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Abstract

Hypoxia in marine systems is expanding worldwide due to anthropogenic activities. Deep waters
of the St. Lawrence Estuary and Gulf are rapidly deoxygenating (~1 mmol O, m~2 y~1), driven by
changes in Atlantic water-mass intrusion and nutrient-fueled remineralization, and are simulta-
neously acidifying (~0.004 pH unit y~!). These changes alter biogeochemical cycles and degrade
habitats, causing biotic and economic consequences. Using a coupled physical-biogeochemical
model, we tested whether watershed-scale nitrate reductions could mitigate deep-water deoxy-
genation and carbonate-system degradation. Three nitrate-reduction scenarios reduced riverine St.
Lawrence River nitrate loads by about 11%, 30%, and 50% (—2.8, —7.5, and —11.7 mmol N m3,
respectively). Relative to the baseline simulation, these scenarios increased dissolved oxygen con-
centrations (DO) (+1.6, +4.3, and +6.7 mmol O, m~?), pH (+0.004, +0.010, and +0.016), and
aragonite saturation state (24rq¢) (4-0.003, 4-0.009, and +0.015) in the deep Laurentian Channel
(=175 m). The volume of deep waters with DO saturation <30% decreased by 3%, 8%, and 13%
(=27, —75, —122 km?), while volumes with pH <7.65 declined by 1.0%, 2.8%, and 4.5% (—22,
—60, —96 km?). Severely corrosive waters (Qarag <0.6) dropped by 1.4%, 3.7%, and 5.9% (—26,
—71, —112 km?). Over 2014-2024, modelled improvements exceeded small interannual variabil-
ity but remained within seasonal amplitudes of deep DO concentrations (~11 mmol O, m~>) and
pH (~0.015 units), nevertheless pointing to a detectable management signal. Although nutrient-
driven improvements remained smaller than climate-forced trends, modelled nitrate load reduc-
tions could offset ~56% and 80% of recent observed oxygen and pH declines, respectively, while
reducing hypoxic and acidified (pH and €2,.,5) water volumes. These findings provide quantita-
tive evidence that watershed-scale nitrogen mitigation, through improved agricultural practices
and wastewater nitrogen removal, which necessitates cooperation across jurisdictions, can allevi-
ate hypoxia and acidification in deep coastal ecosystems, making nutrient management an essential
complement to climate adaptation strategies.

© 2026 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Eutrophication and its consequences have become
one of the most pressing threats to aquatic ecosys-
tems, with >500 hypoxic zones documented in the
global ocean (Rabalais ef al 2014, Malone and Newton
2020). This process is primarily driven by anthro-
pogenic increases in nitrogen (N) and phosphorus (P)
inputs (Le Moal et al 2019, Wurtsbaugh et al 2019).
Nutrient enrichment stimulates primary production,
and the exported organic matter is remineralised by
aerobic bacteria consuming dissolved oxygen (DO),
leading to hypoxia at depth (Diaz and Rosenberg
2008, Rabalais et al 2014). Respiration releases car-
bon dioxide (CO,), increasing dissolved inorganic
carbon (DIC) concentrations which reduces pH and
saturation state of calcium carbonate minerals such
as aragonite ({lirag) (Wallace et al 2014, Cai et al
2021). Consequently, deoxygenation and acidifica-
tion co-occur in coastal systems, degrading habitats,
altering biogeochemical cycles, and reducing ecolog-
ical and economic value of ecosystems (Gobler and
Baumann 2016).

Effective eutrophication control requires target-
ing the nutrient that most strongly limits primary
production. In freshwater systems, P typically lim-
its phytoplankton growth (Higgins et al 2017) and
P-reduction measures have restored many lakes and
rivers (Schindler et al 2016). In contrast, N com-
monly limits productivity in coastal and marine envi-
ronments, making N reduction the primary manage-
ment focus (Howarth and Marino 2006). Large water-
sheds that span fresh-to-marine waters present par-
ticular governance challenges: upstream freshwater
policies may regulate P while downstream impacts
are driven by N. The St. Lawrence system exempli-
fies this duality: P control has been central to restora-
tion efforts in the Great Lakes (Watson et al 2016) and
the St. Lawrence River (Twiss et al 2022) whereas N
drives eutrophication in the Estuary and Gulf (Hudon
et al 2017). Observations and experiments in the
St. Lawrence confirmed phytoplankton responses to
nitrate enrichment (Paradis-Hautcoeur et al 2023),
with N:P stoichiometry shifting from P-limitation in
upstream freshwaters to N-limitation in downstream
marine waters (Villeneuve 2020).

