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Extreme precipitation reshapes nutrient flows and
balance in North America’s largest river basin

Zihao Bian"?, Shufen Pan??3, Ge Sun?, Steven G. McNuIty4, Xingchen Tony Wangs,

Changchun Huang', Hangin Tian>>*

Extreme precipitation events, intensified by climate change, are increasingly disrupting nutrient dynamics in large
river systems worldwide. Beyond altering the magnitude of individual nutrient fluxes, extreme precipitation may
fundamentally reshape nutrient composition and stoichiometric balances, with critical implications for aquatic
ecosystem health. Here, we apply an integrated data-model framework to assess how these events have altered
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nitrogen (N) and phosphorus (P) fluxes across the Mississippi River Basin from 1980 to 2018. We find that extreme
rainfall disproportionately increases P export relative to N, driven primarily by enhanced soil erosion and mobiliza-
tion of particulate-bound nutrients. Concurrent temporal and spatial changes in extreme precipitation regimes
have induced declining N:P ratios in headwater streams and cumulative nutrient loads, shifting export stoichiom-
etry toward the Redfield ratio. Therefore, extreme precipitation can increase nutrient fluxes that fuel harmful algal
blooms, yet at the same time reduce N:P ratios that may favor less toxic communities. This trade-off calls for water-
shed management strategies that go beyond managing nutrient quantity alone.

INTRODUCTION
Human activities have disturbed nutrient cycles and induced nitrogen:
phosphorus (N:P) imbalances across the globe (I, 2). The increases
in the average N:P ratio of anthropogenic inputs into the biosphere
have changed community compositions, diversity, and functions in
natural ecosystems and threatened food security and public health
in human societies (3). Increased land-derived nutrient loading has
contributed to the eutrophication and hypoxia in freshwater and
marine ecosystems worldwide (4). In addition, the disturbed stoi-
chiometry of nutrient loading can alter algal biodiversity, and a more
abundant dinoflagellate harmful algal blooms (HABs) has been de-
tected in coastal waters where N:P ratio is higher than Redfield pro-
portions (5). Hypoxia zones in the Gulf of Mexico (or Gulf of America),
commonly referred to as “dead zone,” are primarily associated with
excessive N input from the Mississippi River Basin (MRB), but en-
riched P also played a role. Controlling both N and P loading from
the MRB is recognized as the most prospective strategy in mitigat-
ing the dead zone, considering it can also minimize harmful eco-
logical impacts caused by disturbed stoichiometric nutrient balance
(6). Effective management of stoichiometric nutrient balance in the
Gulf of Mexico requires a comprehensive understanding of how en-
vironmental factors influence the relative rates of N and P transport.
Although anthropogenic disturbance is recognized as the prima-
ry driver of large-spatial N:P ratio variability, it is critical to under-
score the impact of climate and hydrological drivers in shaping this
variability (7). Climate dominates the seasonal and annual variability
of riverine nutrient loading by controlling watershed hydrology and
influencing nutrient leaching and soil erosion from land (8, 9). As N
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primarily occurs as soluble forms while P mainly occurs in particu-
late forms in agricultural soils, N and P loading can show different
sensitivity to precipitation and runoff change, causing their stoichio-
metric ratio to vary with hydrology over multiple time scales (10, 11).
Leong et al. (12) indicated that N:P loading increases with dis-
charge according to the observed monthly nutrient flux data at the
Mississippi River mouth. However, the analysis of monthly data may
mask the response of N:P loading ratio to short-term variability in
precipitation, especially extreme precipitation. More intense and
frequent extreme precipitation events have been observed in the
U.S. during recent decades, which could be attributed to elevated
atmospheric water vapor levels, a consequence of global warming
(13, 14). The role of extreme precipitation in contributing carbon
and nutrient exports to the Gulf of Mexico has attracted considerable
attention. Extreme precipitation events have enhanced the leaching
of inorganic N (I15) and intensified erosional N and P fluxes (16).
Nevertheless, these studies have mainly focused on assessing the
impacts of extreme precipitation on individual elements or partic-
ular nutrient species. The responses of different nutrient species and
their stoichiometric ratios to extreme precipitation across the entire
MRB have not been comprehensively quantified. As the Intergovern-
mental Panel on Climate Change (IPCC) reports an increasing fre-
quency of extreme precipitation events globally (17), understanding
how such events influence N:P loading ratios is crucial for improving
water quality management worldwide.

