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Influence of altered freshwater discharge on
the seasonality of nutrient distributions near
La Grande River, northeastern James Bay, Que'bec

Alessia C. Guzzi1,* , Jens K. Ehn1, Christine Michel2, Jean-Éric Tremblay3,
Joel P. Heath4, and Zou Zou A. Kuzyk1

In subarctic marine environments, nutrient stocks are replenished through physical and biogeochemical
processes in winter, largely setting an upper limit on new primary production for the next growing season.
In spring, marine nutrient stocks are modified by freshwater-associated additions, especially in coastal areas.
Hydroelectric development of the La Grande River (LGR) in northern Québec has shifted the timing of peak
freshwater discharge from spring into winter, producing 10 times the natural winter discharge. Here, we
considered salinity, oxygen isotope ratio (d18O), and nutrient (nitrate, phosphate) data from coastal waters of
northeast James Bay in different seasons of 2016 and 2017. We quantified two main freshwater sources, LGR
and sea-ice melt, established by freshwater tracers, and their influence on coastal nutrient distributions. Our
results show that LGR is the dominant source of freshwater to coastal waters throughout the year, especially
during winter, and an important source of nitrate to nitrogen-limited coastal waters (winter concentrations
of 4.53 mM versus 3.18 mM in ambient seawater). Despite being a poor phosphate source (0.11 mM versus
0.66 mM in ambient seawater), LGR provides the largest portion of the phosphate stock in surface waters near
its mouth. LGR regulation has changed the pattern of natural fluvial nitrate inputs: what was observed in
spring (pre-development) is now observed in winter (post-development). Thus, high winter surface nitrate
stocks (22.5 mmol m�2) are available to support primary production, but are dispersed to offshore areas prior
to the onset of the growing season, which begins only after the return of light. In northeast James Bay, the
timing and magnitude of primary production, dependent on nutrients in the water column, is expected to have
been impacted by altered freshwater input, reducing overall production in local areas and potentially
increasing production further downstream with cascading effects on the marine ecosystem.
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1. Introduction
The response of marine ecosystems to environmental
change in subarctic environments depends on the inter-
actions between numerous controlling factors that
include, but are not limited to, a strong seasonality in
temperature, solar insolation, and consequently freshwa-
ter inputs and nutrient dynamics. These factors control
many aspects of the subarctic seasonal cycle in terms of
both environmental and ecological conditions. In the
context of climate change, whether projected future
increases in primary production in Arctic marine areas

(Rysgaard et al., 1999; Arrigo et al., 2011) will be realized
depends on whether freshwater additions to surface
waters increase vertical stratification and decrease nutri-
ent availability during the growing season when there is
sufficient light (Tremblay and Gagnon, 2009; Bergeron
and Tremblay, 2014).

In subarctic marine environments, during fall and
winter, nutrients are resupplied to surface waters
through vertical mixing, driven by wind and brine-
induced mixing (Kuzyk et al., 2010; Granskog et al.,
2011). These nutrients remain relatively unused until
spring (sea-ice thinning and breakup), when increased
light availability stimulates primary production in the
water column and within the ice. Phytoplankton blooms
typically begin in Arctic and subarctic surface waters as
soon as sufficient light has returned to the under-ice
environment, generally from mid-May into June (Michel
et al., 1993; Mundy et al., 2011). The nutrient stock in the
surface layer when spring arrives thus sets the upper
limit for spring primary production, in the absence of
additional nutrient sources.
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Freshwater sources in coastal areas include both sea-ice
(landfast) melt (SIM) and riverine discharge, a combination
that influences primary production in ways that differ
from the offshore ocean, where SIM is the predominant
freshwater source (Prinsenberg, 1988; Carmack et al.,
2015). River runoff may supply nutrients to coastal areas
that are otherwise limiting in offshore waters (Granskog
et al., 2005; de Melo et al., 2022; Lee et al., 2023), whereas
SIM water is typically nutrient-poor (Mundy et al., 2011).

In the Canadian subarctic, Hudson Bay and its southern
extension James Bay are strongly influenced by river run-
off, estimated at 630–870 km3 yr�1 (Saucier et al., 2004;
Déry et al., 2011; Déry et al., 2016), and by SIM (annual
estimate of 742 ± 10 km3 in Landy et al., 2017; 649 km3 in
St-Laurent et al., 2011). James Bay directly receives about
300 km3 yr�1 river water into an area of only 68,000 km2

(Ridenour et al., 2019) and is relatively shallow compared
to Hudson Bay (generally <40 m deep and in some places
reaching 100 m deep; Martini, 1986). James Bay has been
essentially unstudied in terms of freshwater and nutrient
cycling since the 1970s despite extensive hydroelectric
development that strongly modified the hydrology of the
eastern James Bay watershed (northern Québec) and the
hydrograph of major rivers including La Grande (de Melo
et al., 2022).

After 50 years, oceanographic studies in James Bay
have begun anew (Mundy, 2021; Peck et al., 2022;
Évrard et al., 2023; Meilleur et al., 2023), in part to address
community and First Nation concerns about observed
environmental changes along coastal areas of the bay,
including declines in seagrasses (Zostera marina, com-
monly known as eelgrass). A recent study found statistical
associations between eelgrass biomass and high discharge
from the regulated La Grande River (LGR), which dis-
charges into northeast James Bay (NEJB; Leblanc et al.,
2023). The objectives of this study are to alleviate persist-
ing baseline data gaps by (1) characterizing the freshwater
and nutrient (nitrate and phosphate) distributions,
sources and fate in the NEJB coastal area under contem-
porary flow regimes during summer and winter; and (2)
assessing how the modifications to LGR have affected
nutrient stocks in the coastal environment. This approach
provides insight into how the altered hydrography of the
LGR has affected the nutrient stocks potentially available
to support primary production in this area in spring. To
accomplish these objectives, we quantified freshwater
sources and explored the sources and fate of nutrients
in the coastal waters, considering conservative mixing ver-
sus biological drawdown, and identified the limiting
nutrient(s).

2. Study area
Hudson Bay is typically characterized as an oligotrophic
system with relatively low productivity (Kuzyk et al., 2010;
Ferland et al., 2011; Lapoussière et al., 2013), in large part
due to the critical influence of freshwater which maintains
relatively shallow, year-round stratification (Kuzyk et al.,
2010; Tremblay et al., 2019). Stratification of the water
column that occurs due to the addition of freshwater (SIM
or riverine discharge) effectively reduces the supply of

deep-water nutrients to the euphotic zone (Anderson and
Roff, 1980; Roff and Legendre, 1986; Kuzyk et al., 2010;
Ferland et al., 2011; Tremblay et al., 2019). Freshwater
addition typically peaks between May and June in Hudson
Bay (Prinsenberg, 1988), which increases the importance
of riverine nutrient delivery directly to surface waters at
the start of the growing season. Later in the ice-free sea-
son, when nutrients in surface waters are often depleted,
and depending on the degree of wind-driven mixing, an
additional nutrient source associated with continued river
discharge may play an important role to support primary
production (Tremblay et al., 2014).

Seawater from Hudson Bay enters James Bay along the
western coast and generally circulates cyclonically within
James Bay eventually exiting on the eastern coast back
into Hudson Bay (Figure 1; Prinsenberg, 1982; Ridenour
et al., 2019). As the water circulates in James Bay, it is
transformed continuously by addition of freshwater,
resulting in lower surface salinity on the eastern side of
the Bay compared to the western side (Prinsenberg, 1984).
SIM, over the area of the bay where pack ice and landfast
ice are present, and riverine discharge, which generally
remains constrained to the coast within the riverine
coastal domain (Prinsenberg, 1988; Carmack et al.,
2015), both generally impact surface salinity. A freshwater
budget calculated by Prinsenberg suggests that riverine
input to James Bay contributed 2.9 m of freshwater to the
surface layer compared to 1.1 m of sea-ice melt from
winter to summer (Prinsenberg, 1988).

James Bay is located well below the Arctic Circle, but its
climate and sea-ice cycle are similar to that of continental
shelves bordering the Arctic Ocean (Hochheim and Barber,
2010; 2014; Andrews et al., 2018). The climate is cold with
daily average temperatures ranging from �23.2�C in win-
ter to 14.2�C in summer (Environment and Climate
Change Canada, 2020). Sea-ice formation typically begins
in November, forming across the bay area, and breakup
begins in May–June, becoming ice-free typically in mid-
June (Galbraith and Larouche, 2011; Taha et al., 2019;
Gupta et al., 2022). Trends of both increasing and decreas-
ing duration of landfast ice along the James Bay coast
(eastern and western coasts, respectively) have been
observed during the 2000–2019 period; however, the
trends are strongly dependent on coastal topography and
changing air temperatures (Gupta et al., 2022). On a longer
time scale of 1980–2014, James Bay has been trending
toward a longer open water season overall (Andrews
et al., 2018).