The St. Lawrence system encompasses the sec-
ond largest freshwater reserve on Earth and drains
a watershed of ~1.75 million km? (Lamberti et al
2023). The Estuary and Gulf of St. Lawrence (EGSL)
rank among North America’s most productive marine
ecosystems, sustaining major fisheries, marine mam-
mal populations, and tourism (Working Group on
the State of the St. Lawrence Monitoring 2024).
However, EGSL demersal waters are subject to mul-
tiple stressors, including deoxygenation (Gilbert et al
2005) and acidification (Mucci et al 2011) driven
by changes in the proportion of the different water
masses (North Atlantic Central Waters [NACW] and
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Labrador Current) entering the Laurentian Channel,
where increased inputs from NACW leads to warmer
deep waters with more nutrients and reduced oxy-
gen concentrations (Jutras et al 2023). This climate-
related pressure leading to habitat degradation for
marine species (Chabot and Claireaux 2008, Dupont-
Prinet et al 2013, Brown-Vuillemin et al 2022) is
compounded by riverine nutrients exported from
one of North America’s most densely populated
(>60 million people) and agriculturally intensive
watersheds (Hudon ef al 2017, Lévesque et al 2023).
Organic matter derived from these nutrients is rem-
ineralised in the deep, poorly ventilated layer of the
Laurentian Channel, exacerbating hypoxia and acidi-
fication (Hudon etal 2017, Lavoie et al 2021, Lévesque
et al 2024). Although large-scale ocean circulation
changes exert a dominant influence on deep-water
oxygen trends (Jutras et al 2020, Rousseau et al 2025),
watershed-derived nutrient reduction remains the
only direct regional management lever.

In this study, we tested whether substantial reduc-
tions in nitrate inputs from the St. Lawrence River,
originating from agriculture and wastewater treat-
ment plants (WWTPs), could mitigate deoxygena-
tion and acidification in the deep waters of the EGSL.
Using a validated coupled physical-biogeochemical
model that resolves N cycling, DO dynamics, and
carbonate system processes (Lavoie et al 2021), we
simulated a baseline and three increasingly stringent
nitrate-reduction scenarios. We quantified changes in
DO concentrations, pH; (total scale), and (2,4, as
well as reductions in water volumes crossing ecologi-
cally relevant thresholds for hypoxia (<30% DO sat-
uration) and acidification (pH <7.65 and (2,5 <0.6)
to assess the potential for habitat rehabilitation.

2. Methods

2.1. Study area

The system begins with the Great Lakes (25 700-
82 170 km?) (figure 1), which deliver low total phos-
phorous (~0.484 mmol P m~3) but high total nitro-
gen (~40.0 mmol N m~?) to the St. Lawrence River
(mean annual discharge of ~12000 m’s~! near
Québec City), yielding high molar N:P ratios (82.6)
at the River-Estuary transition zone (Hudon et al
2017). Approximately 50 WWTPs along the River
contribute ~6% of the total annual N load, esti-
mated at ~270000 t N y~! (Hudon et al 2017). The
Upper Estuary (~30 m deep, ~20 km wide) extends
nearly 200 km, from Québec City (salinity front) to
the Saguenay Fjord. Strong tidal mixing (4-6 m tidal
amplitudes) and turbidity constrain phytoplankton
growth primarily via light limitations (Painchaud
and Therriault 1989), reducing local responses to
nutrient abatement and promoting their downstream
export. Downstream of the Saguenay Fjord mouth,
the estuary widens (20-50 km) into the more marine
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Figure 1. Map of the study area showing the model domain and the boundaries (black lines) of the St. Lawrence regions

(UE = Upper Estuary, LE =Lower Estuary, NWG = Northwestern Gulf, and CG = Central Gulf). The model grid has a hor-
izontal resolution of 1/12° in latitude and longitude (about 6 x 8 km depending on location) and 46 layers of variable thick-
ness ranging from 6 m near the surface to 250 m in the deep ocean. Major bathymetric features including Laurentian Channel,
and Cabot Strait are indicated. The Great Lakes, major Canadian (Québec City, Montreal, Toronto, Ottawa) and American
(Cleveland, Detroit, Chicago, and Milwaukee) cities within the watershed are shown. The 200 m (dotted line), 300 m (dashed
line), and 1000 m (pale grey line) depth contours are displayed in the model domain. The thick red line shows the Canada-USA
border while the thin ones delineate the states and provinces. Blue dots show the wastewater treatment plants for the low N-
reduction scenario and the grey dots the ones added for the moderate- and high-reduction scenarios.

Lower St. Lawrence Estuary (LSLE), much deeper
than the Upper Estuary, reaching ~350 m in the
Laurentian Channel. The latter stretches ~800 km
through the Gulf, and reaches ~500 m near Cabot
Strait (figure 1). On average, the EGSL has estuar-
ine circulation, with a seaward flow in the upper
layer (0-40 m) and deep landward inflow. Shallow
sills (40 — 70 m), tidal upwelling and strong mix-
ing at the Laurentian Channel head (Therriault and
Lacroix 1976, Greisman and Ingram 1977, Saucier
and Chassé 2000) create ecologically relevant hydro-
dynamic processes (Therriault and Levasseur 1985,
Simard and Lavoie 1999, Cyr et al 2015). In sum-
mer, the water column is subdivided in three lay-
ers: the surface mixed layer, a winter-formed cold
intermediate layer (40-140 m) persisting until late
autumn (Galbraith 2006) and a nutrient-rich deep
layer (>175 m) consisting mostly of Atlantic water
entering at Cabot Strait. This inflow combines cold
Labrador Current water (~34%) and warmer NACW
(~66%), but may have reached 100% NACW in
2021 before declining slightly thereafter (Claret et al
2018, Jutras et al 2023, Galbraith et al 2025). The LSLE
is N-limited, with molar N:P ratios of 8.5 4 0.4 in
surface waters and 11.2 £ 0.5 in deep waters over
1999-2020 (Blais et al 2025). In the deep layer,
nitrate concentrations increase by ~2 mmol N m~3
(Coote and Yeats 1979) between Cabot Strait and
the head of the Laurentian Channel, accompa-
nied by decreases in DO concentrations (147-
61 mmol O, m~2) (Blais et al 2025), pH; (~7.8 to

~7.5), Qeate (~1.8-0.7), and Qyreg (~1.25 to ~0.5)
(Mucci et al 2011, Gibb et al 2023, Lizotte et al 2026)
(figures 2 and S1).