Quantifying the N:P loading change under extreme precipitation
relies on nutrient flux data at fine time scales (e.g., daily step). How-
ever, continuous daily nutrient observations are limited in the MRB,
and models are often needed to estimate nutrient loading. The com-
plex and nonlinear changes in nutrient loading driven by extreme
precipitation could not be captured by empirical models (18). In con-
trast, process-based land surface models have the advantage of repre-
senting the long-term impacts of extreme precipitation on nutrient
loading at large spatial scales. To our knowledge, we present the first
long-term, basin-wide, daily-resolution quantification of the dispro-
portionate responses of N and P loading to extreme precipitation, us-
ing the process-based Dynamic Land Ecosystem Model (DLEM)
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integrated with multisource climate and nutrient input datasets
(table S1). The model is capable of simulating daily time-step changes
in different nutrient species (i.e., inorganic and organic, dissolved and
particulate forms) under different precipitation intensities at large
spatial scales. We estimated land N and P loading to aquatic ecosys-
tems across the MRB from 1980 to 2018 and compared the N:P load-
ing ratio under extreme precipitation and nonextreme precipitation.
Here, extreme precipitation is defined as daily precipitation that ex-
ceeds the 95th percentile of all daily precipitation during 1980 to 2018
in each grid (16). The goals of this study are to (i) estimate the contri-
butions of extreme precipitation to N and P loading across this pe-
riod, (ii) identify the spatial hotspots of increase in N and P yields
induced by extreme precipitation, and (iii) investigate how and why
nutrient composition and stoichiometric ratios change under ex-
treme precipitation. By identifying spatial hotspots and revealing how
extreme events alter N:P ratios, our analysis moves beyond tradi-
tional load assessments to demonstrate how climatic extremes can
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reorganize nutrient dynamics and complicate management efforts
aimed at reducing HABs in the Gulf of Mexico.

RESULTS AND DISCUSSION

The increased contributions of extreme precipitation to N
and P yields

The annual volume of extreme precipitation has intensified since the
1990s in the MRB due to the increased frequency and intensity of ex-
treme precipitation events (Fig. 1, A and B). On average, the frequency
of extreme precipitation days within a year has doubled, and daily pre-
cipitation on EP days has increased from 30 to 35 mm from 1980 to
2018. Meanwhile, the long-term change in annual total precipitation
was not significant (P = 0.08). The average percentage of extreme pre-
cipitation in annual total increased from 25% in the 1990s to 36% in the
2010s (2010-2018). Extreme precipitation has significantly increased
across the majority of the entire basin, with the most pronounced
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Fig. 1. Temporal dynamics of extreme precipitation and nutrient yields in the MRB during 1980-2018. (A) Variations of annual extreme precipitation (EP), total
precipitation, and the percentage of extreme precipitation in annual total. (B) Interannual variations of the number of days with extreme precipitation (EP days) and daily
average extreme precipitation. The interannual changes in total (C) N and (D) P yields, and the percentages of (E) N and (F) P yields occurred on EP days in annual total.
NH,*, ammonium; NOs™, nitrate; DON, dissolved organic nitrogen; and PON, particulate organic nitrogen; DIP, dissolved inorganic phosphorus; DOP, dissolved organic
phosphorus; POP, particulate organic phosphorus; PIP, particulate inorganic phosphorus. Dash lines in [(A), (B), (E), and (F)] are regression trend lines (P < 0.05). Error bars
in [(C) and (D)] and shaded bands in [(E) and (F)] around lines represent the uncertainty ranges.
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increases observed in the eastern and central regions where forest
and cropland are dominant land covers (Fig. 2A and fig. S1).

From 1980 to 2018, both simulated total nitrogen (TN) and total
phosphorus (TP) yields fluctuated with precipitation change. While
TP yield showed a modest but significant increase from 170 + 42 Gg P
year ' in the 1980s to 205 + 57 Gg P year™" in the 2010s (P < 0.05),
TN yield remained relatively stable, averaging 3043 + 488 Gg N year ™
with no significant temporal trend (Fig. 1, Cand D). TN yield is main-
ly composed of dissolved form N, while TP yield is mainly composed
of particulate form P. The nitrate (NO3 ™) was the major component of
TN yield, but its share has decreased from 76 + 3% in the 1980s to
71 + 2% in the 2010s (P < 0.05). Meanwhile, the share of particulate
organic nitrogen (PON) in TN has increased from 15 + 3% to 18 + 3%
(P < 0.05). Similarly, the share of dissolved inorganic phosphorus
(DIP) and particulate inorganic phosphorus (PIP) in TP changed
from 17 2% and 62 + 2% to 15 + 2% and 64 + 2%, respectively, from
the 1980s to the 2010s. The increase in crop nutrient use efficiency and
the decline in nutrient surplus were the major reasons for the decrease
in inorganic nutrient loading (19). Simultaneously, soil erosion and
sediment yield were estimated to increase significantly (P < 0.05)
within the basin driven by intensified extreme precipitation (fig. S2),
resulting in the enhanced yields of particulate form nutrients.