The study area is located along the northeastern coast
of James Bay between the latitudes 53.6�N and 54.6�N
(Figure 1). The LGR was naturally the largest river along
the Québec coastline; since completion of the third phase
of hydroelectric development (Rupert River diversion,
2009–2012), the river now dominates regional discharge
in most months of the year, and especially in winter
(Figure 2). Prior to development the LGR annual fresh-
water export averaged 54 km3 yr�1, which now averages
119 km3 yr�1 (de Melo et al., 2022). Flows diverted into
the LGR complex originated in the Eastmain, Rupert,
and Opinaca (tributary of Eastmain River) rivers of
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southeastern James Bay (Figure 1) and the Caniapiscau
River, which naturally discharged into Ungava Bay
(Hernández-Henrı́quez et al., 2010; Déry et al. 2016). Peak
flows from LGR now occur between January and March
(Figure 2), at 4000–6000 m3 s�1 (Peck et al., 2022),
whereas prior to development, peak discharge (approxi-
mately 3800 m3 s�1 on average for 1975–1977) occurred
during the spring freshet period around May–June
(Messier et al., 1986; Hernández-Henrı́quez et al., 2010),
as can be seen in all the major natural rivers around James
Bay (Figure 2).

The sustained high flows from LGR during winter, which
discharge into the landfast-ice-covered coastal environment
(see Figure 3a), lead to the formation of a large, low
surface salinity, under-ice river plume, with a “core” area
(highly stratified and surface salinity < 5) of approximately
1200 km2 and diluted waters extending throughout NEJB

to southern Hudson Bay (Eastwood et al., 2020; Peck et al.,
2022). Studies in the 1980s to 2000s observed that the
plume core area scaled with discharge (Ingram and
Larouche, 1987; Li and Ingram, 2007), but was constrained
due to the configuration of the coast and width of landfast
sea ice, limiting expansion without vertical mixing. Previous
studies found the depth of the core plume area to average
4–5 m (Messier et al., 1989; Peck et al., 2022). More recent
increases in winter discharge have led to higher currents
and a faster freshwater flushing rate through the core area.
Peck et al. (2022) estimated that at mean winter discharge
of 4800 m3 s�1 only about 10 days are needed to fill the
core plume area, such that most LGR discharge finds its way
into offshore areas as well. In contrast to winter flows, the
peak June flows (averaging 3094 m3 s�1 over 2013–2019;
P del Giorgio, personal communication, 13/02/2023),
which would be the highest of the year under natural

Figure 1. Map of James Bay and surrounding areas. Inset image of James Bay’s location within Canada. General
circulation pattern is indicated by black arrows and the rough extent of the study area is outlined in the red rectangle.
Approximate locations of power generating stations indicated with purple pentagons. White circles with red outline
indicate location of First Nation communities or municipalities.
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conditions, are at the low end of the observed natural range
for the spring peak (2400–6100 m3 s�1 for 1960–1978;
Messier et al., 1986).

2.1. Background for study

This work is part of a multidisciplinary study of the eel-
grass and coastal environment in NEJB entitled the Eeyou
Coastal Habitat Comprehensive Research Program
(Coastal Habitat Comprehensive Research Project, 2020).
The NEJB region, which the LGR development has
impacted, is part of the traditional territory of the Cree
known as Eeyou Istchee (Cree homeland). This study was
conducted in partnership with the Cree Nation of Chisa-
sibi. Community research partners contributed to the
study design and field sampling and shared knowledge
about water circulation and the ice environment. A moti-
vation for the study was the concern among Cree commu-
nity members about environmental changes (MacDonald
et al., 1997) and the impacts of the increased LGR plume
on the health of eelgrass (Zostera marina), which histori-
cally occurred as vast meadows along the NEJB coast
including a large embayment called Bay of Many Islands
(BoMI) approximately 40 km north of the river mouth
(Lalumière et al., 1994; Kuzyk et al., 2023). Eelgrass bio-
mass and extent declined dramatically during the late
1990s and to date the meadows have failed to recover
(Leblanc et al., 2023). Leblanc et al. (2023) found that
high discharge from LGR, early ice breakup and warming

waters negatively affect eelgrass biomass at some beds in
the NEJB area.

3. Methods
3.1. Sample collection

Water samples were collected during three periods in both
2016 and 2017, referred to as early winter (January), late
winter (April), and summer (August/early September).
Table S1 provides the ranges of dates when sampling was
conducted. Sampling stations extended north and to
a lesser extent south of the LGR where it discharges near
the community of Chisasibi (Figure 3). All stations were
within 25 km of the shore and within the limit of the
landfast ice. In 2016, 38 stations were visited over three
sampling trips in early winter, late winter, and summer.
In 2017, 47 stations were sampled over four separate
sampling trips but spanning the same three seasons. The
initial location selection was informed by Marine Envi-
ronmental Data Service (MEDS) surveys conducted in the
early 1970s in this region, to provide a means for poten-
tial data comparison. Stations varied spatially between
the 2 years because of ice conditions and a shift in focus
from capturing the LGR plume extent in 2016 (north–
south) to understanding its flow inshore to smaller bays
known for eelgrass presence in 2017. Winter stations
were decided with local guides and were often dictated
by the condition and extent of landfast ice during the
particular sampling trip.

Figure 2. Average monthly discharge of nine rivers discharging into James Bay for 2017. Each river corresponds
to the color in the legend. La Grande River is regulated, as well as tributaries of the Moose River (Abitibi and
Mattagami rivers). Rupert and Albany rivers have been partially diverted. Historical hydrometric data (2017) was
accessed through the Canadian Water Service for the Moose, Albany, Attawapiskat, and Harricana rivers. Average
monthly discharge data for La Grande, Broadback, Nottaway, Pontax, and Rupert rivers were provided by the del
Giorgio team (P del Giorgio, personal communication, 05/06/2024; de Melo et al., 2022).
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Winter sampling was conducted using the landfast ice
as a platform. Upon arrival at a station by snowmobile,
a hole was augered through the landfast ice, cleared free
of slush, and then the instruments and water sampler
were deployed. In summer, sampling took place from
freighter canoes, with the instruments and the water sam-
pler deployed directly from the side of the canoe. Conduc-
tivity, temperature, depth (CTD) profiles were obtained
with an Idronaut Ocean Seven 304 Plus or a Sontek Cast-
away CTD profiler and most often with both. Instrument
accuracies, as stated by the manufacturers are ±0.05�C,
0.25% ±5 mS cm�1 for conductivity, and ±0.1 for salinity
for the Castaway, and ±0.002�C and ±0.003 mS cm�1 for
the Idronaut Ocean Seven 304 Plus. The CTD data were
used only in a supporting role in this study but are pub-
lished in a parallel study on the hydrography of the plume
(Peck et al., 2022).

Various depths in the water column were sampled at
each site with the use of a Kemmerer water sampler,
which was deployed with a pre-marked rope (1 m inter-
vals) and a weight at the bottom to counteract the effect
of currents. At stations <5 m deep, generally surface
samples were collected. At all other stations, surface and

near-bottom (within 1 m) water was collected. These
sampling depths were determined using the Castaway
CTD profiles that can be viewed immediately after casts.
If a halocline was present, samples were collected within
1 m above and below the halocline (usually at near-bottom)
to assess whether properties differed between layers.

3.2. Sample analysis

Water samples were processed within a few hours of
collection in a temporary, clean laboratory space, free of
materials that would contaminate samples. All samples
were analyzed for macronutrient concentrations (nitrate
and phosphate results are examined in this study), salinity,
and oxygen isotope ratio (d18O). Samples for d18O were
collected into new 20 mL scintillation vials with no head-
space, tightly capped and sealed with parafilm, and then
stored at 4�C. The samples were analyzed at Ján Veizer
Stable Isotope Laboratory (formerly GG Hatch) at the Uni-
versity of Ottawa using a Gasbench attached to a DeltaPlus
XP isotope ratio mass spectrometer (ThermoFinnigan,
Germany). References for analysis methods include
Friedman and O’Neil (1977) and Horita et al. (1993). Sub-
samples (0.6 mL) were pipetted into an Exetainer and,

Figure 3. Maps of the sampling stations for this study in winter (a) and summer (b). Satellite images were
sourced from NASAWorldview from January 20, 2016 (a) and July 4, 2017 (b). Winter stations were visited in January
and April, summer stations were visited in late August and early September, and dates of sampling can be found in
Table S1. Sampling stations are shown in red (2016) and blue (2017). Points that appear larger in winter indicate
stations that were visited more than once. General background flow direction is identified by the blue arrow (a). In
winter (a), landfast ice edge is traced in blue, mobile pack ice lies seaward of the landfast ice, and open water (flaw
leads) appear as dark areas.
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together with internal standards, flushed with a gas
mixture of 2% CO2 in helium using the Gasbench. Exetai-
ners were left to equilibrate at 25�C for a minimum of
18 h. Values are expressed in standard d18O notation (in
per mil or ‰ units) with the V-SMOW (Vienna Standard
Mean Seawater) as reference value. Analytical instrument
precision was ±0.15‰. Water samples for salinity were
collected into clean 125 mL Boston Round glass bottles,
tightly capped and sealed with parafilm. Salinity was mea-
sured using a Guildline Autosal 8400 salinometer with
a precision better than 0.002 at the Marine Productivity
Laboratory at the Freshwater Institute (FWI), Fisheries and
Oceans (DFO), Winnipeg. Samples were standardized
against IAPSO Standard Sea Water. Nutrient samples were
collected after filtration through a pre-combusted (5 h at
500�C) glass fiber filter (25 mm Whatman GF/F, nominal
pore size of 0.7 um) held in an acid-washed (10% HCl)
syringe-style filter holder. The filtrate was collected into
15 mL acid-washed (10% HCl) polyethylene tubes, after
three sample rinses. Samples were frozen at �20�C until
samples were analyzed using a Bran and Luebbe Autoana-
lyzer III following standard colorimetric methods (Grassh-
off et al., 1999) at Université Laval, Québec. Analytical
detection limits for the nutrient concentrations used in
this study are 0.03 mM for NO3

� (nitrate) and 0.05 mM for
PO4

3� (phosphate).

