These estimated loads were used to calibrate the
annual-scale SPARROW model, developed by the USGS,49,50

which was used to quantify spatial and temporal changes in
NO3

− + NO2
−-N export in the UMRB. A scenario analysis was

then conducted by comparing model outputs from two five-
year periods, 2001−2005 and 2016−2020, to differentiate the
effects of anthropogenic and hydrological drivers.

Figure 1. Methodological workflow for analyzing spatiotemporal changes in the NO3
− + NO2

−-N export. (a) Data collection and preprocessing
from discharge and NO3

− + NO2
−-N monitoring sites. Inset: Spatial extent of the Upper Mississippi River Basin (UMRB). (b) Implementation of

WRTDS-K to estimate annual NO3
− + NO2

−-N loads and yields. (c) The spatial NO3
− + NO2

−-N export patterns for two time periods (2001−
2005 and 2016−2020) estimated with the SPARROW model. (d) Scenario design to separate anthropogenic impact and hydrologic impact on
NO3

− + NO2
−-N export.
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2.1. Study Region. Located in the Midwest region of the
U.S., the UMRB encompasses approximately 492,000 km2

across primarily Minnesota, Wisconsin, Iowa, Illinois, and
Missouri, representing one of North America’s most significant
agricultural regions, as shown in Figure S1. In the UMRB,
agriculture, primarily corn and soybeans, accounts for nearly
half (49.4%) of the land. The remaining area consists of forests
(19.2%), wetlands and waterbodies (11.6%), pasture and hay
fields (9.8%), and urban development (9.1%).30,47

2.2. The SPARROW Model. This study used the R
implementation of the SPAtially Referenced Regressions On
Watershed attributes (SPARROW) model (RSPARROW,
version 1.1.0), a hybrid empirical/process-based watershed
modeling framework that relates stream nutrient loads to
spatially referenced catchment characteristics, including
nutrient sources, land-to-water delivery factors, and in-stream
decay processes. More details about the SPARROW model and
source code are provided in the Supporting Information (Text
S1).
Unlike earlier SPARROW applications that focused on long-

term mean annual conditions, this study applied the model
using an annual time step. As a result, the SPARROW
predictions represent annual conditions rather than long-term
means, enabling spatiotemporal tracking of the nutrient
dynamics. The SPARROW model was calibrated using a 20-

year dataset of 2080 WRTDS-K estimated annual NO3
− +

NO2
−-N loads from 104 monitoring stations (Table S5).

Additional details about WRTDS-K and the SPARROW model
inputs are provided in the Supporting Information (Text S2−
S3 and Table S1). The calibrated SPARROW model was then
used to simulate annual NO3

− + NO2
−-N loads and yields

across all HUC12s, including ungaged areas.
2.3. Model Performance Evaluation and Validation.

To evaluate the SPARROW model’s generalizability and
robustness, this study implemented a three-way cross-
validation approach, including spatial validation (spatially
divided monitoring sites), temporal validation (temporally
partitioned the 20-year study period), and random validation
(randomly subdivided the observations). Details of the
procedure are provided in the Supporting Information (Text
S4).
The SPARROW model’s predictive capability was evaluated

using the coefficient of determination (R2) and root mean
squared error (RMSE) metrics to quantify model fitting. Both
conditioned and unconditioned model results were reported.
In the conditioned mode (used for model calibration), the
SPARROW model adjusts the load to the measured load
before predicting further downstream loads, whereas the
unconditioned mode (used for model predictability) relies
solely on model simulation without such load adjustments.