The simulated N and P loading to aquatic ecosystems (i.e., N
and P yields in the MRB) that occurred during days with extreme
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precipitation (EP days) were identified as extreme precipitation-
induced nutrient loading. Stimulated by intensified extreme precipi-
tation, N and P yields that occurred on EP days have also increased
since the 1990s (fig. S3). The contribution of extreme precipitation
to annual N and P yields almost doubled from 1980 to 2018 (Fig. 1,
E and F). Extreme precipitation facilitated more particulate form
nutrient yields than dissolved form nutrient yields. The percentage
of PON, particulate organic phosphorus (POP), and PIP yields oc-
curred on extreme precipitation days in annual totals reached around
42 + 12% in the 2010s, which is two times that of other dissolved
form nutrients. In addition, the proportions of EP-induced particu-
late form nutrients in total nutrients increased (at a speed of 0.5 to
0.6% year ") faster than that of EP-induced dissolved form nutrients
(around 0.3 t0 0.4% year™") during 1980 to 2018. The major pathway
of particulate form nutrients entering aquatic ecosystems is through
sedimentation and soil erosion, which is sensitive to extreme pre-
cipitation (20-22). The increased EP events disproportionally favored
nutrient loss through erosion process than through leaching pro-
cess. Overall, the contribution of extreme precipitation to TN yield
was estimated to grow from 14 + 5% in the 1980s to 28 + 7% in the
2010s, and its contribution to TP yield increased from 21 + 7% to
36 & 9%. Because of the large proportion of particulate form P in TP,
extreme precipitation preferentially intensified P yield over N across
the land-aquatic interface.
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Fig. 2. Changes in spatial patterns of extreme precipitation and associated nutrient yields across the MRB. (A) Change trend in extreme precipitation (EP) during
1980 to 2018. The trends were calculated by using linear regressions and verified by the Mann-Kendall test with a significant value of 0.05. N in the color bar refers to no
significant trend in EP change. (B) Contributions of forest, cropland, and other land use types to water and nutrient yields on EP days in the MRB. (C and D) The spatial
changes in decadal average TN and TP yields occurred on EP days from the 1980s to the 1990s, from the 1990s to the 2000s, and from the 2000s to the 2010s.
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Spatial pattern shifts in extreme precipitation events and
nutrient yields
The spatial patterns of TN and TP yields induced by extreme precipi-
tation are jointly determined by the distributions of extreme precipi-
tation and land use conditions. The high magnitudes and widespread
increases of simulated TN and TP yields induced by EP occurred in
the Lower Mississippi, Upper Mississippi, eastern Missouri, and Ohio
subbasins (fig. S4). Notably, these subbasins exhibited high nutrient
yields originating from cropland areas, a characteristic attributed to
substantial anthropogenic nutrient inputs and soil’s susceptibility to
erosion. Averaged over 1980 to 2018, cropland contributed only 27%
of water to total water yield occurred on EP days yet contributed 66%
of TN and 64% of TP to total nutrient yields occurred on EP days
(Fig. 2B). In contrast, 53% of water yield, 26% of TN yield, and 25% of
TP yields during EP events were generated on forests. Nutrient yields,
especially dissolved inorganic form and particulate form N and P, are
less sensitive to extreme precipitation on forests compared to cropland.
The extreme precipitation experienced a spatial pattern shift in
the recent three decades, further exacerbating TN and TP yields over
the MRB (Fig. 2, C and D). From the 1990s to the 2000s, the increase
in extreme precipitation mainly occurred in the Lower Mississippi
and Ohio subbasins. These regions are characterized by forest cover-
age across the majority of their land area, excluding the Mississippi
River Valley (fig. S1). Thus, the enhanced extreme precipitation only
had limited impacts on total nutrient loading from the entire MRB.
However, from the 2000s to the 2010s, a noticeable intensification of
extreme precipitation events occurred in the Midwest, the primary
agricultural region in the U.S. The overlap of intensified EP and crop-
land resulted in extensive increases in nutrient yields in the 2010s,
with changes exceeding 0.3 g N m™ year™* for TN and 0.05 g P
m 2 year™ for TP on EP days (Fig. 2, C and D).