3.3. Data analysis

To ensure accuracy of sampling depths, bottle salinity
results were matched with CTD salinity readings. This
matching was done to avoid discrepancies potentially
caused by currents altering the depth at which the
Kemmerer was ultimately closed, as the CTD and
Kemmerer sampler were deployed independently. Only
bottle salinity is presented in this study.

Statistical analyses were conducted with the use of R.
For each property, regression analysis was used to assess
whether seasonal differences were present. Analysis of
covariance (ANCOVA) was used to test the significance
of the variance between slopes and y-intercepts of the
winter and summer salinity relationships with d18O.Water
mass fractions were calculated using salinity and d18O end
members and a set of linear equations (see Section 3.4)
and just using a salinity end member. To assess whether
there was a significant difference in the fractions calcu-
lated (those calculated with salinity and d18O end mem-
bers, and those just with salinity) a paired t-test was used.
This test informed the final nutrient stock calculations, as
described in Section 5.5.

3.4. Water mass fractions

Traditional water mass tracers, d18O and salinity, were used
to distinguish between the freshening influence of river
water (RW), which is fresh and isotopically light, and SIM
water, which is nearly fresh and isotopically heavy, like
seawater (e.g., see Tan and Strain, 1980; Östlund and Hut,
1984).We followed the method developed by Östlund and
Hut (1984), wherein three linear equations are used
together with a selection of end members appropriate
to the dataset to calculate the fractional contributions of

three source waters to each water sample (Östlund and
Hut, 1984). In this study we calculated the fractions of RW,
SIM, and ambient seawater (SW) for each sample.

Three linear equations to determine the fractions, F, are
as follows (modified from Östlund and Hut, 1984):

FSW þ FRW þ FSIM ¼ 1

FSWSSW þ FRWSRW þ FSIMSSIM ¼ S

FSWXSW þ FRWXRW þ FSIMXSIM ¼ X

where F¼ fraction of the associated subscript, S¼ salinity,
and X ¼ d18O. Each S and X value in the above equations
represents an appropriate water type (RW, SIM, SW) end
member based on this dataset. Two sets of seasonal end
members were selected in this study to accurately reflect
the water property conditions of winter and summer. SIM
tracer data were not collected during this study period and
thus we take the observed properties of sea ice in south-
ern Hudson Bay into consideration (salinity of 0–6, and
d18O between �4‰ and �0.5‰; Eastwood et al., 2020).
To solve the linear equations in this study, we chose a salin-
ity of 4.0 and a fractionation factor of 2.0‰ to calculate
our representative d18O, based on values and methods
presented by Eastwood et al. (2020).

Sea ice provides a different signal than runoff, which
can only add positive amounts of isotopically light water
to the system. Sea ice freezes in winter, withdrawing
freshwater from seawater that is enriched in 18O and
leaving salty brine behind that is depleted in 18O com-
pared to the source water. During the summer melt
period, the low-salinity ice melt is returned to the water
column. Accordingly, a calculated fraction of SIM in
a water sample may be either positive or negative with
the latter indicating a higher-than-expected salinity for
the expected d18O value, which is associated with brine
inputs from sea-ice formation (Granskog et al., 2011;
Eastwood et al., 2020).

4. Results
4.1. Surface distributions of salinity, d18O,

and nutrients

During the early winters of 2016 and 2017, surface waters
along the NEJB coast had very low salinities (<3) and
d18O < �12‰ for 30–40 km northward of the LGR
mouth. The core of the plume extended northward to the
southern margin of the BoMI region. Our results show
weaker stratification within the BoMI area with surface
salinities of 9.6–13.6, consistent with CTD observations
(Peck et al., 2022). Surface d18O reflects the observed salin-
ity (Figure 4a, b) and ranged from �8.8‰ to �10.3‰.
Nitrate concentrations varied from 2 mM to 5 mM, with
lowest values observed in inshore waters of BoMI
(Figure 4c). Phosphate distributions were similar to those
for salinity and d18O, with very low concentrations
(<0.1 mM) near the river mouth and concentrations reach-
ing 0.41 mM further north offshore of BoMI (Figure 4d).

Late winter surface distributions of salinity, d18O,
nitrate, and phosphate remained similar to early winter.
Some new sampling sites south of the LGR mouth, that
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were visited for the first time, were found to have low
surface salinity (<5) and d18O < �12‰, nitrate between
4 mM and 5 mM, and phosphate <0.1 mM (Figure 4e–h).
A new site north of BoMI near the mouth of the Roggan
River showed a surface salinity of 1.8, d18O of �13.4‰,
and nitrate and phosphate concentrations of 5.1 mM and
0.4 mM, respectively.

We did not have the opportunity to revisit some of the
early winter inshore sites in BoMI that had low nitrate.
More stations in late winter were sampled for salinity and
d18O analysis than for nutrients (compare Figure 4e, f and
Figure 4g, h).

Summer surface distributions of salinity, d18O,
nitrate, and phosphate differed from those in early and
late winter. Only a few sites near the LGR had very low
salinity (<5) and d18O (<�11‰) (Figure 4i, j). Surface
salinity increased rapidly with distance from the river
mouth, and almost every site that was visited during
both summer and winter had higher surface salinity in
summer (compare Figure 4a, e and Figure 4i). The
station near the Roggan River had a summer surface

salinity of 20.5. The median nitrate concentration in
surface waters during summer was <0.01 mM (n ¼ 45),
whereas phosphate concentrations in surface waters
varied from 0 to 0.45 mM with no obvious spatial pattern
(Figure 4k, l).

4.2. Vertical profiles of salinity, d18O, and nutrients

During both early winter and late winter, the water
column beneath the ice cover was strongly stratified such
that salinity increased abruptly with water depth. Within
the core plume area, there was a fresh (salinity < 5) surface
layer, about 3–5 m thick, with a sharp transition to the
underlying brackish water (salinity > 15; Figure 5a, e). The
observed salinity reached maximum values of 25.32 in
early winter and 25.86 in late winter in the deepest waters
sampled within the study area (20–25 m). The most saline
subsurface samples had d18O values during winter of
�4.9‰ (Figure 5b, f). In contrast, nitrate concentrations
generally decreased with depth, from surface values of
about 5 mM to 2–3 mM in the deepest samples

Figure 4. Maps of surface water salinity, d18O, nitrate, and phosphate by season. Each row corresponds to
a season: early winter (a–d), late winter (e–h), and summer (i–l). In (a) La Grande River (LGR), Roggan River (Roggan
R.), and Bay of Many Islands (BoMI) are labeled for reference.
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(Figure 5c, g). Phosphate concentrations increased with
depth from surface values <0.1 mM to 0.6–0.7 mM in the
deepest samples (Figure 5d).

During summer, we observed a wide range in salinity
and d18O at the surface (top 1 m) but relatively uniform
conditions in the subsurface waters (Figure 5e, f). At
depths between 3 m and 10 m, salinity ranged between
17.5 and 22.0 (Figure 5i). Nitrate concentrations were
generally lower than in both winter periods and ranged
from 0 to 0.6 mM in samples from all depths except in
three shallow and two deep water samples, where concen-
trations reached as high as 3.0 mM (Figure 5j). Phosphate
varied between about 0 and 0.5 mM with no obvious rela-
tionship to water depth (Figure 5i), but subsurface values
were generally lower than what was observed during
winter.

4.3. d18O relationships with salinity

The linear relationship between d18O and salinity
(Figure 6) suggests that the coastal waters of NEJB within
any given season are primarily a mixture between two
water types: SW that has high salinity and is enriched in
18O, and RW that has zero salinity and is depleted in 18O.
All zero salinity samples are from the LGR, apart from one
summer sample taken at an inland stream with an
enriched d18O signature compared to LGR. When early

Figure 5. Salinity, d18O, nitrate, and phosphate according to depth during three seasons. Panels a–d represent
early winter, panels e–h represent late winter, and panels i–l represent summer.

Figure 6. Relationships between d18O and salinity
for the three seasons of the study. Black dashed
line represents the regression for early and late winter
combined (y ¼ 0.35x � 13.83, r2 ¼ 0.98), and black
solid line represents the regression for summer (y ¼
0.33x � 12.68, r2 ¼ 0.93). All points are colored and
shaped according to the three seasons of collection.
Points that fall on the salinity ¼ 0 line are river
samples.
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winter and late winter samples are combined to represent
the full winter season, and compared to summer samples,
the d18O-salinity relationship differs between seasons
(Figure 6). The slopes of the two regressions were
not significantly different (p ¼ 0.16); however, the
y-intercept of the winter regression line differed signifi-
cantly from that for summer values (p < 0.001). This dif-
ference indicates a shift in the mixing line from winter to
summer for both primary water types.