2.2. Numerical model

We used the coupled physical-biogeochemical Gulf of
St. Lawrence model described and validated by Lavoie
et al (2021) (see domain in figure 1). The hydro-
dynamic component uses the Nucleus for European
Modelling of the Ocean system and resolves temper-
ature, salinity, circulation, and sea ice. The biogeo-
chemical module simulates the herbivorous export
food web and a microbial nutrient recycling loop and
comprises 11 state variables: nitrate, ammonium, dis-
solved organic nitrogen, particulate organic nitrogen
(PON), DIC, total alkalinity (TA), DO, large phyto-
plankton, diatoms and small phytoplankton, meso-
zooplankton, and microzooplankton. Nitrogen trans-
formations (primary production, grazing, remineral-
ization, nitrification) are stoichiometrically coupled
to oxygen and carbon cycling, enabling mechanistic
DO and DIC simulations. Since Lavoie et al (2021), a
sediment box has been added to the model to include
remineralization of settling organic matter at a rate
0f 0.05 d~!. Additionally, 3% of the organic matter is
permanently buried, improving fidelity to observed
deep-water DIC accumulation and oxygen consump-
tion. The simulation was run from 01/05/2005 to
31/12/2024, but the analyses focus on 2014-2024 to
allow deep-layer chemistry to approach equilibrium.
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Simulated DO reflects the balance among photo-
synthetic oxygen production, respiration, remineral-
ization, nitrification, and air—sea exchange, while DIC
reflects biological processes and CO, exchange, and
TA is modified by nitrogen cycling. Seawater pH; and
Qarag were calculated from simulated TA, DIC, tem-
perature, salinity and sea pressure using the seacarb
R package (Gattuso et al (2024). Dissociation con-
stants (k;, k;) followed Lueker et al (2000), except
when temperature fell outside 2 °C-35 °C or salin-
ity outside 19—43, in which case Waters et al (2014)
was applied. Default settings of function carb were
applied (see Gattuso ef al (2024)), except for total
boron concentration, which followed Lee et al (2010).
The model reproduced observed mean spatial pat-
terns of DO, pH;, and (2,144 across the EGSL, both
horizontally and vertically (figures 2 and S2) (Gibb
et al 2023), including the lowest values at depth near
the Laurentian Channel head.

2.3. Scenarios

A baseline simulation (134000 t N y~! nitrate
load, Hudon et al 2017) was compared to three N-
reduction scenarios (low, moderate, high) applied
to the monthly nitrate climatology at the western
open boundary of the model (table 1). The low-
reduction scenario (—2.77 mmol N m™3, ~11%
N-load decrease) combines ~15% lower agricul-
tural nitrate concentrations (—1.5 mmol N m™?)
from a 15% reduction in manure and fertiliser N
inputs under Québec’s Plan d’agriculture durable
2020-2030 (table S1), with N removal at the four
largest Québec WWTPs (>170 000 m* d~!) upstream
of the model boundary contributing an additional
—1.27 mmol N m™>3. The moderate reduction
(—7.48 mmol N m—2, ~30% reduction of the baseline
load) combines ~30% agricultural reduction with
N removal at additional large Ontario and Québec
WWTPs (table 1). The high reduction halves nitrate
inputs (—11.7 mmol N m~?), an ambitious bench-
mark used in international frameworks (OSPAR
2023, HELCOM 2025). Total dissolved nitrogen from
agricultural lands, mainly nitrate (~85%) (Gangbazo
et al 1997, Gangbazo and Babin 2000, Patoine 2010),
and total nitrogen from WWTPs, primarily dissolved
organic nitrogen (~59%) and ammonia (~40%)
(Hudon et al 2017) were assumed to largely convert
to nitrate before reaching Québec City. This simplifies
complex transformation pathways but is reasonable
for load estimation. Because some nitrogen is not
fully transformed into nitrate during transport, this
fraction could represent additional agricultural and
WWTP N reduction from the Ontario and U.S. Great
Lakes watershed segments. Reductions were applied
evenly year-round. Seasonal targeting (e.g. spring
freshet) may improve N-mitigation efficiency, but is
beyond the scope of this paper.

D Lévesque et al

2.4. Indicators of hypoxia and acidification
Changes in ecosystem responses were quantified with
six indicators (table 2). Mean values were calculated
for deep waters (=175 m) whereas hypoxic and acid-
ified (low pH; and 4,,) volumes were computed
for waters >100 m to exclude fresh surface waters
with naturally low pH; and calcium carbonate satura-
tion (figure 2). Hypoxia was characterised using mean
deep-water DO concentrations (mmol O, m~?) and
the volume of water with DO saturation <30%,
an avoidance threshold for Atlantic cod (Chabot
and Claireaux 2008). Acidification was characterised
using mean deep-water pHy, and Qg together with
water volume with pH; <7.65 and €, <0.6. These
thresholds represent strongly acidified conditions
within the EGSL (figure 2) and are consistent with
some of the lowest values reported in 2017 by Gibb
et al (2023). The saturation state of seawater with
respect to calcium carbonate (€, < 0.6) directly
influences marine calcifying organisms (Doney et al
2009, Cai et al 2021). Sensitivity analyses showed
that higher threshold values enlarge hypoxic and
acidified volumes and reduce relative improvement.
The selected values emphasise the most hypoxic and
acidified habitats and yield conservative estimates of
potential remediation.