Response of N:P yield ratio to extreme precipitation events
Extreme precipitation can enhance both the leaching of dissolved
form N and P (DN and DP) as well as the erosion of particulate form
N and P (PN and PP), yet exerts distinct influences on the N:P ratio
across total, dissolved, and particulate nutrient yields. The TN:TP
ratio of nutrient yields on EP days (20 + 2) was significantly lower
than that on non-EP days (31 + 4), particularly on cropland (Fig. 3B).
In contrast, the average DN:DP and PN:PP ratios of nutrient yields
on EP days were slightly higher than those on non-EP days, mainly
due to the EP-induced high DN:DP and PN:PP ratios of nutrient
yields on forests (Fig. 3, C and D). On the other hand, EP dispropor-
tionately favored particulate form nutrients over dissolved form nu-
trients. On EP days, PN and PP accounted for 29 + 3% and 88 + 1%
of TN and TP, respectively, significantly higher than their propor-
tions on non-EP days (13 + 2% and 73 + 4%) (Fig. 3, E and F). Aver-
age PN:PP ratios ranged from 5 to 10, which was much lower
compared with DN:DP ratios (around 50 to 130) (Fig. 3, C and D).
Thus, if the proportion of particulate nutrient components increases
within the total nutrient loading, the TN:TP ratio may decrease. In
general, increases in the DN:DP and PN:PP vyield ratios due to ex-
treme precipitation were not as substantial as increases in the share
of particulate form nutrients in total nutrients, resulting in the over-
all decrease in TN:TP ratios of nutrient yields (Fig. 4).

The changes in N:P yield ratio in response to precipitation events
are primarily determined by the divergent retention characteristics of
inorganic N and P in soil. Inorganic N species (NH,t and NO; ") dis-
play pronounced solubility and mobility within both soil matrices,

Bian etal., Sci. Adv. 12, eaea3260 (2026) 20 March 2026

whereas inorganic P demonstrates an inclination to adsorb onto soil
particles or combine with Fe, Al, Mg, and Ca (23). The high mobility
of inorganic N compared with inorganic P may make DIN more sen-
sitive to precipitation and runoff changes than DIP. Therefore, DN:DP
yield ratio induced by extreme precipitation was higher than that in-
duced by non-EP. The change in PN:PP yield ratio during EP events
varied with cropland and forests. In croplands, where N and P inputs
are typically nonlimiting, the PN:PP ratio of nutrient yields remains
relatively stable and exhibits limited sensitivity to intensified precipi-
tation (16, 24). The relatively high PN:PP ratio of nutrient yields on
forests during EP events may be related to the limited supply of P in
forest soil. Different from N, which can enter forest ecosystems via
biological N fixation, external P inputs into forest ecosystems are no-
tably minimal. EP events can cause a lower TN:TP ratio by enhancing
soil erosion and discharging higher concentrations of particulate nu-
trients compared with non-EP (25). The TN:TP ratios within stream
waters have been observed to decline with increasing discharge over
storm scales in many small watersheds (7). This study expands upon
this knowledge by demonstrating the impact of EP on N:P loading
ratio at a large spatial scale. Furthermore, it is noteworthy that the
relationship between TN:TP loading ratio and discharge during EP
events may exhibit distinctions compared to those observed over
monthly or annual temporal scales. Monthly TN:TP was reported to
increase with discharge in intensively fertilized subbasins but showed
a negative or less significant relationship with discharge in less fertil-
ized subbasins of the MRB (12). The trade-off between the increase in
DN:DP and the increase in the proportion of particulate form nu-
trients may explain the divergent responses observed in different
regions. Average high flow plays a more prominent role in pro-
moting DN:DP in heavily fertilized regions, whereas it predomi-
nantly contributes to the proportion of particulate form nutrients in
less-fertilized areas. Nevertheless, as precipitation intensity reaches a
certain threshold, the response of the proportion of particulate nutri-
ent forms to elevated discharge consistently exhibits greater sensitiv-
ity compared to the response of DN:DP ratios.