Table 1 provides values of the apparent end-member
properties for the two primary water types considering
just two seasons, winter (early and late winter combined)
and summer. Freshwater samples of zero salinity collected
from LGR (53.82�N, 78.99�W and 53.78�N, 78.88�W) had
d18O signatures of �13.86‰ and �14.28‰ during win-
ter, and an average of �12.52 ± 0.20‰ (n ¼ 4) for sum-
mer. In winter, the deepest and most saline waters
collected in the study area (representing SW) had an aver-
age salinity of 25.61 ± 0.20 (n¼ 5) and an average d18O of
�4.92‰ ± 0.50 (n ¼ 5; Table 1). During summer, the
most saline subsurface samples had an average salinity
of 22.45 ± 0.20 (n ¼ 4) and an average d18O value of
�5.05 ± 0.50‰ (n ¼ 4; Table 1).

Despite a nearly three-unit difference in the salinity of
SW between winter and summer, there is no significant
difference in the d18O value of the most saline samples.
However, the significant difference in y-intercept values
(p-value < 0.001, see Figure 6) at �13.83‰ for winter
and �12.68‰ for summer reflects the seasonal change in
LGR d18O values (Table 1).

4.4. Nutrient relationships with salinity

In order to assess the conservativeness of nitrate and
phosphate, they are compared against salinity (Figure 7).
In Figure 7, salinity samples that measured zero are from
the LGR at different locations and times of year, apart
from one sample taken at an inland stream in summer
(with 0 salinity and low nitrate and higher phosphate than
other freshwater sources). Increasing salinity coincides
with increasing SW contribution in the water sample.

In early and late winter there is an opposing linear
pattern for nitrate and phosphate with respect to their
relationships with salinity. In both winter periods, nitrate
decreases and phosphate increases with increasing
SW contribution (Figure 7). The average LGR nitrate

concentration in winter is higher than in SW, and the
opposite is observed with phosphate (Table 2). Summer
samples indicate a departure from the linear trends
observed in winter. Table S2 provides statistical results for
linear relationships by season. Nitrate and phosphate

Table 1. Average and standard deviation of salinity and d18O for La Grande River water and seawater by
season

Season Water Type Salinity d18O (‰)

Wintera La Grande River 0.03 ± 0.01, n ¼ 2 –14.07 ± 0.30, n ¼ 2

Seawaterb 25.61 ± 0.20, n ¼ 5 –4.92 ± 0.50, n ¼ 5

Summer La Grande River 0.03 ± 0.01, n ¼ 4 –12.52 ± 0.2, n ¼ 4

Seawaterb 22.45 ± 0.20, n ¼ 4 –5.05 ± 0.50, n ¼ 4

aEarly and late winter data were combined to calculate average winter values.
bThe water type seawater is representative of the most saline samples in the northeast James Bay study area.

Figure 7. Seasonal relationships between (a) nitrate
and salinity, and (b) phosphate and salinity. Points
are colored and shaped according to season of collection
(early winter, late winter, summer).
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concentrations that represent both water types (LGR for
RW, and SW) are lower in summer than what is observed
in winter (Table 2).

5. Discussion
5.1. Seasonal differences in surface salinity along

the coast

Surface salinity along the NEJB coast varied greatly
between winter and summer (Figure 4a, e, i) largely
because of differences in the thickness and extent of the
plume of the LGR, which is controlled not only by the
volume of river discharge but also by the reduction in
wind-driven mixing in the presence of landfast ice (Mess-
ier et al., 1986; Ingram and Larouche, 1987; Messier et al.,
1989; Peck et al., 2022). During 2016 and 2017, the winter
discharge of the LGR averaged 4800 m3 s�1 (Peck et al.,
2022), which exceeded the summer discharge average of
3010 m3 s�1 (de Melo et al., 2022) because of controlled
discharge and increased energy demand in winter months.
Previous studies have estimated a core plume extent rang-
ing from 1200 km2 in winter to 120 km2 in summer
(Messier et al., 1989; Peck et al., 2022), which aligns with
our winter surface layer observations of salinity.

The winter water samples from BoMI lay within the
region of freshwater influence of the LGR but outside the
unmixed core of the plume, hence their higher surface
salinities (Figure 4a, e). The study region includes many
small rivers (compared to LGR) that are not expected to
significantly influence the regional coastal salinity, partic-
ularly in winter when these unregulated rivers are charac-
terized by low flow rates if they are not completely frozen
(Orlova and Branfireun, 2014; de Melo et al., 2022). How-
ever, these rivers can still have a very localized impact on
salinity, d18O, and nutrients. For example, the low surface
salinity observed near the Roggan River, located north of
BoMI (Figure 3), was likely a result of this localized influ-
ence (Figure 4e, i). Roggan River is the second largest
river in the study area, with a winter discharge of about
64 m3 s�1 or 1%–2% of LGR (de Melo et al., 2022).

5.2. Temporal variation of freshwater sources

Winter isotopic depletion is typical for large northern
rivers (Cooper et al., 2008; Pavlov et al., 2016) including
rivers in Hudson Bay, of which several show changes of
similar magnitude (about 1.5‰) between winter and

summer (Granskog et al., 2011). A change in river water
d18O alone would have brought about a change in both
intercept and slope in the d18O-salinity relationships, all
else remaining the same. However, we found no signifi-
cant difference in the slopes of the regressions between
seasons (0.35‰ and 0.33‰ per unit salinity for winter
and summer, respectively; Figure 6). The summer fresh-
ening of the SW without significant change in d18O
(Table 1) results in the slope of the line remaining the
same and the summer mixing line appearing as shifted
from the winter mixing line (Figure 6). A limitation of the
data and study design is the lack of sampling at other
streams or rivers along the coast to assess the d18O signa-
tures, except one inland stream in summer which greatly
differed in d18O compared to LGR. A coastal station near
Roggan River has low salinity; however, salinity was not
zero in our water sample and thus we do not have a rep-
resentative d18O signature for this river. Seasonal sam-
pling conducted in 2018 and 2019 by another group
shows that in winter, 15 rivers of varying sizes along the
eastern coast range from �11.5‰ to �14.9‰ (P del
Giorgio, personal communication, 13/02/2023). How-
ever, without enough supporting data from this study
period and area, we assume that the impact of the small
rivers discharging to the study area is relative to their
discharge rates, and thus essentially small and negligible
in comparison to LGR.

The apparent freshening of SW between winter and
summer cannot be attributed to addition of RW consider-
ing the d18O values of the zero-salinity samples we
obtained from the LGR. Furthermore, in the context of
the regional cyclonic circulation (Prinsenberg, 1988), all
sampled rivers “upstream” of the study area in southwest
Hudson Bay have highly depleted d18O values similar to
LGR (between �13.59‰ and �10.30‰; Granskog et al.,
2011; Burt et al., 2016; Eastwood et al., 2020). Thus, we
attribute the summertime freshening of the SW with no
associated change in d18O to addition of SIM to the source
seawater somewhere upstream of the study area.

Landfast sea ice in southern Hudson Bay is formed
annually and has low salinity (typically 0–6) and d18O
about 2‰ higher than that of the seawater from which
it forms (Eastwood et al., 2020). To explain the summer
freshening in the study area, the fractions calculated with
the chosen winter end members and SIM properties imply

Table 2. Average and standard deviation for La Grande River water and seawater nutrient concentrations by
season

Season Water Type Nitrate (mM) Phosphate (mM)

Winter a La Grande River 4.53 ± 0.001, n ¼ 2 0.11 ± 0.03, n ¼ 2

Seawaterb 3.18 ± 0.2, n ¼ 5 0.66 ± 0.04, n ¼ 5

Summer La Grande River 2.76 ± 0.3, n ¼ 3 0.07 ± 0.05, n ¼ 3

Seawaterb 2.29, n ¼ 1 0.45, n ¼ 1

aEarly and late winter data were combined to calculate average winter values.
bThe water type seawater is representative of the most saline samples in the northeast James Bay study area.
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that the ambient winter seawater in the study area was
diluted by addition of about 10%–15% SIM to produce
the ambient summer seawater. This estimate of the SIM
fraction in the summer water mass in NEJB exceeds a pre-
vious estimate of 5% SIM in typical Hudson Bay surface
waters during summer (Granskog et al., 2011) but is in
good agreement with a more recent estimate of 10% SIM
for surface waters southeast of the Belcher Islands (East-
wood et al., 2020). A significant contribution of SIM to
summer surface waters in northern James Bay has long
been proposed (Prinsenberg, 1984) but could not be quan-
tified with salinity as the sole tracer. The addition of SIM to
surface waters may occur anywhere in Hudson Bay, but
recent observations point to a potential proximal source
(to James Bay) in the long-lasting sea ice that tends to
accumulate due to advection from northern areas and
slowly melt throughout summer in southwest Hudson Bay
and northwest James Bay (Barber et al., 2021). Because of
its radiative properties and feedbacks to atmospheric for-
cings (e.g., albedo effect), the ice typically lasts in this
area well into July, and sometimes into August (see, for
example, figure 2 in Etkin, 1991). Galbraith and Larouche
(2011) found that this region had the latest breakup of sea
ice of Hudson Bay, on average, between 1971 and 2009.
Dates of ice breakup in Hudson Bay, however, have
become increasingly earlier, with trends in offshore data
(1980–2014) indicating earlier ice breakup by 0.51 days
every year (Andrews et al., 2018).