3. Results and discussion

3.1. System response to nitrate reduction

Nitrate reduction in the St. Lawrence River water-
shed improved all indicator values across scenarios
(table 3). In the LSLE, mean deep-water (=175 m)
DO rose by +1.6, +4.3, and +6.7 mmol m > under
the low, moderate, and high N-reduction scenarios,
respectively, relative to baseline. Mean pH; increased
by +0.004, +0.010, and +0.016, while (1,5 rose
by +0.003, +0.009, and +0.015. These increases
expanded habitat volume substantially (table 3) for
oxygen- and carbonate-sensitive taxa (Ekau et al
2010, Gilly et al 2013, Gallo and Levin 2016). Volumes
(=100 m) of hypoxic waters (DO sat < 30%)
decreased by —27 km® (3%), —75 km® (8%), and
—122 km® (13%); of acidified waters (pH; <7.65)
by —22 km® (1.0%) —60 km’ (2.8%), and —96 km’
(4.5%); and, of corrosive waters (£2arg <0.6) by
—26 km® (1.4%), —71 km® (3.7%), and —112 km’
(5.9%), respectively. Improvements mostly fell near
the Laurentian Channel head, first in the LSLE and
then extending into the northwestern Gulf, consistent
with Lavoie et al (2021), which showed increased deep
DO concentrations in the same area without primary
production.

The magnitude of habitat recovery increased lin-
early with incremental nitrate reductions (figure 3).
Despite substantial interannual variability in inter-
cepts, the slopes of the relationships between nitrate
reductions and hypoxia and acidification indicators



Table 1. Nitrate concentrations and total load reductions in the St. Lawrence watershed applied at the western open boundary of the model near Québec City (QC) under the baseline climatology and three nitrogen
reduction scenarios.

Mean total nitrate

Agricultural nitro- Agricultural nitrogen WWTP nitrogen load conc. at QC Total load reduction % Load
Scenario gen reduction load reduction (t Ny~1!) WWTP nitrogen reduction reduction (tNy~!) (mmol N m~3) (tNy~1)? reduction
Baseline 0% 0 Current 0 23.4° 0 0%
Low 15% 8000 Nitrogen removal at 4 largest 6763 20.6 14763 ~11%
(1.5 mmol m—3) Québec WWTPs upstream model
boundary (1.27 mmol m~3)°
Moderate 30% 16 000 Nitrogen removal at 24 large 23930 15.9 39930 ~30%
(3.0 mmol m—3) Ontario & Québec WWTPs
upstream model boundary
(4.48 mmol m—3)4
High 50% 26900 Additional reductions totalizing 39650 11.7 66550 ~50%

(5.0 mmol m—3) 6.7 mmol m—3

2 Reductions are applied to the total nitrite-nitrate baseline river load of 134000 t N y~! (Hudon et al 2017) and distributed evenly throughout the year.

b Mean annual nitrate concentration for 1995-2011 period (Hudon et al 2017).

¢ Corresponding to four wastewater treatment plants (WWTPs) located upstream of the model boundary: Laval (La Piniére), Longueuil, Montreal (J.-R. Marcotte), Québec (West).

d Includes the four Québec stations listed under the low reduction scenario, plus additional facilities: Gatineau, Laval (Fabreville), St-Jean-sur-Richelieu, Laprairie, Granby, Salaberry-de-Valleyfield, Sherbrooke; Toronto
(Ashbridges Bay), Toronto (Humber), Toronto (Highland Creek), Peel (G.E. Booth), Durham (Duffin Creek), Hamilton (Woodward Avenue), Peel (Clarkson), Windsor (Lou Romano), London (Greenway), Ottawa
(Robert O. Pickard), Burlington (Skyway), Kitchener, Kingston (Ravensview). The WWTP nitrogen reduction of 4.48 mmol m 3 is distributed as follows: 1.51 mmol m— for Québec and 2.97 mmol m—2 for Ontario.
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Figure 2. Mean dissolved oxygen concentration (DO, mmol O, m~?), pH;, and aragonite saturation state (Qarag) across the
Lower St. Lawrence Estuary and Gulf from 2014-2024 under the baseline scenario. Top row: Spatial distribution of DO, pHy,
and {2yrag, calculated as daily-averaged values deeper than 175 m. Bottom row: Corresponding longitudinal vertical sections of
the same indicators along the Laurentian Channel, from its head (125 km) to Cabot Strait (1000 km). Black demarcation lines
indicate regional boundaries: the westernmost line separates UE and LE; the second line separates LE and NWG; the third pair
of lines separates NWG and CG; and the easternmost line marks Cabot Strait. Solid black contour lines in the bottom panels
indicate critical thresholds: hypoxia at 30% oxygen saturation for DO, pH = 7.6, and {2arag = 0.6. All data were derived from
the biogeochemical model developed by Lavoie et al (2021). UE = Upper Estuary, LE = Lower Estuary, NWG = Northwestern
Gulf, and CG = Central Gulf.

Table 2. Selected indicators of hypoxia and acidification.