Implications

In contrast to the global trend of increasing N:P ratio, the TN:TP
ratio of nutrient loading to the Gulf has shifted from increase to de-
crease in the latter 1980s (26, 27). Over the last three decades, the
annual N:P loading mole ratio has decreased from a high of 28 to a
low of 20 which is closer to Redfield ratio (N:P = 16), as a conse-
quence of the decrease in TN loading and increase in TP loading.
The N:P ratio of synthetic fertilizer inputs rose rapidly during the
1980s and then increased more gradually until reaching a stable level
after 2000 in the MRB (fig. S5). Therefore, anthropogenic nutrient
input changes alone cannot explain the observed decline in N:P
loading. As the nutrient use efficiency of crops continues increasing,
the nutrient surplus in the MRB started to decrease; however, legacy
nutrients from historical nutrient accumulation in terrestrial ecosys-
tems can still serve as a long-term nutrient source for the coastal re-
gions (28). Bian et al. (29) suggested that the longer residence time of
legacy P in soil than N may be the major reason for the decline in N:P
loading ratio to the Gulf. This study indicated that the temporal and
spatial variations in EP can alter the relative transport of soil residue
N versus P and further stimulate the decreasing N:P loading ratio.
Because of the strong adsorption of P in soil, sedimentation is the
primary pathway of legacy P loss to aquatic ecosystems. The en-
hanced soil erosion due to the intensified extreme precipitation can
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Fig. 3. Comparison of nutrient yield characteristics between EP and non-EP days (1980-2018) on cropland, forest, and the entire MRB. (A) Average water yield, (B) TN:TP
molar ratio, (C) particulate nitrogen to particulate phosphorus (PN:PP) molar ratio, (D) dissolved nitrogen to dissolved phosphorus (DN:DP) molar ratio, (E) proportion of PN in TN
yield, (F) proportion of PP in TP yield, (G) inorganic-to-organic nitrogen (IN:ON) ratio, and (H) inorganic-to-organic phosphorus (IP:OP) ratio. The error bar represents the standard
deviations of annual data during 1980 to 2018. Asterisks indicate statistically significant differences between extreme and nonextreme precipitation groups at each land type

based on a t test (P < 0.05).

largely mobilize soil legacy source P and contribute to P loading. The
increasing TP export to the Gulf of Mexico after the 1990s largely
resulted from the enhanced PP loading due to the increased extreme
precipitation. It can also explain the continuous increase in TP loss
from land to U.S. rivers over the past four decades (30). In contrast,
the increased PN cannot offset the decrease of DIN because of the
small share of PN in TN (Fig. 1C). Therefore, the increases in the
frequency and intensity of extreme precipitation since the 1990s have
facilitated soil P loss over N, which could contribute to the decline in
N:P loading ratio to the Gulf. This mechanism identified in the MRB
is likely operating globally, and nutrient stoichiometry shifts driven

Bian etal., Sci. Adv. 12, eaea3260 (2026) 20 March 2026

by climate extremes can have broad implications for lakes, estuaries,
and coastal waters worldwide.

Climate change, particularly extreme precipitation, influences both
the quantity and proportion of nutrients, potentially altering HABs in
complex ways. On the one hand, by mobilizing and transporting large
pulses of N and P, extreme precipitation substantially increases nutri-
ent availability, thereby fueling bloom development (31). On the other
hand, EP-driven runoff induced the lower N:P loading ratio, which
can shift algal community composition and, in some cases, reduce the
prevalence of highly toxic taxa (5). Shifts in elemental ratios can alter
algal community structure by changing the competitive balance among
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Fig. 4. Differences in proportions of divergent nutrient species and N:P ratio in nutrient loading under extreme and nonextreme precipitation regimes. The sec-
tor in the pie chart represents the mass percentage of each nutrient species, and the size of the pie chart indicates the magnitude of nutrient loading.

taxa with differing optimal nutrient requirements. Optimal N:P ratios
vary among major groups, with relatively low molar averages for dia-
toms and dinoflagellates (around 15) and higher values for cyanobac-
teria and chlorophytes (around 26) (32). As N:P loading ratio in the
MRB decreased from 28 to 20, the cyanobacteria and chlorophytes
could be outcompeted by species with lower optimal N:P ratio. Many
regional studies have reported that toxic cyanobacteria and dinoflagel-
late HABs increase in frequency and abundance under elevated N:P
conditions in estuarine and marine waters (33, 34). On the contrary,
HABs potentially become less toxic where nutrients change toward
balanced (Redfield) proportions. Currently, studies that focus on the
impact of extreme precipitation and HABs were mostly conducted in
freshwater ecosystems and for short-term periods (31, 35, 36). The ef-
fects of long-term change in N:P ratio induced by extreme precipita-
tion and coastal HABs remain scarce in the literature. It highlights the
need for further research to improve the understanding of the relation-
ship between extreme precipitation and coastal HAB dynamics, espe-
cially toxin production.

Extreme precipitation also alters the compositional characteris-
tics of nutrients, introducing multiple disturbances to aquatic eco-
systems. The flux of particulate-bound nutrients rises sharply during
extreme precipitation events, and a substantial fraction of riverine
particulates could initially settle near the estuary. The gradual de-
sorption and remineralization of these particles can sustain inorganic
nutrient availability in river plumes, serving as a persistent reservoir
that fuels algal productivity over extended timescales (37). The pro-
portion of terrestrial organic matter in total nutrients also increased
during EP days (Fig. 3, G and H). Organic matter is increasingly

Bian etal., Sci. Adv. 12, eaea3260 (2026) 20 March 2026

recognized as a key regulator of aquatic ecosystem productivity through
influencing light conditions and carbon availability (38). Increased
terrestrial organic matter input can drive a shift of aquatic ecosys-
tems from autotrophic to heterotrophic regimes, while simultaneously
reshaping the interactions between benthic and pelagic habitats (39).