Figure 2. Calibration results for the SPARROW model compared with the observed (WRTDS-K estimated) annual loads. Panels (a, b) show the
SPARROW performance for NO3

− + NO2
−-N export loads (a) and yields (b) at 104 USGS gaging stations, with R2 values of 0.917 and 0.801,

respectively. Panels (c, d) show the spatial distribution of incremental NO3
− + NO2

−-N yield changes in the UMRB estimated by WRTDS-K and
the SPARROW model, respectively, validating the performance of the SPARROW model (calculation described in the Supporting Information
Text S2). Both WRTDS-K estimated and SPARROW modeled results show substantial NO3

− + NO2
−-N yield increases in the northern portions of

the UMRB. The strong spatial agreement between WRTDS-K and SPARROW estimations and statistical results validates the reliability of the
NO3

− + NO2
−-N yield predictions with the SPARROW model.
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2.4. Scenario-Based Attribution Framework. To
separate anthropogenic and hydrological effects on NO3

− +
NO2

−-N yields over time, a scenario analysis framework was
designed (Figure 1d and Table S2). Anthropogenic factors
include all nitrogen sources and conservation practices, while
hydrological factors contain weather-related variables. Two
specific five-year windows (2001−2005 and 2016−2020) were
selected to characterize NO3

− + NO2
−-N transport patterns

during relatively stable periods by minimizing interannual
variability while providing sufficient temporal distance to
detect shifts in land use, conservation practices, and hydrology
trends. To ensure the robustness of our findings, alternative
temporal configurations were tested (e.g., 2001−2006 vs
2015−2020, 2001−2007 vs 2014−2020, 2001−2008 vs 2013−
2020, 2001−2009 vs 2012−2020, and 2001−2010 vs 2011−
2020) and had similar spatial patterns. Therefore, we report
the results from only these two periods here.
Two baseline scenarios established temporal reference

points: BL16 (2016−2020 levels) and BL01 (2001−2005
levels) (full change through time). Intermediate scenarios
systematically modified variables to isolate specific effects:
scenario SRC01 adopted 2001−2005 sources with 2016−2020
all other management actions, land-to-water delivery, and
attenuation conditions. In CRP01 (all sources and CRP
implementation during the first period), NT01 (sources, CRP,
and no-till during the first period), PRCP01 (all anthropogenic
factors and precipitation during the first period), and TEMP01
(all anthropogenic factors, precipitation, and temperature
during the first period), we sequentially changed one variable
to its 2001−2005 level. Each scenario ran over a 5-year period,
and the results were averaged.
The HUC12-level changes in NO3

− + NO2
−-N yields were

calculated by differencing scenario outputs (such as BL16-
BL01 for all factors) and just all anthropogenic impacts (BL16-
NT01) and just all hydrological impacts (NT01-BL01).
Individual variable impacts were quantified for nitrogen
sources (BL16-SRC01), CRP implementation (SRC01-
CRP01), no-till practices (CRP01-NT01), annual total
precipitation (NT01-PRCP01), temperature (PRCP01-
TEMP01), and discharge (TEMP01-BL01), where discharge
affects nutrient in-channel attenuation. More details about
scenario description and simulation logic are provided in the
Supporting Information (Text S5).

3. RESULTS
3.1. SPARROW Model Results. 3.1.1. SPARROW Cali-

bration and Validation. The scatter plots in Figure 2a,b show
the calibration results, comparing SPARROW estimated NO3

−

+ NO2
−-N loads and yields against WRTDS-K estimates. The

calibration had a conditioned R2 of 0.917 and an RMSE of
0.561 for NO3

− + NO2
−-N loads (Figure 2a), and an R2 of

0.801 for NO3
− + NO2

−-N yields (Figure 2b). The
unconditioned (full prediction) R2 was 0.903 and RMSE was
0.609 for loads with an R2 of 0.765 for yields.
The strong spatial agreement between WRTDS-K (ob-

served) and SPARROW predictions (Figures 2c,d and S2)
demonstrates SPARROW’s reliability. To further assess model
generalizability, three distinct 5-fold cross-validation ap-
proaches were implemented (Table S4). The spatial validation
approach, testing spatial extrapolation capabilities, had average
unconditioned validation R2’s of 0.866 for loads and 0.685 for
yields. Temporal validation, assessing the temporal extrap-
olation ability, had average unconditioned validation R2’s of