Value at depth >175 m Water volume (km?)

Hypoxia
DO (mmol O, m—3) Concentration
DO saturation (%) DO saturation <30%
Acidification
pH pH: pH; < 7.65 at depth >100 m
Aragonite Saturation state Saturation state <0.6 at depth >100 m

Table 3. Annual means of daily hypoxia and acidification indicators under baseline and N-reduction scenarios (2014-2024). Values are

reported as mean =+ SD across years. Deep-water metrics refer to the Lower Estuary at depth >175 m; volume metrics represent
Laurentian Channel waters deeper than 100 m.

Deep-water metrics Volume metrics

Scenario DO (mmol O, m—3) pH Qarag DO <30% (km?) pH < 7.65 (km®) Qurag < 0.6 (km?)
Baseline 75.5 4 6.8° 7.479 £0.019°  0.428 4 0.019° 941 4 172° 2134 + 1822 1901 + 2372
Low 77.1 £ 6.6 7.483 4+ 0.019°  0.431 & 0.019° 914 + 175% 2112 4 181° 1875 4 2382
Moderate 79.8 4+ 6.3 ¢ 7.489 +0.018¢  0.437 £0.018 ¢ 866 + 184 ¢ 2074 +179°¢ 1830 +239°¢
High 822+6.09 7.49540.018¢  0.443 4 0.018¢ 819 £ 195¢ 2038 & 178¢ 1789 4 2414

Linear mixed-effect models were applied (scenarios as fixed effect; years as random intercept, n = 44), followed by Holm-adjusted
multiple comparisons. Different superscript letters indicate groups that differ significantly at o = 0.05.
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remained consistent across scenarios. Large reduc-
tions across all volume indicators occurred during
2022-2024, suggesting a small increase in deep-water
ventilation that favoured volume reduction without
large concentration changes.

3.2. Indicators of hypoxia

Deep DO improvements occurred mainly in the
LSLE and northwestern Gulf (figures 4, 5, S3 and
S4). DO showed strong seasonality, varying by

Increasein O, for scenario i compared to base scenario

~11 mmol m™? annually, peaking in spring and
reaching minima in fall (figure 4). This seasonal
amplitude was comparable to the mean DO increase
under the high-reduction scenario, whereas inter-
annual deep-DO variability was 3-fold smaller
(~3.5 mmol m~3, figure 4). Across scenarios, DO
improvements represented a yield of ~3.6%, calcu-
lated using the Redfield ratio (O,:N = 138:16) and
defined as:

Yield; (%) =

x 100.

O, equivalent of nitrate decrease for scenario i

~N
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This yield represents the efficiency with which reduc-
tions in nitrate are translated into improvements in
DO, and was comparable to the ~2.2% estimated for
Narragansett Bay during 2002-2013 (calculated from
figure 3(A) of Codiga et al 2022 and figure 6(H) of
Wang et al 2024) but substantially lower than the
~14.0% estimated for Chesapeake Bay (calculated
from figure 6(F) of Kemp et al 2009 and figure 6(F)
from Lefcheck et al 2018).

Hypoxic-water volumes vary annually by
~250 km?, with smaller volumes following the spring
freshet and larger volumes in fall. Oxygenated deep
water (~150 mmol m™3; Jutras et al 2023) enters
Cabot Strait with inflow strongest from December

to March (Lavoie et al 2016). In the model, this
seasonal inflow ventilates deep waters, especially the
northwestern Gulf. During summer, the model simu-
lates sedimentation of bloom-derived organic matter
and enhanced deep respiration (figures 4 and 5).
Autumn oxygen minima thus represents the com-
bined effect of organic matter remineralization, the
seasonal weakening of deep circulation described
by Rousseau et al (2025), and poor vertical mixing
trapping most hypoxic waters of the LSLE within
the Laurentian Channel. Considering only grid cells
where the DO threshold was reached, the mean
annual (2014-2024) threshold-crossing depth over
the Laurentian Channel increased only slightly (max
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5 m, p < 0.001, table 4). Hence, expansion seems to
occur primarily via diffusion toward the wider north-
western Gulf.

Our model indicated a nonlinear deoxygenation
trend in the EGSL during 2014-2024 (figure 4), con-
sistent with observations since 2015 (Blais et al 2025),
but contrasting with the near-linear historical decline
of ~1 mmol m~2 y~! during 1932-2020 (Gilbert et al
2005, Jutras et al 2023). The baseline scenario showed
a mean deep-water DO change of ~2.25 mmol m~3,
whereas the high-reduction scenario improved DO
3-fold to ~6.7 mmol m~> (figure 4). Relative to
the observed ~12 mmol m™> decline at 300 m
over the same period (calculated from figure 14 of

Blais et al 2025), this represented a potential allevi-
ation of ~56% of the recent oxygen loss. Previous
work attributed most oxygen decline to higher pro-
portions of warm, low-oxygen NACW entering the
Channel, with eutrophication contributing a smaller
fraction (10%-14%) that increased when warming-
driven metabolic acceleration was included (26%—
37%) (Jutras et al 2020). If high NACW pro-
portion persists (Jutras et al 2023), future oxygen
losses should be driven by warming and micro-
bial metabolism through nutrient loading, support-
ing the implementation of a comprehensive eutroph-
ication management strategy in the St. Lawrence
system.
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Figure 6. Mean changes in pH, across the Lower St. Lawrence Estuary and Gulf from 2014 to 2024 under three levels of N reduc-
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Table 4. Annual means of daily threshold-crossing depth at the centre of the Laurentian
Chanel for cells where a threshold was reached (m) for hypoxia (30% DO), pH = 7.6, and
Qarag = 0.6 under baseline and nitrate-reduction scenarios (2014-2024). Values are reported
as mean =+ SD across years.