Both total and extreme precipitation are projected to increase
across most areas in the Midwest by the end of this century (40, 41),
but their impacts vary across different nutrient forms. Historical re-
sults indicate that extreme precipitation exerts a stronger influence on
N:P ratios than total precipitation (fig. S6). Increases in total precipi-
tation enhance baseline nutrient export, while intensifying extreme
precipitation events disproportionately mobilize particulate-bound
nutrient and thereby modify stoichiometric nutrient balance. Fu-
ture precipitation changes are projected to increase TN loading to the
Gulf by 1 + 8%, 6 + 8%, and 2 + 10%, and TP loading by 2 + 10%,
11 + 12%, and 6 + 14% from the 2020s to the 2090s under the SSP1-
2.6, SSP3-7.0, and SSP5-8.5 scenarios, respectively (fig. S7). Mean-
while, the intensification of extreme precipitation is projected to
resultin a 0 + 3%, 4 + 3%, and 3 + 4% decrease in the TN:TP load-
ing ratio, respectively, under three future scenarios. The projected
increases in TN and TP loading, accompanied by a decline in the
TN:TP ratio under future climate change, are likely to exacerbate eu-
trophication risks and alter algal community composition and toxin
production in the Gulf. We have to take the future extreme climate
into account when making plans and efforts to mitigate nutrient load-
ing and hypoxia in the Gulf.

Residual nutrients on agricultural land are susceptible to ex-
treme precipitation events and subsequent flushing and soil erosion,
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especially after drought periods (18, 42). Increased extreme precipi-
tation has intensified N and P fluxes to the Gulf of Mexico and poses
challenges to the ambitious nutrient reduction goals set by the Hy-
poxia Task Force (15, 43). Although N is identified as the primary
limiting nutrient of the Gulf ecosystem, a dual-nutrient management
strategy offers a more efficient pathway, decreasing the N reductions
necessary to attain desired ecological outcomes (44). However, the
increasing frequency and intensity of extreme precipitation dispro-
portionately mobilize particulate P, driving higher P fluxes to the
Gulf and underscoring the need to expand management efforts be-
yond N-focused reduction targets. Aside from coastal ecosystems,
eutrophication risks can also increase during EP events in fresh-
water ecosystems where primary production is mostly limited by P
(45, 46). Given that P loading is more sensitive to increased EP events
compared to N, high P-load anomalies occurring in EP events have
the potential to threaten the ecosystem health of inland water. To
meet long-term water-quality goals, management frameworks must
explicitly account for the effects of extreme precipitation on the mo-
bilization of residual soil nutrients.

Spatially explicit analysis revealed that the Ohio (27%), Lower
Mississippi (24%), and Upper Mississippi (23%) subbasins are the
primary contributors to TN loading, whereas the Missouri (36%),
Ohio (25%), and Upper Mississippi (19%) subbasins dominate TP
loading (Fig. 2 and fig. S8). Most areas within these subbasins also
show a significant decline in the TN:TP loading ratio. These hotspot
patterns persist under extreme precipitation conditions, highlight-
ing their importance as priority regions for nutrient management.
Optimal utilization of best management practices within these ba-
sins, including cover management, riparian buffer strips, and re-
duced tillage, are necessary to prevent soil erosion and associated
legacy nutrient mobilization under the future extreme climate. In
addition, considering the benefits offered by forests in terms of soil
erosion control and water quality improvement (47), the preserva-
tion of currently forested areas or the restoration of forests through
reforestation will gain importance in regions where an increase in
extreme precipitation is anticipated in the coming years. Moreover,
future monitoring networks may need to adapt to capture storm-
driven fluxes more effectively, moving beyond monthly sampling
toward event-based or high-frequency monitoring. Modeling frame-
works can also be enhanced by improved representation of hydro-
logic modifications (e.g., tile drainage and dams) and management
interventions under projected increases in extreme precipitation.
Collectively, these efforts can better support watershed management
strategies that move beyond annual load targets to explicitly address
the nutrient export dynamics driven by extreme precipitation events
and their associated ecological consequences.