0.896 for loads and 0.746 for yields. The random validation
approach, testing overall model robustness, had average
unconditioned validation R2’s of 0.902 for loads and 0.764
for yields. These consistently high-performance metrics across
all validation approaches demonstrate the model’s reliability
for both spatial and temporal applications.
3.1.2. SPARROW Model Coefficients. All of the coefficients

in the model were statistically significant (p < 0.05), as shown
in Table S3. To transform the model outputs from the log scale
to real-world units, the source coefficients were multiplied by
the mean exponentiated weighted error (MEWE).11

The coefficients for the sources indicate the amount (as a
percentage of the input for inputs defined in kg/yr or a rate of
delivery for inputs defined as an aerial coverage) of NO3

− +
NO2

−-N possibly entering the waterbodies under the mean
land-to-water delivery condition for the entire area. Waste-
water treatment plants (WWTP) had a coefficient of 0.589
(95% confidence interval (CI): 0.514−0.664), indicating that
each estimated kilogram of total nitrogen discharge contributes
0.683 kg (0.589 × 1.160 MEWE) of NO3

− + NO2
−-N input.

Other significant source contributions include wet inorganic
nitrogen (including NH4

+ and NO3
−) atmospheric deposition

(coefficient: 0.208, 95% CI: 0.134−0.281) contributing 0.241
kg of NO3

− + NO2
−-N per kg-N input, manure (coefficient:

0.181, 95% CI: 0.141−0.221) contributing 0.210 kg of NO3
− +

NO2
−-N per kg-N input, and fertilizer (coefficient: 0.037, 95%

CI: 0.024−0.050) contributing 0.043 kg of NO3
− + NO2

−-N
per kg-N input. Because atmospheric deposition was estimated
by only wet deposition that represents about 50% of the total
input; therefore, total atmospheric deposition contributes
∼0.121 kg of NO3

− + NO2
−-N per kg-N input. Land use

sources also had significant effects, with biological nitrogen
fixation (BNF) contributing 645 kg-NO3

− + NO2
−-N/km2/yr

(coefficient: 556, 95% CI: 292−821) and urban nonpoint
sources contributing 181 kg-NO3

− + NO2
−-N/km2/yr

(coefficient: 156, 95% CI: 103−209) to NO3
− + NO2

−-N
input.
The land-to-water delivery coefficients quantify how water-

shed characteristics affect the transport of nitrogen from the
land to water. Tile drainage had a significant positive
coefficient (+0.032, 95% CI: 0.030−0.034), indicating
enhanced NO3

− + NO2
−-N delivery in higher tiled areas.

Precipitation also exhibited a positive relationship (+0.0017,
95% CI: 0.0015−0.0019), indicating that more NO3

− + NO2
−-

N will be delivered to the river system with additional
precipitation from the standardized status. Conversely,
temperature had a negative coefficient (−0.032, 95% CI:
−0.049 − −0.015), with higher temperature reducing NO3

− +
NO2

−-N delivery. Clay content in soil had a positive effect
(+0.004, 95% CI: 0.0002−0.0079) on NO3

− + NO2
−-N

delivery, which may reflect that reduced infiltration and
increased surface runoff in clay-rich soils enhance nitrogen
transport to streams. Greater CRP (−0.068, 95% CI: −0.085 −
−0.051) area reduces NO3

− + NO2
−-N transport in the

UMRB, while higher adoption of no-till (0.011, 95% CI:
0.009−0.0013) practices facilitated NO3

− + NO2
−-N transport

in the UMRB.
The attenuation coefficients capture the loss of NO3

− +
NO2

−-N, such as denitrification, biological uptake, and
sedimentation that remove NO3

− + NO2
−-N during in-stream

and in-reservoir transport. Stream attenuation (0.060, 95% CI:
0.049−0.071) represents the mean rate at which NO3

− +
NO2

−-N is removed from the stream per unit of travel time
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Figure 3. Spatial distribution of SPARROW simulated NO3
− + NO2