Scenario DO saturation depth pH depth Qarag depth
Baseline 214.8 +4.0* 188.2 +7.0* 173.3 £5.2*
Low 216.4 £ 4.1 188.7 £ 6.8 173.7 £ 5.3
Moderate 218.8 £ 3.7 188.8 £ 5.8* 175.4 4+ 5.5
High 2199£39°¢ 190.3 £+ 6.0° 176.9 £ 6.5 ¢

Linear mixed-effect models (scenarios as fixed effect; years as random intercepts, n = 44),
followed by Holm-adjusted multiple comparisons. Different superscript letters indicate
groups that differ significantly at o = 0.05.
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3.3. Indicators of acidification

Mean deep-water pH; (figures 6 and S5) and (g
(figures 7 and S6) increased progressively across the
N-reduction scenarios, mainly in the LSLE and north-
western Gulf. Acidified (pH; < 7.65) and severely cor-
rosive (Qarag < 0.6) volumes of water >100 m fell
across scenarios, decreasing acidified and corrosive
conditions during the simulation (table 3, figures 8
and S7). As for oxygen, recovery volumes were largest
in the northwestern Gulf, where water-mass move-
ment is less constrained by bathymetry (figures 9 and
S8). This pattern was supported by no significant sce-
nario differences in mean annual threshold-crossing
depth for pH; (7.6), whereas (2,1, (0.6) showed sig-
nificant differences, with deeper threshold-crossing
depths in the moderate and high scenarios relative to
baseline (table 4). The high-reduction scenario pro-
duced a modelled pH; recovery of +0.016, a poten-
tial 80% offset compared to the observed ~0.02 acid-
ification over the same 11 yr period (calculated from
figure 11 of Lizotte et al 2026).

The modelled deep-water pH; improvement
under the high-reduction scenario (~0.015 relative to
baseline) matched both seasonal amplitude and the
increase in the pH trend component over 2014-2024
(~0.015, figure 6). Seasonal {2,r,; amplitude simi-
larly matched the modelled high-reduction scenario
increases (~0.015), but interannual variability was
larger, increasing by 0.04 for 2018-2024. Low-pH;
water volume fluctuated seasonally by ~400 km?,
with minima after the spring freshet and maxima
in fall. This seasonal variability represented ~16%-—
18% annual changes across scenarios, exceeding the
expected low-pH; volume associated to a 50% nitrate
reduction in the St. Lawrence watershed. Interannual
variability in low-pH; water volume amounted to
400 km?, primarily associated with a downward
trend from 2018 to 2024. Deep volume with €y
<0.6 decreased sharply (~700 km?) during 2019-
2024, with seasonal variation (~300 km?) produc-
ing a minimum in June and maximum in October
(figure 9). Results for Q. mirrored Q4. (figures
§9-S12).

The model simulated slight surface pH; and
rag declines in the northwestern Gulf under
reduced nitrogen inputs (figures 6 and 7). This
was likely caused by lower primary production
(table 5), thereby decreasing biological CO, uptake
and increasing DIC concentrations in surface waters.
This response is consistent with other stratified estu-
aries, where nutrient reductions lower surface pH
while improving deep-water carbonate conditions
because surface production and deep respiration are
weakly coupled (Carstensen and Duarte 2019). Rivers
can also deliver more acidified waters than seawater
(Borges and Gypens 2010, Carstensen and Duarte
2019) contributing locally to coastal acidification.
However, in the LSLE, mixing between the highly
buffered marine endmember (~2100 pmol kg~!
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TA, Gibb ef al 2023) and moderately alkaline St.
Lawrence River water (~1100 pumol kg~!;Dinauer
and Mucci 2017, 2018) reduces the likelihood of
important surface acidification. Comparable com-
plexity in carbonate system responses were reported
for Chesapeake Bay, where a 60 yr retrospective sim-
ulation (1951-2010) showed spatially heterogeneous
pH; trends dominated by riverine alkalinization and
ocean acidification, with nutrient reduction playing
a minor role (Li et al 2025).

3.4. Comparative cases facing dual stressors
Eutrophication-driven deoxygenation and
acidification in estuaries and shelves have been widely
documented through modelling and observations. In
Chesapeake Bay, ground-truthed modelling found
that halving nutrient loads could reduce summer
acidified water volume (pH < 7.5) by up to 25%
through lower water column respiration (Shen et al
2019). Observations spanning 1986-2015 reported
a ~14% nitrite-nitrate decrease resulting in a slight
pH increase (4-0.03) in the mid-bay bottom waters
(Shen et al 2020), exemplifying carbonate chem-
istry sensitivity to nutrient management in stratified,
river-influenced systems. In Narragansett Bay, >>50%
nutrient abatement increased DO and pH by reduc-
ing microbial respiration, partly offset by warming
and greater low-pH freshwater inputs (Wang et al
2024). These cases demonstrate that nutrient reduc-
tions can reduce dual-stressor effects while highlight-
ing the importance of physical drivers and freshwater
signals.