MATERIALS AND METHODS

In this study, the DLEM was integrated with multiple collected data-
sets of N inputs, P inputs, land use, and climate to create a compre-
hensive data-model framework for simulating nutrient dynamics in
response to extreme climate. The observed riverine nutrient flux data
were used to calibrate and validate this framework. Detailed infor-
mation on the model and input data is provided as follows:

Dynamic Land Ecosystem Model
The DLEM is a process-based model coupling water, C, N, and P cy-
cles across terrestrial and aquatic systems (29, 48, 49) (fig. S9). Within
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the land component of the DLEM, the C, N, and P are coupled during
photosynthesis, allocation, turnover, nutrient uptake, and decompo-
sition processes in terrestrial ecosystems. Other key N-related pro-
cesses in the land component include nitrification, denitrification,
volatilization, and N fixation (50). Meanwhile, P-related processes
include weathering, adsorption, desorption, and occlusion (51). Key
hydrological processes in the land component include canopy inter-
ception, canopy evapotranspiration, soil evaporation, infiltration, and
soil moisture dynamics, as well as surface runoff and drainage gen-
eration. The DLEM is a grid cell-based and fully distributed model.
In this study, simulations were conducted at a spatial resolution of
5 X 5 arc min with a daily time step. To capture subgrid-scale pro-
cesses, a cohort-based structure was implemented, partitioning each
grid cell into seven land cover types: vegetation, impervious surfaces,
bare ground, glaciers, lakes, streams, and seas. The vegetation cover
comprises up to five plant functional types, with one designated for
crops and the remaining four for natural vegetation.

Nutrient cycles in land and aquatic components are connected
through leaching, soil erosion, and wastewater discharge (detailed
equations can be found in text S1). External nutrient inputs to this
land-aquatic system include synthetic fertilizer, livestock manure, at-
mospheric deposition, and biological nitrogen fixation (BNF). Nitro-
gen loading to aquatic ecosystems mainly consists of four N species:
ammonium (NH,"), NO;~, dissolved organic nitrogen (DON), and
PON, while P loading also consists of four species: DIP, dissolved or-
ganic phosphorus (DOP), PIP, and POP. The leaching and soil ero-
sion contributed to dissolved form and particulate form nutrient
loading, respectively. The organic form and inorganic form of N and
P in aquatic ecosystems are derived from soil organic nutrient pools
and inorganic nutrient pools, respectively. The nutrient yields report-
ed in this study specifically represent the transfer of nutrients from
the terrestrial system to the aquatic system.

Within the aquatic component, nutrients are transported through
hillslope flow, subnetwork flow, and main-channel flow until river
outlets based on a scale-adaptive water transport scheme (Model of
Scale Adaptive River Transport) (52, 53). Simultaneously, the biogeo-
chemical cycling of N and P within stream networks was quantified,
encompassing processes such as mineralization of organic N and P,
deposition of particulate form N and P, assimilation of inorganic N
and P, nitrification and denitrification of inorganic N, as well as ad-
sorption and desorption dynamics between dissolved and particulate
phases (text S1). These processes were systematically assessed across
inland water systems within each grid cell.

Legacy nutrient processes are explicitly represented in the DLEM
framework mainly through the long-term nutrient accumulation
within the terrestrial-aquatic ecosystems. Nutrient accumulation is
determined by the balance between nutrient inputs (synthetic fertil-
izer, livestock manure, atmospheric deposition, weathering P, and
BNF) and outputs (crop harvest, N gas emissions, and nutrient load-
ing) during the historical simulation over 1901 to 2018 (fig. S10).
Our estimated nutrient inputs and outputs in the MRB are com-
parable with previous studies (26, 54, 55). Legacy nutrients are
mainly tracked in soil inorganic and organic pools with distinct
turnover times (fig. S9). Extreme precipitation can induce the mobi-
lization of legacy nutrients through leaching and soil erosion pro-
cesses (text S1). The capacity of DLEM in capturing the impact of
soil legacy nutrients on nutrient loading has been reported in our
recent study (29).
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Environmental forcing data

Natural and human forcings driving the DLEM include climate, soil
properties, topography, river network, land use change, atmospheric
CO,, synthetic fertilizer nutrient input, livestock manure nutrient in-
put, atmospheric nutrient deposition, and wastewater discharge (table
S1). The daily climate inputs, including precipitation and temperature,
etc., were acquired from GRIDMET. We used the grid-level annual
fertilizer and manure nutrient input datasets developed by Cao et al.
(56) and Bian et al. (57). The fertilizer nutrient data were developed by
downscaling state-level crop-specific nutrient application rates of nine
crops (wheat, corn, rice, soybean, cotton, sorghum, barley, oats, and
peanut) based on crop density and rotation maps. Similarly, manure
nutrient production and application data were developed by combin-
ing county-level livestock numbers, livestock nutrient excretion rates,
livestock distribution maps, and crop density maps. We used high-
resolution annual crop density maps (58), annual urban area maps,
and a potential vegetation map to generate the land use forcing. The
land use change were assumed to be dominated by cropland expan-
sion and abandonment and urbanization. All these forcing datasets
were developed or resampled to a spatial resolution of 5 X 5 arc min.