−-N loads (panels (a, b)) and local yields generated within each 12-digit
Hydrologic Unit Code (HUC12) (panels (c, d)) in the UMRB for two time periods: 2001−2005 Panel (a, c) and 2016−2020 (Panel (b, d)). The
patterns in NO3

− + NO2
−-N loads show consistent spatial distribution along major waterways, while patterns in yields demonstrate significant

intensification in agricultural regions, particularly in southern Minnesota and northern Iowa, during the 2016−2020 period. Estimated relative
contributions of different nitrogen sources to NO3

− + NO2
−-N incremental loads at HUC12 local outlets in the UMRB during (e) 2001−2005 and

(f) 2016−2020 periods. Sources include fertilizer, manure, atmospheric deposition (N Deposition), biological nitrogen fixation (BNF), wastewater
treatment plants (WWTP), and urban nonpoint sources (Urban).
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divided by water depth, indicating that longer travel times
result in greater NO3

− + NO2
−-N removal. Reservoir

attenuation (3.481, 95% CI: 2.205−4.757) describes the
NO3

− + NO2
−-N retention in lakes and reservoirs, meaning

that reservoirs with longer mean residence time provide more
NO3

− + NO2
−-N removal.

3.2. Spatiotemporal Changes of Riverine NO3− +
NO2−-N Export Across the UMRB. The spatial distribution
in loads was very similar in 2001−2005 and 2016−2020, with
the largest loads during both time periods in the major rivers
(Figure 3a,b). NO3

− + NO2
−-N yield distributions (Figure

3c,d) in 2001−2005 and 2016−2020 had more spatial
variation, highlighting watershed-specific differences in NO3

−

+ NO2
−-N export.

3.2.1. Spatiotemporal Trend Patterns. In the UMRB, the
NO3

− + NO2
−-N yield hotspots were predominantly located in

the central part of the basin, specifically in southern Minnesota,
northern Iowa, and northern Illinois (Figure 3c,d). In the west-
central and eastern UMRB, the NO3

− + NO2
−-N yields

increased significantly in 2016−2020 compared to 2001−2005,
reflecting intensified agricultural activities51,52 and increases in
precipitation.53 In addition, the NO3

− + NO2
−-N yields

delivered to the outlet of the UMRB shown in Figure S3 also
increased in the same regions with the highest incremental
yields. The fraction of incremental (i.e., local contributions
independent of further upstream inputs) NO3

− + NO2
−-N load

delivered to the outlet (Figure S4) further emphasizes the
importance of proximity to major waterways with areas closer
to the main stem having higher delivery ratios. These spatial
patterns demonstrate the complex interaction between nitro-
gen sources, hydrological connectivity, and nitrogen attenu-
ation processes across the basin.
3.2.2. Source Attributions. The NO3

− + NO2
−-N source

contributions to the streams were estimated by the SPARROW
model as shown in Figure 3e,f, which represent the 2001−2005
and 2016−2020 periods, respectively. The contributions of
incremental loads delivered to the outlet of the UMRB are
shown in Figure S5. As shown in Figure 3e, during 2001−

Figure 4. Spatial decomposition of changes in NO3
− + NO2

−-N yields (kg/ha/yr) in the UMRB from (a) total change (BL16-BL01) into (b)
anthropogenic effects (BL16-NT01), and (c) hydrological effects (NT01-BL01). Results are shown at the HUC12 resolution with HUC4
boundaries overlaid for reference. Total yields increased significantly in HUC numbers 0702, 0706, 0708, 0709, 0710, and 0712. Anthropogenic
impacts show stronger positive influences particularly in HUC 0702, 0706, 0708, and 0710, while hydrological impacts led to a significant increase
in 0702, 0710, 0708, 0709, and 0712.
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2005, manure was the largest nitrogen source contributor
(35.1%), followed closely by fertilizer application (25.9%),
BNF (20.1%), and atmospheric deposition (14.3%). Urban
point (WWTP) and nonpoint sources collectively account for
4.6%.
Compared to the 2001−2005 period, several changes in

source contributions happened during the 2016−2020 later
period, as shown in Figure 3f. Fertilizer and manure
contributions increased from 25.9% and 35.1% to 27.5% and
37.3%, respectively, and remained the dominant nitrogen
sources. Atmospheric nitrogen deposition exhibited a decrease
in relative contribution from 14.3% to 11.8%, but with an
increase in the absolute value from 8.7 × 107 to 1.3 × 108 kg-
N/yr. Urban source contributions increased from 4.6% to
7.2%, indicating a growing urban influence on basin-wide
NO3