3.5. Driving mechanisms of reverse-eutrophication
The simulated reverse-eutrophication response was
driven by reduced organic matter production and
export following watershed-scale N-reductions. In
the LSLE, mean annual daily primary production in
the upper 100 m decreased significantly under all N-
reduction scenarios relative to baseline, with a max-
imum 8% decline under high N-removal scenario
(table 5). Reduction in organic matter export to depth
was indicated by a small but significant decrease in
mean annual daily PON inventory deeper than 175 m
across all N-reduction scenarios (table 5). Although
small relative to the observed organic matter pool
in LSLE deep waters (Lévesque et al 2023), the sim-
ulated decrease in freshly produced PON was suf-
ficient to decrease remineralization, thus reducing
deep-water DIC inventories and apparent oxygen uti-
lization (table 5). Response magnitude and pace are
further modulated by deep-water ventilation, circu-
lation, spatiotemporal transport lags, and the timing
of socio-economic development and management
implementation (Kemp et al 2009, Dai et al 2023).
Modelled changes produced relatively small,
nearly linear responses of eutrophication-driven
deoxygenation and acidification to nutrient reduc-
tions in annual, ecosystem-wide deep-water metrics.
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Figure 7. Mean changes in aragonite saturation state (24rag) across the Lower St. Lawrence Estuary and Gulf from 2014 to

2024 under three levels of N reduction relative to the baseline scenario. Top row: spatial distribution of 2.1, differences for

the low, moderate, and high reduction scenarios, calculated as the daily-averaged (2.rog deeper than 175 m. Middle row: corre-
sponding longitudinal vertical sections of {2rag difference along the Laurentian Channel, from its head (125 km) to Cabot Strait
(1000 km). Bottom panels: time-series decomposition of depth-averaged 2.r.g deeper than 175 m, showing: (1) modelled data,
(2) trend component, (3) seasonal component, and (4) residual variability. Black demarcation lines indicate regional boundaries:
the westernmost line separates UE and LE; the second line separates LE and NWG; the third pair of lines separates NWG and
CG; and the easternmost line marks Cabot Strait. UE = Upper Estuary, LE =Lower Estuary, NWG = Northwestern Gulf, and
CG = Central Gulf.

Table 5. Annual means of daily primary production (2014-2024; mean £ SD) within the upper 100 m of the water column
(698.62 km?), and inventories of particulate organic nitrogen (PON), dissolved inorganic carbon (DIC), and apparent oxygen
utilization (AOU) in deep waters (=175 m; 407.53 km?) of the Lower Estuary under baseline and nitrate-reduction scenario.

D Lévesque et al

Primary production AOU
Scenario (GgCd™) PON (GmolNd— 1) DIC (GmolCd~ 1) (Gmol O, d71)
Baseline 1540 4 1342 0.1060 + 0.0031° 939.68 + 2.68° 105.0 +2.9*
Low 1511 £ 127° 0.1057 % 0.0031° 939.28 + 2.64° 104.4 4 2.8°
Moderate 1462 + 116 ¢ 0.1051 + 0.0030 € 938.59 -+ 2.57 ¢ 1033 +2.6¢
High 1417 + 1064 0.1047 4 0.00304 937.96 & 2.51¢ 102.3 # 2.5¢

AOU is calculated as the difference between the O, concentration at saturation and the observed O, concentration. Linear
mixed-effect models were applied (scenarios as fixed effect; years as random intercepts, n = 44), followed by Holm-adjusted multiple
comparisons. Different superscript letters indicate groups that differ significantly at & = 0.05.

12



Environ. Res. Lett. 21 (2026) 184026

D Lévesque et al

51°N+ .
50°N S R e e e
¢ \ ‘\\ﬁ 7 \\ /\ .
agN{ 7 |- "”"’"‘/\ o = r.['ll‘ > L - -~ '{: =
& ¥ voluffe (lm°) il /} (i S
P G i Y Ay Iys <~
7 < Tis o e a7 - ;
A ? ¥ £ J y / P Z
47°N+1 f\\ i “ /}"050 1, \ . 4 i, N i /% 4
70°W 67°W 64°W 70°W 67°W 64°W 70°W 67°W 64°W
2400+
2100+ g
o
1800+
1500+
2200+ — "
— 5]
mE 2000+ 2
=
9 1800+
~ 200
v 100~ ©
T iy
=% 01 &
-100- 2
-200+
100+ -
@
@
01 a
c
D
-100- o
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
High reduction == Moderate reduction == Low reduction = Base
Figure 8. Changes in time-averaged volume of low pH, defined as water with pH; <7.65 (km?) for cells deeper than 100 m,
across the Lower St. Lawrence Estuary and Gulf over 2014-2024 under three levels of N reduction relative to the baseline sce-
nario. Top row: spatial distribution of differences in low pH volume for the low, moderate, and high reduction scenarios relative
to the baseline scenario, calculated for each horizontal pixel by summing daily low pH model-cell volumes deeper than 100 m
and averaging over all days in the analysis period. Bottom panels: time-series decomposition of total daily low pH volume for
each scenario, showing: (1) modelled data, (2) trend component, (3) seasonal component, and (4) residual variability. Black
demarcation lines indicate regional boundaries: the westernmost line separates UE and LE; the second line separates LE and
NWG; the third pair of lines separates NWG and CG; and the easternmost line marks Cabot Strait. UE = Upper Estuary, LE
=Lower Estuary, NWG = Northwestern Gulf, and CG = Central Gulf.