Observations of long-lasting ice in southwestern
Hudson Bay in late June 2019 revealed that it contained
very thick floes (some more than 18 m) with near-zero
salinity ice (Barber et al., 2021), which supports its role
as a larger source of freshwater to James Bay. Protracted
additions of SIM from the thick and long-lasting ice mass
into the surface water flowing into northwest James Bay
could explain the 10%–15% apparent SIM contribution to
summer seawater observed in the NEJB study area in
August, which was more than a month after the local sea
ice and ice in southern James Bay had disappeared. We
note that the influence of Hudson Bay SIM in NEJB may be
subject to large interannual variability. As noted by
Galbraith and Larouche (2011) and explored by Kirillov
et al. (2022), winter ice advection has two modes: north-
northwest winds coupled with reversals in the general
cyclonic circulation during some winters lead to thicker ice
in southern Hudson Bay, whereas enhanced west-northwest
winds and cyclonic circulation in other winters lead to
thicker ice in eastern Hudson Bay. An in-depth discussion
about the influence of brine addition (negative SIM) in the
study area between early winter and late winter can be
found in the supplemental material (Text S1, Figure S1).

5.3. Influence of river water on nutrient

distributions

Statistical analysis reveals that >93% of the variation in
d18O observations within a particular season is explained
by the mixing of RW and SW, with SIM playing a relatively
smaller role. Considering its plume extent, dominance of
discharge throughout the year, and the salinity-d18O rela-
tionships we observed, LGR was identified as the

dominant RW source within the coastal domain of NEJB.
Small and medium rivers along the eastern James Bay
coast can generate local nutrient hotspots; however, LGR
is known to be the largest single riverine contributor of
total nitrogen and total phosphorus to James Bay, based
on recent studies (de Melo et al., 2022). Thus, we proceed
with using salinity alone to assess the influence of fresh-
water (LGR) on nutrient distributions within the study
area (Figure 7). We avoid quantitative comparisons of
those samples for which the regression residuals indicate
a third freshwater source might cause large error, for
example, an inland stream.

Nitrate concentrations in surface waters during late
winter decreased with distance from LGR (Figure 4g) and
decreased vertically with increasing depth in the water
column (Figure 5g). These observations along with the
significant linear relationships between nitrate and salin-
ity (R2 ¼ 0.67, p < 0.001; Figure 7a; Table 2) reflect the
dominant influence of the LGR on nutrient concentrations
at a time of year when biological uptake was presumably
negligible or very low under ice cover (Tremblay and
Gagnon, 2009). During early winter, unexpectedly low
nitrate concentrations at some locations within BoMI
(<2.7 mM) at salinity values of 2–18 decrease the signifi-
cance of the relationship (p ¼ 0.01), compared to late
winter. As the locations of these samples are not near
enough to smaller rivers in the BoMI area to suggest dilu-
tion of the nutrient concentrations by local stream flows,
we speculate that the low concentrations may be due to
denitrification in sediments and/or nitrogen uptake by
aquatic plants such as eelgrass (Zostera marina), but we
have no direct evidence of either process. N* values, cal-
culated as N* ¼ DIN � (16 � phosphate), where DIN is
dissolved inorganic nitrogen, identify the amount of
nitrate needed to provide the optimal N:P ratio for phy-
toplankton (Gruber and Sarmiento, 1997; Tremblay et al.,
2015). N represents one unit of nitrogen and P represents
one unit of phosphorus, which is equivalent in one nitrate
unit and one phosphate unit, respectively. Here, N and P
are used interchangeably with nitrate/phosphate or
nitrogen/phosphorus. N* values were calculated with our
results, where DIN ¼ nitrate concentration, and indicate
that samples outside of the core plume (in BoMI and
south of LGR) had a greater nitrate deficit, implying
a greater likelihood of denitrification occurring compared
to the core plume area (Figure S2).

Although the nitrate concentration of 4.5 mM
measured in the LGR during winter was not particularly
high and lies within the higher range of nine previously
sampled Hudson Bay rivers in the fall season (average of
3.77 ± 2.1 mM, n ¼ 9; Kuzyk et al., 2010), this concentra-
tion is higher than what we observe in the SW (3.18 ±
0.2 mM, n ¼ 5; Table 2). The concentration in the SW was
lower than what was measured in subsurface (30–50 m)
residual winter waters in southern Hudson Bay (Granskog
et al., 2011) and at the entrance to James Bay in fall con-
ditions (5–7 mM; Kuzyk et al., 2010). These comparisons
imply that the source waters for the NEJB coast were
drawn from above 30 m water depth, which has lower
nitrate concentrations (<3–4 mM) due to biological uptake
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in the surface mixed layer throughout summer (Ferland
et al., 2011) and poor winter nutrient replenishment
because of persistent stratification by freshwater during
winter (Eastwood et al., 2020).

Phosphate concentrations in coastal surface waters
were <0.1 mM during winter, explained by the near-zero
concentrations in LGR during winter (Table 2). Positive
phosphate-salinity relationships during both early winter
and late winter (R2 ¼ 0.95 and 0.98, respectively, both
p < 0.001; Figure 7) and increasing concentrations with
depth reflect higher phosphate concentrations in the SW
(Table 2) and demonstrates the conservative relationship
between the two properties.

During summer, nutrient distributions along the coast
reflected both water-mass mixing and biological uptake.
Despite nitrate concentrations of 2.6–3.1 mM in LGR, sur-
face nitrate concentrations along the coast were generally
very low (<0.6 mM) and often at the limit of detection
(Figure 4k). The high surface concentrations were limited
to the area closest to the river mouth. In contrast to
nitrate, there was no discernible spatial pattern in surface
phosphate concentrations during summer and the range
of concentrations was similar to the winter periods
(Figure 4l). These results point to nitrate (nitrogen) being
the potential limiting nutrient for primary production
during the summer period.

5.4. Assessment of potential macronutrient

limitation

The Redfield N:P molar ratio (16:1) is used for assessing
the limiting nutrient in a given system in terms of plank-
tonic producers (Redfield, 1958). Ratios less than or
greater than 16, respectively, indicate that nitrate or phos-
phate supply is limiting relative to the expected average
nutrient demand of phytoplankton. Eelgrass (Zostera
marina), which is abundant in the BoMI inshore waters
(Lalumière et al., 1994), generally takes up nitrate and
phosphate in a ratio of 20:1; overall, a mean N:P ratio of
24:1 is typically assumed for seagrass species (Duarte,
1990). There is currently no average estimate of phyto-
plankton nutrient demand in the study area; however,
phytoplankton sampling in this region in summer and fall
1974 provide context as to what populations were present
historically in the La Grande estuary (Foy and Hsiao, 1976).

During all seasons, the more saline samples were char-
acterized by N:P ratios of about 5:1, whereas the freshest
samples were characterized by ratios of about 79:1. The
ratios were <237:1 across all seasons for samples with
salinity < 10 (n ¼ 42). These results suggest that in BoMI
and other far-field parts of the study area, but still under
the LGR influence, where surface salinities were mostly
>10, nitrate would be the limiting nutrient upon the
beginning of the ice-melt season (when light ceases to
limit production) and in summer (data to the right of the
Redfield line in Figure 8). This limitation could impact
both phytoplankton and seagrass species, assuming no
other nutrient supplements such as uptake via roots or
substantial groundwater sources. Our conclusions are con-
sistent with the pronounced drawdown of nitrate to
values near the detection limit in virtually all samples

during summer, except the very fresh samples right at the
river mouth and the deepest samples (Figure 8). Within
the core area of the winter plume (surface water salinity <
5), phosphate would be the limiting nutrient upon the
beginning of the ice-melt season and throughout summer.
This area of potential phosphate limitation would scale
according to the plume area (1200 km2 in winter to
120 km2 in summer; Peck et al., 2022). These data indicate
seasonality in potential nutrient limitation and spatial
variability driven by plume extent.

Our finding of nitrate being the limiting macronutrient
for primary production in water samples with salinity > 10
is consistent with the nitrate limitation observed widely in
Arctic surface waters where the majority of N:P ratio cal-
culations fall under 10 (datasets compiled for 2004–2016
by Ardyna et al., 2020). In coastal regions of the Mackenzie
Shelf and the Beaufort Sea (summer and October–Decem-
ber conditions), N:P ratios in surface waters are relatively
close to the Redfield ratio (13–15; Macdonald et al., 1987;
Tremblay et al., 2008), whereas interior Hudson Bay is
reported to have an average summer N:P ratio of 2.3 indi-
cating extreme nitrate deficiency (Ferland et al., 2011). The
SW in NEJB also demonstrates extremely oligotrophic con-
ditions compared to southern Hudson Bay. However, the
difference between NEJB and interior Hudson Bay is that
the LGR discharge provides a nitrate supplement to the
coastal waters.