− + NO2
−-N loads. The sum of all the sources had

increased in their absolute values of the sum of 5-year average
annual NO3

− + NO2
−-N incremental loads in the UMRB

(Figure S6), suggesting a greater need for targeted manage-
ment strategies that reduce both point and nonpoint sources.
The incremental source contributions delivered to the outlet of
the UMRB (Figures S5 and S7) exhibit patterns similar to the
contribution of HUC12 incremental loads.
3.3. Disentangling the Impacts of Hydrological

Variability and Anthropogenic Activities. Decomposition
of the overall changes in NO3

− + NO2
−-N yields into those

caused by anthropogenic effects (BL16-NT01) and hydro-
logical effects (NT01-BL01) had significant spatial variability
across the UMRB (Figure 4). The human impact scenario
(BL16-NT01) with impact of each source calculated by BL16-
SRC01, shown in Figure 4b, led to an increase in NO3

− +
NO2

−-N yields in the agricultural regions, specifically west-
central UMRB (HUC 0702, 0708, and 0710), primarily due to
increasing NO3

− + NO2
−-N from manure, fertilizer, and BNF

(Figures S10−S12). Changes in agricultural sources had
distinct patterns, with manure impacts concentrated in regions
0708 and 0710 (Figure S10), while fertilizer applications drove
substantial increases in regions 0708, 0710, and 0702 (Figure
S11). Point source impacts from WWTP were particularly

significant in urban regions, creating localized hotspots of
increased NO3

− + NO2
−-N yield change (Figure S8).

Hydrological impacts (NT01-BL01, Figure 4c) increased
NO3

− + NO2
−-N yields in the central part of the UMRB

(HUC 0702, 0708, 0709, 0710, 0712, and 0713) because of
the increases in precipitation (NT01-PRCP01), as shown in
Figure S16. Temperature effects (PRCP01-TEMP01) varied
geographically (Figure S17) in the UMRB, with increases in
NO3

− + NO2
−-N yields in northern regions (0702, 0708, and

0710) and decreases in NO3
− + NO2

−-N yields in southern
areas (southern 0708, 0712, and 0713). The spatial patterns in
changes in the NO3

− + NO2
−-N suggest that the most effective

conservation practices would be to consider both human
activities and weather-driven mechanisms, particularly in areas
where both factors contribute substantially to increased NO3

−

+ NO2
−-N yields.

To better analyze the possible causes of changes in NO3
− +

NO2
−-N yields and develop possible strategies to reduce

regional nutrient loss, the decomposition was aggregated into
HUC04 subregions (codes and names in Table S6), as shown
in Figure 5. For the entire UMRB, the average HUC12 NO3

−

+ NO2
−-N yield increased by 9.7 kg/ha/yr from 2001−2005

and 2016−2020, with anthropogenic effects accounting for 4.8
kg/ha/yr of the change. At the HUC04 scale, 0708 and 0710
had the largest increase in NO3

− + NO2
−-N yields (24.0 and

17.3 kg/ha/yr), with anthropogenic effects contributing 11.0
and 8.4 kg/ha/yr, respectively.
The aggregation to the HUC04 scale provides insights into

the spatial variation in the dominant anthropogenic factors
across different HUC04 subregions (Figure 5). Fertilizer and
manure were primary drivers in subregions 0706, 0708, and
0710. Urban sources, including WWTP and urban nonpoint
sources, were dominant in 0701 and 0712. Increasing CRP
area was associated with reductions in NO3