Model evaluation

The DLEM has been successfully applied to simulate long-term water,
sediment, N, and P dynamics along the land-ocean continuum in the
MRB in response to climate and anthropogenic activities (29, 59-61).
The DLEM has demonstrated good performance in simulating N and P
exports from the MRB to the Gulf of Mexico, as evaluated against the
WRTDS-computed nutrient loads provided by U.S. Geological Survey
(USGS) (fig. S11). The model captures long-term trends and variations
of annual riverine N and P fluxes effectively. In our previous studies, we
have already calibrated the DLEM and verified the capabilities in simu-
lating discharge, riverine N fluxes (59), riverine P fluxes (60), and sedi-
ment yield (fig. S12) (62) in the MRB by comparing simulated monthly
fluxes with USGS observations across the major subbasins in the MRB.
The Nash-Sutcliffe efficiency (NSE) values for the DLEM model’s per-
formance in simulating nutrient exports varied across different nutrient
forms and subbasins (tables S2 and S3). In general, DLEM showed rela-
tively good agreement with observations for NO3;~ (NSE: 0.17 to 0.69)
in most subbasins but weaker performance in simulating NH,* (NSE:
—0.42 to 0.3) due to high variability in observational data. NSE values of
total organic nitrogen simulation ranged from 0.06 to 0.69, with reason-
able agreement but some inconsistencies at certain sites. For riverine P
fluxes, DLEM simulations of DIP (NSE: 0.32 to 0.59) and TP (NSE:
0.21 to 0.65) exports were generally consistent with USGS observa-
tions. However, TP export was slightly overestimated in certain regions,
such as the Arkansas River, while DIP fluxes showed minor underesti-
mation in the Upper Mississippi River. Overall, model performance
varied among nutrient forms. Simulations of NH," and DIP exhibited
larger bias due to differences in data availability and model process rep-
resentation. Nevertheless, because TP and NO;~ (the dominant com-
ponent in TN export) are more reliably represented, the overarching
conclusions regarding total nutrient fluxes and shifts in N:P stoichiom-
etry under extreme precipitation remain robust. Future improvements
should focus on refining NH," transport mechanisms and improving
the representation of hydrologic modifications (e.g., tile drainage and
dams) to enhance model performance. In addition, model develop-
ment will aim to incorporate management practices, thereby enhancing
its utility for guiding adaptive nutrient management and policy deci-
sions under a changing climate.
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Definition of extreme precipitation

In this study, we defined extreme precipitation as daily precipitation
that exceeds the 95th percentile of all daily precipitation (>0.1 mm)
during 1980 to 2018 in each grid (16). In contrast, precipitation less
than the 95th percentile threshold was defined as nonextreme pre-
cipitation. The total extreme precipitation at each grid cell is deter-
mined by summing the precipitation from all extreme rainfall days
within a given year. The simulated N and P loading from land to
aquatic ecosystems that occurred during days with extreme precipita-
tion were identified as extreme precipitation-induced nutrient load-
ing. This definition allows spatial comparison across a large spatial
scale but potentially underestimates the EP-induced nutrient loading,
as heavy rainfall events can lead to a consistently high baseflow and
soil nutrient leaching over the following days.

Uncertainty and sensitivity analysis

Uncertainty in simulated nutrient loading arises from multiple
sources, including model structure, parameterization, forcing data-
sets, and the definition of extreme precipitation. Here, we quan-
tified the uncertainty associated with parameterization and the
definition of extreme precipitation using a multifactor ensemble
approach. To assess sensitivity to the definition of extreme precipi-
tation, we defined extreme precipitation events using the 90th, 95th,
and 99th percentiles of daily precipitation (>0.1 mm) for each grid
cell during 1980 to 2018, resulting in three extreme precipitation
scenarios. For parameter uncertainty, we selected five key parame-
ters in the DLEM (table S4) that strongly influence the yields of dif-
ferent nutrient forms. On the basis of prior calibration and validation
at subbasin outlets, each parameter was varied within +20% of its
optimized value to capture empirical uncertainty while maintaining
model stability. The model was run for each combination of parameter
set and extreme precipitation scenarios, generating a two-dimensional
ensemble of simulated N and P loading. The 95% confidence in-
terval for each simulated variable was then estimated from the en-
semble distribution using a two-tailed ¢ test, representing the total
uncertainty range.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S12

Tables S1to S4
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