5.5. Surface water nutrient stocks and source

water contributions

Although our data suggest that LGR discharge could help
alleviate nitrate limitation along the NEJB coast, evaluat-
ing the importance of LGR inputs to nutrient dynamics in
the coastal domain remains difficult because of the sea-
sonal and spatial variability of nutrient supply and
demand. To assess quantitatively the nutrient contribution
of LGR across space and time, two quantitative types of

Figure 8. Seasonal relationships between nitrate and
phosphate concentrations. Color gradient indicates
salinity, and shapes represent season of collection:
early winter (circles), late winter (squares), and
summer (triangles). Solid black line represents the
Redfield Ratio (N:P ¼ 16:1).
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nutrient stocks were calculated for the surface layer of
the water column using two quantitative methods:
(i) observed stocks, based on measured nutrient concen-
trations integrated over a 5 m water column (the observed
plume thickness in winter and the depth that showed the
greatest seasonal variation in river influence); and
(ii) expected stocks based on observed nutrient concentra-
tions identified for RW and SW end members (Table 2),
assuming no nutrient uptake. The expected nutrient
stocks can be considered estimates of the initial nutrient
stocks, prior to biological uptake, as a function of the
combined influence of RW and SW at that location. Note
that SIM was not included in stock calculations because it
was a significant source of variation between winter and
summer but not within each particular season. Six off-
shore locations (Sites 1–6; Figure 9) that were sampled
at least once in winter and once in summer (±3 km
between seasons) were selected along the coast at

locations extending from 53 km north (Sites 1–3) to
20 km south (Site 6) of the LGR. Sites 4 and 5 are located
near the LGR, with Site 5 farther removed from the river
mouth and west of a small set of islands (Figure 9).We did
not include locations that we interpreted as having been
influenced by small streams during summer, based on
high residuals in the salinity-d18O regression relationship.

In late winter, the surface layer of all sites was
dominated by RW (Figure 9a). Because RW contained
significant nitrate, all sites along the coast had large
expected nitrate stocks of 20–24 mmol m�2 (Figure 9).
The SW-derived nitrate in the surface layer increased at the
sites furthest north (Sites 1 and 2) in the frontal area of
the plume (Peck et al., 2022), but at most contributed
40% of the total expected nitrate stock at the northern-
most site. The observed stocks of nitrate in late winter
were similar to the expected stocks, consistent with the
absence of significant biological drawdown.

Figure 9. Water type, nitrate, and phosphate stocks in the top 5 m of the water column. Comparison of late
winter and summer in terms of (a) depths of each water type, river water (RW), and seawater (SW), in the top 5 m of
the water column; (b) expected stocks of nitrate in the top 5 m of the water column; and (c) expected stocks of
phosphate in the top 5 m of the water column, where expected stocks represent what would be expected according to
the nutrient end members (Table 2). Red shading shows the portion of each depth or stock derived from RW and blue
shading shows the portion derived from SW. Black diamonds on each bar show the observed stocks of nutrients at
each site. Error bars are representative of standard deviation, calculated through a series of error propagation
equations. (d) Map of six selected sites for inventory calculations. Red points represent 2016 sites, and blue points
represent 2017 sites. Yellow points represent stations from winter 1975/1976. Map sourced from NASA Worldview
from July 4, 2017.
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In contrast to nitrate, phosphate stocks varied largely
between sites during late winter (Figure 9c). Phosphate
stocks were high at the northern sites with large SW sup-
ply and low at the sites nearer or south of the LGR mouth
(Sites 3–6) due to low RW contribution. Observed phos-
phate stocks in late winter were lower than expected
from conservative mixing of RW and SW. Possible explana-
tions for this discrepancy include biological uptake of
phosphate (e.g., by perennial eelgrass) or abiotic losses
via processes such as sorption onto oxides in surface
sediments (Sundby et al., 1992; van Raaphorst and
Kloosterhuis, 1994), or sorption with iron during floccula-
tion around the halocline in estuarine mixing zones
(Macdonald et al., 1987). Dependent upon the availability
of dissolved organic matter in coastal waters, bacteria may
also play a role in drawdown of phosphorus. The largest
difference between observed and expected phosphate
concentrations were observed at Site 2, just outside of
BoMI, an area known for its eelgrass beds (Lalumiere
et al., 1994). However, this area is also where the LGR
plume salinity increases rapidly with distance, and thus
flocculation-induced phosphate losses could also be
expected.

In summer, the expected nitrate stocks were about half
those in late winter (Figure 9b), in large part due to the
reduced RW contributions; they were similar across all the
sites and supplied mostly by SW, except at Site 4. Phos-
phate stocks in summer were higher than those observed
in late winter and supplied almost entirely by SW
(Figure 9c). Again, the exception was Site 4, with a rela-
tively low summer phosphate stock, supplied by 50% RW
and 50% SW. The exceptional dominance of RW-derived
nitrate at Site 4 is consistent with the phosphate limita-
tion observed in low salinity (<10) waters (Figure 8) but
may also be related to the relatively short residence time
of LGR waters in this area in both winter (approximately
10 days; Peck et al., 2022) and summer (0.6 days). This
realization of short residence time lends support to the
importance of considering the stocks but also the renewal
rate near the river mouth. Riverine dissolved organic nitro-
gen may also be a source of dissolved inorganic nitrogen
through transformation processes. Additionally, areas far-
ther away from the river mouth have different renewal
rates by different processes, for example, by diffusion
through the surface halocline from N-rich deeper waters.

Because summer sampling occurred late in August and
thus late in the growing season, we expected to observe
low summer nutrient stocks compared to expected stocks
(i.e., pre-biological uptake). Except for the river mouth Site
4, observed summer nitrate stocks were drawn down to
zero completely or to near-zero (Figure 9b). Summer
phosphate stocks were also drawn down relative to
expected stocks, but to varying degrees from site to site.
This difference between nitrate and phosphate reinforces
the notion of nitrate limitation north of LGR in summer.

5.6. Comparisons of pre- and post-development

conditions

Historical data in the study area are scarce, and to our
knowledge, the only available salinity and nutrient data

prior to 2016 comes from baseline studies of coastal
water properties before the beginning of the La Grande
Complex hydroelectric development in the late 1970s
(Grainger and McSween, 1976; Messier et al., 1986; Ingram
and Larouche, 1987). MEDS surveys (DFO, 2021) were
conducted in the surrounding coastal and marine environ-
ment during 1974–1976. In the interest of investigating
the potential effects of LGR development on freshwater
and nutrient dynamics in the NEJB coastal domain
(Maavara et al., 2020), we compare our results (post-devel-
opment) with the data available from pre-development.
Given the dearth of information available, the compari-
sons we can make here only capture two points in time,
with no information on salinity and nutrient variability
from 1978 until 2016. The following discussion highlights
the observed changes and potential implications of river-
ine diversion and regulation.

Maximum salinity of subsurface water samples from
stations near the mouth of LGR during both winter and
summer (pre- and post-development) has seemingly
decreased from the values reported in the 1974–1976
MEDS dataset. Our data reflect a 3-unit decrease in sum-
mer and a 2-unit decrease in winter from the 1970s. These
decreases suggest that NEJB has experienced general
freshening during recent decades, which aligns with indi-
cations of a climate-driven freshening trend in western
Hudson Bay during the past 20–30 years based on d13C
isotope trends in brachiopod shell calcite (Brand et al.,
2014). However, similar analyses have not been completed
for James Bay. We cannot rule out that the lower winter
salinity in NEJB is locally driven, especially with the sig-
nificant adjustment of the LGR hydrograph with higher
flows observed in winter than during pre-development
times. The lack of historical d18O data, however, means
this freshening cannot be attributed to an increase in
a specific freshwater source (RW and/or SIM).

The research conducted in the 1970s suggested that
hydroelectric development would strongly modify sea-
sonal flows and freshwater distributions in the coastal
environment of NEJB. Based on the nutrient concentra-
tions at the time, which suggested that the LGR did not
represent a significant supply of essential nutrients
(nitrate and phosphate) for primary producers in James
Bay and the La Grande estuary, no changes were expected
in phytoplankton production related to nutrient availabil-
ity (Grainger and McSween, 1976; Messier et al., 1986).
Implications of reservoir nutrient conditions and pro-
cesses were not considered at the time. Reservoirs are
known to act as net sinks of carbon and phosphorus;
however, there is low nitrogen retention, and there may
be increased mobilization of nitrogen in these altered sys-
tems (Maavara et al., 2017; Maavara et al., 2020; de Melo
et al., 2022). Comparing the pre- and post-development
observations, late winter nitrate concentrations associated
with James Bay SW have possibly increased from the pre-
to post-development periods (Table 3). Late winter phos-
phate concentrations remained similar between the two
periods (Table 3). From this comparison we can infer that
there is more RW incorporated into NEJB seawater at the
regional scale during late winter, because RW is a nitrate
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source while SIM is not. Messier et al. (1986) showed
average pre-development nitrate concentrations of only
1.6 mM (compared to 4.53 mM today; Table 3; see also
de Melo et al., 2022). An exercise in calculating and com-
paring nutrient stocks for pre- and post-development con-
ditions, using the method presented in Section 5.5, is
included in the supplemental materials (Text S2, Figure
S3) considering historical data limitations. The nutrient
concentration levels imply increased N:P ratios in the LGR
following development (N:P of 10.7–41.2) and increased
N:P ratios in coastal waters (N:P of 3.8–4.8) that are influ-
enced by the winter discharge. This change in nutrient
ratios in any coastal system is likely to impact the com-
munity composition of primary producers, altering eco-
logical pathways and food web transfers.