− + NO2
−-N yields

in subregions 0708 and 0710, while increasing no-till practices
facilitated nitrogen transport in these two subregions. The
hydrological impacts were dominant in 0709, 0712, and 0713,
accounting for more than 65% of the change in the NO3

− +
NO2

−-N yield change. This pattern aligns with the observed

Figure 5. Decomposition of NO3
− + NO2

−-N yield changes (kg/ha/yr) across the UMRB and its HUC4 subregions.
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increase in precipitation during the study period in these areas
(Figure S19), which likely intensified nitrogen transport.
To assess the robustness of our findings against potential

biases in period selection (i.e., 2001−2005 and 2016−2020), a
comprehensive sensitivity analysis was conducted using
multiple temporal comparison windows with the SPARROW
model calibrated using 20-year data (Figures S20−S29). This
analysis evaluated five alternative period pairs: 2001−2006 vs
2015−2020, 2001−2007 vs 2014−2020, 2001−2008 vs 2013−
2020, 2001−2009 vs 2012−2020, and 2001−2010 vs 2011−
2020. These alternative temporal comparisons consistently
reproduced the primary spatial patterns and driver attributions
observed in our main analysis, confirming that our findings
were not artifacts of the specific time periods selected.

4. DISCUSSION
4.1. What are the Key Spatiotemporal Patterns of

Riverine NO3− + NO2−-N Export in the UMRB? Our spatial
patterns and SPARROW model coefficients align with previous
research on the dominant drivers of nitrogen export in the
UMRB and broader Midwest region. The estimated source
coefficients are comparable to those reported in earlier
SPARROW applications, including studies of the Illinois
River Basin,54 the UMRB,17 the MARB,11,55 and the Great
Lakes region.56,57 The positive effects of precipitation, tile
drainage, clay content, and no-till practices on nitrogen
delivery, as well as the negative effects of CRP and
temperature, are consistent with the relationships observed in
these earlier studies. A higher stream attenuation rate under
low-discharge conditions is also identified in the UMRB
study,17 and the magnitude of the reservoir attenuation
coefficient is comparable to those found in both the
UMRB17 and MARB55 analyses. In terms of spatial
distribution, the NO3

− + NO2
−-N export hotspots in central

UMRB are consistent with previous findings from both
modeling58 and observational analyses.20 WRTDS-K annual
load estimates align well with those from the USGS National
Water Quality Network (NWQN),59 supporting their validity
for SPARROW calibration. Our analysis demonstrated
spatiotemporal variations in NO3

− + NO2
−-N export across

the UMRB during 2001−2020. The northern, central, and
parts of the eastern UMRB experienced substantial increases in
NO3

− + NO2
−-N yields, while the southern regions showed

more variable changes.
This study identifies temporal variations that were not

captured in previous static SPARROW models for this area.11

Results of this study indicate that the increase in NO3
− +

NO2
−-N yields in the northern and central UMRB was

primarily driven by agricultural sources, including increased
fertilizer and manure applications and expanded planting of
nitrogen-fixing crops, and increased precipitation, which aligns
with earlier studies highlighting the role of agricultural
intensification and precipitation patterns in amplifying nitrogen
losses through leaching and runoff.20,58,60−63 The decline in
NO3

− + NO2
−-N yields in the southern part of the UMRB was

likely associated with the implementation of agricultural
conservation practices and air quality regulations.
While this study focused exclusively on NO3

− + NO2
−-N,

future work could extend the modeling framework to total
nitrogen or other species (i.e., phosphorus) for a better
understanding of nutrient dynamics. Although the SPARROW
model demonstrated strong overall performance, further
refinement of the model may provide better estimates in

high-yield areas. In addition, future work could explore the
seasonality and legacy effects on nitrogen export, such as
examined by Schmadel et al.54