Changes were mainly located in the LSLE and north-
western Gulf and strongest during the growing sea-
son. This near-linearity likely reflects the moderate
perturbation imposed by the N-reduction scenar-
ios in which nitrate loading was the only modified
forcing, limiting confounding effects and preserv-
ing the overall St. Lawrence biogeochemical regime.
Nitrogen reductions may also generate propor-
tional decreases in organic matter supply and subse-
quent water-column respiration without triggering a
strong shift toward another limiting factor or tipping
point. However, the near-linear response may reflect
model simplifications, such as fixed stoichiomet-
ric ratios and constant remineralization and burial

rates, limiting the representation of environmentally
responsive biogeochemical processes and nonlinear
feedbacks (Andrews et al 2017, Fennel et al 2022).
Furthermore, the large volume of deep waters, their
multi-year transit time (Rousseau et al 2025), and the
modest contribution of sediment legacy effects rel-
ative to water-column remineralization (Bourgault
et al 2012, Alkhatib et al 2013) may have further
dampened nonlinear or hysteretic responses. Similar
quasi-linear responses have occurred in other estuar-
ies (Shen et al 2020, Testa et al 2022), whereas non-
linearities can emerge under larger loading changes
or stronger sediment influence (Kulinski et al 2022,
Ni and Li 2023).
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Figure 9. Changes in time-averaged low aragonite saturation state ({arqg) volume, defined as water with low Qe <0.6 (km?)
for cells deeper than 100 m, across the Lower St. Lawrence Estuary and Gulf over 2014—-2024 under three levels of N reduction
relative to the baseline scenario. Top row: spatial distribution of differences in low €2,rag volume for the low, moderate, and high
reduction scenarios relative to the baseline scenario, calculated for each horizontal pixel by summing daily low €212y model-
cell volumes deeper than 100 m and averaging over all days in the analysis period. Bottom panels: time-series decomposition
of total daily low £2,ag volume for each scenario, showing: (1) modelled data, (2) trend component, (3) seasonal component,
and (4) residual variability. Black demarcation lines indicate regional boundaries: the westernmost line separates UE and LE; the
second line separates LE and NWG; the third pair of lines separates NWG and CG; and the easternmost line marks Cabot Strait.
UE = Upper Estuary, LE =Lower Estuary, NWG = Northwestern Gulf, and CG = Central Gulf.

4. Management implications and
conclusions

Reducing St. Lawrence watershed nitrate inputs offers
a practical lever to mitigate hypoxia and acidification
in the EGSL. While nutrient reduction may not fully
counter climate-driven deoxygenation and acidifica-
tion, our modelling shows it would provide habitat
remediation for deep-water taxa in the most impacted
region. It is also the only feasible regional control to
address these ecological challenges.

Watershed-scale nitrogen management poses
major governance and equity challenges in a trans-
boundary system spanning eight U.S. states, six
Canadian provinces, and numerous Indigenous

territories. The Great Lakes watershed host
~60 million people, largely concentrated in south-
western regions except cities such as Montreal,
Ottawa, and Québec City (Lamberti et al 2023). This
geographic and demographic configuration create
interregional inequities in environmental problems,
benefits, and decision-making power among regions
and stakeholders (Fletcher et al 2022, Seigerman et al
2022). For example, recurrent harmful cyanobacte-
rial blooms in Lake Erie threaten drinking water for
>11 million people and are managed by P strate-
gies (Schindler et al 2016, Watson et al 2016). This
strategy, rather than a dual-nutrient approach, con-
tributes to EGSL deoxygenation and acidification
with cascading ecological and economic impacts

14



10P Publishing

Environ. Res. Lett. 21 (2026) 184026

on smaller, more vulnerable populations. Lessons
from the Baltic Sea Action Plan highlight effective
burden-sharing strategies for nutrient reductions,
including sub-basin maximum allowable inputs for
nutrients (N and P) and country-level National Input
Ceilings (HELCOM 2025). For the St. Lawrence sys-
tem, a comprehensive basin strategy should inte-
grate (1) wastewater-treatment upgrades with nitro-
gen removal at major facilities, (2) improved agri-
cultural practices that enhance N-use efficiency,
promote recycling, and reduce losses (e.g. preci-
sion applications, cover crops, drainage manage-
ment, riparian buffers) (Malone and Newton 2020,
Strokal et al 2020), and (3) integrated land-to-sea
monitoring under cross-jurisdictional governance
(Poikane et al 2019). Existing entities and pro-
grams should be leveraged, including International
Joint Commission, Canada-Québec St. Lawrence
Action Plan, First Nations governments, and estab-
lished monitoring programs such as the Great
Lakes Restoration Initiative, Lakewide Action and
Management Plans, and Atlantic Zone Monitoring
Program.

Our cross-scale results connect watershed man-
agement to deep-estuarine habitats, demonstrat-
ing how regional N abatement can reshape oxygen
and carbonate conditions in deep, stratified coastal
ecosystems. Although climate and circulation dom-
inate top-down controls, nutrient reduction remains
an actionable and scientifically justified lever. Acting
now, guided by models including future climate pro-
jections, represents a prudent approach to mitigate
current and future severe ecological consequences
of deoxygenation and acidification of coastal waters,
especially in EGSL.
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