5.7. Implications of an altered NEJB coastal domain

on nutrient dynamics

Nutrient distributions in the NEJB coastal domain have
been modified both in space and time by the changes in
LGR discharge. From this study, indicating how large-scale
processes such as regional climate change and altered
duration of the ice-covered season may have added to,
or interacted with, the changes resulting from LGR devel-
opment is not possible. However, by understanding the
nitrogen cycle and land-ocean nitrogen fluxes we may
gain a conceptual perspective for this study area. For
example, trends of “browning” boreal rivers, carrying more
terrestrial organic matter to coastal areas, may introduce
greater nutrient concentrations and have implications on
overall primary production (Kritzberg et al., 2020). With
the majority of freshwater released into James Bay being
exported from the Hudson Bay system within four years
(Ridenour et al., 2019), sufficient time has elapsed for the
ambient salinity to have adjusted to changes in river dis-
charge or the sea-ice cycle that occurred over the period
1980–2012. The salinity of waters entering James Bay
from Hudson Bay may have varied during these three
decades as well, in view of the fluctuations in the Arctic
freshwater flux (Yang et al., 2016). With scarce oceano-
graphic data for this region, modeling could help explore

the relative roles of large-scale processes and La Grande
development in the apparent freshening of NEJB coastal
waters (Ridenour et al., 2019; Lukovich et al., 2021). In
dynamic systems such as coastal NEJB, which experiences
both spatial and temporal variations of different biogeo-
chemical properties and tracers, accurately assessing the
magnitude and impact of change is difficult with the
scarce data available that only represent a snapshot in
time. More extensive seasonal sampling would enhance
the understanding of this region, and dynamic sub-
arctic systems similar to NEJB.

Under-ice river plumes including that of the LGR are
much larger and more strongly stratified than open-water
plumes for equivalent discharge because of the lack of
wind mixing (Ingram and Larouche, 1987; Li and Ingram,
2007; Peck et al., 2022). Increases in winter river discharge
thus act differently and more profoundly on the freshwa-
ter budgets of coastal waters than increases in discharge
during ice-free periods (see also Eastwood et al., 2020). In
turn, the changes in river discharge, freshwater budgets
and associated mixing and stratification exert strong
effects on nutrient conditions. Other recent works have
emphasized the importance of the altered nutrient com-
position of river water following damming, showing
changes to the N:P ratios in regulated river runoff and
potential increases in P limitation in coastal waters
(Maavara et al., 2020; de Melo et al., 2022).

Outside the core of the plume, which is 5–6 times
larger than it was under the natural winter flow conditions
of the 1970s (Ingram and Larouche 1987; Peck et al.,
2022), there is now a larger amount of RW present in
surface waters and contributing to larger nitrate stocks
in late winter compared to pre-development conditions.
We conclude that the development has led to a larger area
of potential phosphate limitation of bacterial production
in late winter and primary production once under-ice light
is no longer the limiting factor. More importantly, the
development has led to a buildup of nitrate stocks imme-
diately before the productive period in what is generally
a nitrate-limited system. This conclusion contrasts starkly
with the pre-development conclusions by Grainger and

Table 3. Winter salinity and nutrient observations for La Grande River and east James Bay seawater

Time Period Water Type Salinity Nitrate (mM) Phosphate (mM)

Pre-developmenta La Grande River 0b 1.6c, range ¼ 1.6–2.1, n ¼ 16 0.15c, range ¼ 0.05–0.32, n ¼ 16

Seawater 28b 2.6d 0.68d

Post-developmente La Grande River 0.03 ± 0.01, n ¼ 2 4.53 ± 0.001, n ¼ 2 0.11 ± 0.03, n ¼ 2

Seawater 25.61 ± 0.2, n ¼ 5 3.18 ± 0.2, n ¼ 5 0.66 ± 0.04, n ¼ 5

aPre-development indicates the period of 1974–1978; pre-development seawater nutrient values are taken from one station at the
deepest sampling depth (36.5 m).
bMEDS data.
cMessier et al. (1986).
dGrainger and McSween (1976).
ePost-development values are from this study (Tables 1 and 2) and included here for comparison.
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McSween (1976), based on limited data from natural
conditions, that additional flow and more equal flow
throughout the year would not have a great influence
on nitrate and phosphate levels in James Bay and the La
Grande estuary.

To address potential impacts on primary production,
we present two potential scenarios regarding the fate of
the NEJB late winter nitrate stocks, which may vary from
year to year with factors such as annual riverine discharge
variation and timing of ice breakup and increased sun-
light. Riverine discharge can vary annually dependent
upon precipitation, but also in the case of LGR, can be
affected by regulation regimes and energy demand. Ice
breakup typically occurs sometime in late May or early
June in our study area (Taha et al., 2019), but can be as
early as April, for example, as a result of storms (Peck et al.,
2022). Upon breakup, the RW-derived nitrate previously
confined to the surface plume is mixed into the ambient
coastal waters. Trends of the landfast ice cover duration
have been shown to be increasing from 2000 to 2019,
with trends toward later breakup, specifically on the east-
ern coast of James Bay (Gupta et al., 2022); however, the
offshore sea-ice season has shown a decreasing trend in
James Bay from 1980 to 2014 (Andrews et al., 2018).
Under a scenario of a late landfast ice breakup, there is
a longer winter period for the large nitrate stocks to be
exported under the landfast ice from NEJB toward and
into southern Hudson Bay, possibly supporting primary
production downstream. The present export of nutrients
from NEJB implies that primary production in the LGR
region would be lower compared to natural conditions
when nitrate delivery from the rivers would have peaked
with spring freshet (de Melo et al., 2022) and presumably
supported larger spring phytoplankton blooms. However,
varying seasonal residence times of discharge may impact
the nutrient condition. For example, higher fluxes during
the freshet with lower residence time may not be as
important for primary production as lower fluxes in near-
shore areas during summer and fall when residence times
tend to be longer.

Under a scenario of early ice breakup, due to storms or
to warm weather, when light conditions are suitable, we
assume the large winter nitrate stocks fuel spring phyto-
plankton production earlier in the year. In eastern Hudson
Bay, the productive period for ice algae typically occurs in
April–May when sufficient light is available (Gosselin
et al., 1985; Gosselin et al., 1986; Michel et al., 1988), and
under-ice blooms can occur in May–June (Michel et al.,
1993). In pre-development times large winter nitrate
stocks would not likely have built up along the coast, as
observed now, given the smaller under-ice plume with low
flow conditions. The highest flows from LGR, historically,
were during the spring freshet. During our study, the late
winter (March–April) discharge averaged 3900–4600 m3 s�1,
comparable to the average June discharge under natural
conditions (3800 m3 s�1 in 1975–1977) and during
freshet flows (2400–6100 m3 s�1 in 1960–1978; Messier
et al., 1986). Thus, we propose that the current shift of
peak river discharge into winter, which generates large
nitrate stocks, may enhance under-ice blooms and, all

else being equal, give a competitive advantage to
phytoplankton rather than rooted vascular plants like
eelgrass along the NEJB coast. On the other hand, RW-
associated phosphate stocks are low and thus may not
support large phytoplankton blooms under the ice. To
better evaluate growth conditions of eelgrass, and more
generally seagrass and macroalgae, in the study area,
spring nutrient stocks should be assessed together with
nutrient supply from sediments.

The region of freshwater influence, surrounding the
highly stratified region of the under-ice plume, has also
increased in area with the increase in winter river dis-
charge (Ingram and Larouche, 1987; Peck et al., 2022).
Our results show that late winter stocks of nutrients in
the region of freshwater influence originate from a combi-
nation of RW and SW, and that the late winter stock of
nitrate has increased compared to pre-development con-
ditions because of the increased RW influence. If the pho-
tosynthetic activity of ice algae is N-limited in the NEJB
coastal domain, then additional RW would support
increased production by the ice algal community during
late winter post-development, as these algae are well
adapted to low light conditions (Michel et al., 1988;
Michel et al., 1996). However, increased RW content and
lower salinity can also negatively impact ice algae produc-
tion due to the structure of the ice itself (Granskog et al.,
2005). On the other hand, the lower salinity that has been
observed is within the range of toleration for eelgrass
(Leblanc et al., 2023).