4.2. What are the Key Drivers Affecting NO3− + NO2−-
N Export Patterns? The temporal evolution of NO3

− +
NO2

−-N source contributions identified the drivers of nutrient
export and also shed light on addressing the challenges of
intensified agricultural inputs in reducing overall nutrient loads.
The source contributions demonstrated an agreement with
previous studies that agricultural sources, including fertilizer,
manure, and BNF, account for more than 50% of nitrogen
export.11,38 The consistent dominance of manure raises
concerns about the ongoing expansion of livestock produc-
tion,64 suggesting the importance of improving its management
strategies. The relative contribution and absolute load from
fertilizers have increased, aligning with previous work11,55 and
reflecting that there are potential opportunities in nutrient loss
reductions through improved nutrient management practices.
While urban sources contributed a relatively small share
overall, their increasing influence emphasizes the potential
importance of targeted attention and management.
Previous research attempted to compare source contribu-

tions throughout the MARB between 2002 and 2012 using
results derived from different SPARROW models.11 However,
those comparisons were limited by variations in data sources,
model structures, and inputs between different model
implementations, making direct temporal comparisons chal-
lenging. This study overcomes these limitations by applying a
single, consistent SPARROW model framework from 2001 to
2020, ensuring that the observed changes reflect actual shifts in
nitrogen dynamics rather than methodological differences.
4.3. What are the Implications of Separating

Anthropogenic and Hydrological Impacts for Develop-
ing Targeted Nutrient Reduction Strategies? Using a
scenario-based modeling framework, the effects of anthro-
pogenic activities and hydrological variability on the NO3

− +
NO2

−-N yield changes were separated. The granularity of
analysis at the HUC12 level provides valuable insights for
designing more efficient and effective nutrient reduction
strategies that were previously obscured in broader-scale
assessments. Regions where anthropogenic drivers, particularly
manure, fertilizer, or urban sources, exert a dominant influence
may be reduced by targeted conservations, such as precision
fertilization, enhanced manure management, or upgrades to
wastewater treatment facilities.65−67 Areas experiencing sub-
stantial hydrologically driven increases in nitrogen export may
benefit from improved drainage management, reservoir
construction, and wetland and floodplain restoration.68,69

Future research could incorporate scenarios that would
enhance our understanding of nitrogen export patterns under
varying hydrological conditions.
The complex role of conservation practices further highlights

the potential of adaptive strategies. Practices like CRP and no-
till can have contrasting effects depending on local soils,
landforms, and climate regimes. The positive relationship
between no-till practices and nitrogen transport observed in
our study is supported by recent research,34,70,71 which
demonstrates that no-till practices may enhance nitrogen
delivery in the UMRB. Cover crop adoption was not
statistically significant in our SPARROW model, which may
be because the adoption rate was still low in the UMRB,
typically ranging from only 2 to 4% in most of counties.72,73
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These findings advocate for a watershed-specific blend of
best management practices that collectively address both
human-induced and weather-induced drivers of nitrogen
loading. By integrating scenario-based modeling and stake-
holder engagement, conservation practitioners, including
farmers, conservation specialists, and watershed managers,
can prioritize conservations that have the most effective water-
quality improvements in each subregion of the UMRB. Our
approach complements and extends existing state-level nutrient
reduction strategies,74−76 which estimated nutrient loads and
set reduction goals based on monitoring data at major USGS
gaging stations. While those strategies provide valuable basin-
scale assessments, they are spatially coarse and may overlook
important subwatershed-level variation. By contrast, our high-
resolution modeling at the HUC12 scale offers more granular
insight into where specific sources dominate and which
conservation practices may be the most applicable. In addition,
extending this framework to include other nutrients and
expanding spatial coverage would provide a more compre-
hensive understanding of nutrient dynamics in the entire
MARB and potentially in other major river basins.
Overall, this study introduces a methodological advance-

ment by applying the SPARROW framework at an annual time
step and integrating scenario-based attribution to disentangle
anthropogenic and hydrological controls on nitrogen export
across a large river basin. The separation of human and
climatic influences provides a scientific foundation for targeted,
adaptive watershed management, allowing policymakers and
conservation programs to prioritize actions based on the
dominant drivers in each subregion.
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