6. Conclusions
The data we have presented address knowledge gaps for
coastal NEJB and provide a baseline with respect to SIM
and RW contributions in James Bay and, by extension,
the broader Hudson Bay system. In this study, we deter-
mined that the LGR is the dominant source of freshen-
ing along the NEJB coast, particularly during the winter
period when SIM and other river sources are small. Sum-
mer SW is found to freshen considerably from winter,
reflecting bay-wide scale increases in SIM or RW inputs.
Nitrate and phosphate distributions along the NEJB
coast show conservative mixing in winter but are influ-
enced by both water mass mixing and biological nutrient
uptake in summer. Evaluation of nutrient N:P ratios
reveals that there is potential phosphate limitation
within the core of the plume, and potential nitrate lim-
itation outside the core of the plume, when light limi-
tation is not a factor. The spatial boundaries of this
potential nutrient limitation vary based on season and
the extent of the low salinity (<10) plume. Estimates of
surface nutrient stocks reveal the dominant impact of
the LGR plume on nutrient conditions in winter, espe-
cially nitrate concentrations and associated stocks, which
were higher than those supplied by SW. Phosphate is
largely supplied in this area by SW in summer, and
winter to a lesser degree. In winter months, RW from
LGR is supplying the majority of the phosphate stock
within the core plume area.

With the hydroelectric development of the LGR, the
current winter discharge has increased 10-fold while the
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natural spring freshet is held back in reservoirs and cur-
rent spring/summer discharge is reduced. This shift in the
hydrography has resulted in altered nutrient supply and
nutrient ratios, further impacted by the landfast sea-ice
cycle and associated riverine plume dynamics. We suggest
future work to further assess the impact on primary pro-
duction in this region, as the changes we discuss here have
significant implications for the magnitude and type of
primary production blooms in the NEJB coastal region,
and potentially downstream in Hudson Bay.
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Tremblay, J-É. 2023. Nutrient inputs from subarctic
rivers into Hudson Bay. Elementa: Science of the
Anthropocene 11(1): 00085. DOI: http://dx.doi.
org/10.1525/elementa.2021.00085.

Li, SS, Ingram, RG. 2007. Isopycnal deepening of an
under-ice river plume in coastal waters: Field

Guzzi et al: Altered freshwater discharge influence on nutrient distribution seasonality Art. 12(1) page 19 of 22

http://dx.doi.org/10.1016/j.ecss.2005.05.011
http://dx.doi.org/10.1016/j.ecss.2005.05.011
http://dx.doi.org/10.1016/j.jmarsys.2011.03.011
http://dx.doi.org/10.1016/j.jmarsys.2011.03.011
http://dx.doi.org/10.1029/97GB00077
http://dx.doi.org/10.1029/97GB00077
http://dx.doi.org/10.1525/elementa.2021.00073
http://dx.doi.org/10.1525/elementa.2021.00073
http://dx.doi.org/10.4296/cwrj3503301
http://dx.doi.org/10.4296/cwrj3503301
http://dx.doi.org/10.1029/2009JC005334
http://dx.doi.org/10.1029/2009JC005334
http://dx.doi.org/10.1657/1938-4246-46.1.66
http://dx.doi.org/10.1016/0016-7037(93)90194-2
http://dx.doi.org/10.1080/07055900.1987.9649273
http://dx.doi.org/10.1080/07055900.1987.9649273
http://dx.doi.org/10.5194/os-18-1535-2022
http://dx.doi.org/10.5194/os-18-1535-2022
http://dx.doi.org/10.1007/s13280-019-01227-5
http://dx.doi.org/10.1007/s13280-019-01227-5
http://dx.doi.org/10.34992/4K4Z-TF96
http://dx.doi.org/10.34992/4K4Z-TF96
http://dx.doi.org/10.1016/j.csr.2009.10.014
http://dx.doi.org/10.1016/j.csr.2009.10.014
http://dx.doi.org/10.1016/0304-3770(94)90060-4
http://dx.doi.org/10.1016/0304-3770(94)90060-4
http://dx.doi.org/10.1016/j.rse.2017.08.019
http://dx.doi.org/10.1016/j.csr.2012.10.013
http://dx.doi.org/10.1016/j.csr.2012.10.013
http://dx.doi.org/10.1111/gcb.16499
http://dx.doi.org/10.1111/gcb.16499
http://dx.doi.org/10.1525/elementa.2021.00085
http://dx.doi.org/10.1525/elementa.2021.00085


observations and modeling. Journal of Geophysical
Research: Oceans 112(C7). DOI: http://dx.doi.org/
10.1029/2006JC003883.

Lukovich, JV, Jafarikhasragh, S, Myers, PG, Ridenour,
NA, de la Guardia, LC, Hu, X, Grivault, N,
Marson, J, Pennelly, C, Stroeve, JC, Sydor, K,
Wong, K, Stadnyk, TA, Barber, DG. 2021. Simu-
lated impacts of relative climate change and river
discharge regulation on sea ice and oceanographic
conditions in the Hudson Bay Complex. Elementa:
Science of the Anthropocene 9(1): 00127. DOI: http://
dx.doi.org/10.1525/elementa.2020.00127.

Maavara, T, Akbarzadeh, Z, Van Cappellen, P. 2020.
Global dam-driven changes to riverine N:P:Si ratios
delivered to the coastal ocean. Geophysical Research
Letters 47(15): e2020GL088288. DOI: http://dx.doi.
org/10.1029/2020GL088288.

Maavara, T, Lauerwald, R, Regnier, P, van Cappellen, P.
2017. Global perturbation of organic carbon cycling
by river damming. Nature Communications 8(1):
15347. DOI: http://dx.doi.org/10.1038/ncomms
15347.

MacDonald, M, Arragutainaq, L, Novalinga, Z. 1997.
Voices from the Bay: Traditional ecological knowl-
edge of Inuit and Cree in the Hudson Bay bioregion.
Canadian Arctic Resource Committee. Available at
https://arcticeider.com/product/voices-from-the-
bay-traditional-ecological-knowledge-of-inuit-and-
cree-in-the-hudson-bay-bioregion/.

Macdonald, RW, Wong, CS, Erickson, PE. 1987. The
distribution of nutrients in the southeastern
Beaufort Sea: Implications for water circulation and
primary production. Journal of Geophysical Research:
Oceans 92(C3): 2939–2952. DOI: http://dx.doi.org/
10.1029/JC092iC03p02939.

Martini, IP. 1986. Chapter 7 Coastal features of Canadian
Inland Seas, in Martini, IP ed., Elsevier Oceanography
Series. Elsevier: 117–142. DOI: http://dx.doi.org/10.
1016/S0422-9894(08)70900-0.

Meilleur, C, Kamula, M, Kuzyk, ZA, Guéguen, C. 2023.
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Tremblay, J-É, Simpson, K, Martin, J, Miller, L, Grat-
ton, Y, Barber, D, Price, NM. 2008. Vertical stabil-
ity and the annual dynamics of nutrients and
chlorophyll fluorescence in the coastal, southeast
Beaufort Sea. Journal of Geophysical Research:
Oceans 113(C7): 1–14. DOI: http://dx.doi.org/10.
1029/2007JC004547.

van Raaphorst, W, Kloosterhuis, HT. 1994. Phosphate
sorption in superficial intertidal sediments. Marine
Chemistry 48(1): 1–16. DOI: http://dx.doi.org/10.
1016/0304-4203(94)90058-2.

Yang, Q, Dixon, TH, Myers, PG, Bonin, JA, Chambers,
D , van den Broeke, MR, Ribergaard, MH,
Mortensen, J. 2016. Recent increases in Arctic
freshwater flux affects Labrador Sea convection and
Atlantic overturning circulation. Nature Communi-
cations 7(1): 10525. DOI: http://dx.doi.org/10.
1038/ncomms10525.

Guzzi et al: Altered freshwater discharge influence on nutrient distribution seasonality Art. 12(1) page 21 of 22

http://dx.doi.org/10.1016/j.jmarsys.2019.04.002
http://dx.doi.org/10.1016/j.jmarsys.2019.04.002
http://dx.doi.org/10.1016/S0422-9894(08)70907-3
http://dx.doi.org/10.1016/S0422-9894(08)70907-3
http://dx.doi.org/10.1016/j.jmarsys.2011.02.004
https://doi.org/10.4319/lo.1992.37.6.1129
http://dx.doi.org/10.3389/feart.2019.00254
http://dx.doi.org/10.3389/feart.2019.00254
http://dx.doi.org/10.1029/jc085ic04p01925
http://dx.doi.org/10.1016/j.pocean.2015.08.009
http://dx.doi.org/10.1016/j.pocean.2015.08.009
http://dx.doi.org/10.1007/978-1-4020-9460-6_1
http://dx.doi.org/10.1007/978-1-4020-9460-6_1
https://www.researchgate.net/publication/337829307
https://www.researchgate.net/publication/337829307
http://dx.doi.org/10.5194/bg-11-4853-2014
http://dx.doi.org/10.5194/bg-11-4853-2014
http://dx.doi.org/10.1029/2007JC004547
http://dx.doi.org/10.1029/2007JC004547
http://dx.doi.org/10.1016/0304-4203(94)90058-2
http://dx.doi.org/10.1016/0304-4203(94)90058-2
http://dx.doi.org/10.1038/ncomms10525
http://dx.doi.org/10.1038/ncomms10525


How to cite this article: Guzzi, AC, Ehn, JK, Michel, C, Tremblay, J-É, Heath, JP, Kuzyk, ZZA. 2024. Influence of altered
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