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Thesis Abstract

Driven by the difference in the partial pressure of CO, (pCO2) between the atmosphere
and the ocean, 26% of anthropogenic carbon dioxide (CO2) emissions have been absorbed by
the world’s oceans. The Arctic Ocean is responsible for 5-14% of the ocean CO; sink despite
accounting for 4.3% of the global surface ocean area due to its cool temperatures and low
salinity relative to other oceans. As CO; is absorbed by seawater, it forms carbonic acid resulting
in reduced carbonate ion availability and lower pH. Increasing anthropogenic CO; emissions
have impacted seawater carbonate chemistry, resulting in acidic conditions in which calcifying
organisms have difficulties forming hard structures. The peripheral Arctic seas Southern Hudson
Bay and James Bay (SHB-JB) are experiencing rapid climate change, including decreased sea ice
cover, altered river runoff, and increased temperatures. However, our ability to assess
ecosystem response to changing Arctic conditions is limited as SHB-JB remain understudied with
respect to the inorganic carbon system.

The objective of this thesis was to evaluate the marine inorganic carbon system of SHB-
JB using three years (2021-2023) of ship-based measurements. Continuous surface mixed layer
measurements indicated that SHB-JB were weak sources of CO, to the atmosphere during
August. Temperature was the main driver of surface water pCO,, while dissolved inorganic
carbon (DIC) and total alkalinity (TA) decreased with proximity to river inflows. Saturation state
(Q) indicated undersaturation (Q<1) of aragonite across James Bay, while calcite
undersaturation was restricted to the Moose and Eastmain River estuaries. Freshwater impacts
on seawater inorganic carbon differed based on watershed properties; rivers entering eastern
James Bay were more acidic than rivers entering western James Bay, which caused a greater
reduction in coastal Q. This difference reflects watershed geology; western James Bay is
underlain by carbonate till, whereas eastern James Bay is underlain by silicate bedrock. The
results of this thesis provide a baseline assessment of summertime marine inorganic carbon and
acidification state within James Bay while supporting previous carbon system studies in Hudson
Bay. Continued monitoring of the SHB-JB carbonate system is required to provide insight into
how Arctic ecosystems respond to advancing climate change.
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Chapter 1: Introduction

1.1 Motivation

Anthropogenic carbon dioxide (CO2) emissions are increasing the concentration of CO3 in
the atmosphere at an unprecedented rate, resulting in accelerated uptake of CO, by ocean
surface waters (Friedlingstein et al., 2023). As CO; dissolves into the ocean, it reacts with water
to form carbonic acid. The formation of carbonic acid decreases ocean pH and the saturation
state (Q) of carbonate (CaCOs3) minerals, notably calcite and aragonite (Qcal + Qarag; Zeebe &
Wolf-Gladrow, 2001). Coastal marine ecosystems are home to calcifying organism such as snails,
mollusks, corals, and bivalves (Comeau et al., 2012). A drop in both ocean pH and Qcai + Qarag
can pose a threat to these organisms; however, the specific response varies by species, and is
not well understood (Azevedo et al.,, 2015). The combination of the Arctic Ocean’s cool
temperatures, freshened surface waters, and increased CO; uptake contribute to increased
sensitivity to carbonate mineral undersaturation (Yamamoto-Kawai et al., 2009), making
continued anthropogenic CO; emissions potentially hazardous for marine calcifers (Azevedo et
al., 2015; Terhaar et al., 2021).

The contemporary CO; sink status, pH, and Q conditions of the Arctic Ocean are uniquely
sensitive to change because of the combination of cold water with lower salinity (relative to
other oceans), due in part by a disproportionate amount of river inflow for the size of the ocean
basin (Azetsu-Scott et al., 2010). River input is a significant source of dissolved and particulate
carbon to the ocean and climate change has resulted in increased terrestrial carbon transport
via rivers, which has had significant consequences on Arctic shelf seas (McGuire et al., 2009).
Additional terrestrial carbon delivered by rivers, particularly organic carbon, increases the
partial pressure of CO, (pCO;) and decreases pH in coastal surface waters upon degradation
(Capelle et al., 2020; Duarte et al., 2013). Large freshwater input will also stratify the ocean by
suppressing vertical mixing, contributing to observations of lowered pH and Q, as well as
increased alkalinity in bottom waters as organic carbon (both autochthonous and
allochthonous) is remineralized at depth (Capelle et al., 2020; Carmack et al., 2016). Surface
water experiences decreased pH and reduced buffering capacity as alkalinity decreases,
weakening seawater’s resistance to further decreases in pH with increasing CO, (Zeebe & Wolf-
Gladrow, 2001). In bottom waters, reduced pH and carbonate mineral saturation state creates
corrosive conditions, potentially becoming dangerous to calcifying organisms (Lischka et al.,
2011; Zeebe & Wolf-Gladrow, 2001).

Monitoring the response of seawater pCO;, pH and Q, as well as the biogeochemical
properties of inflowing river water, is critical to understanding changes in the region’s CO;
source or sink status and the susceptibility of coastal waters to becoming increasingly acidic
with ongoing climate change (Bauer et al., 2013; Duarte et al., 2013; Tank et al., 2012; Vonk &
Gustafsson, 2013).



Figure 1.1: Hudson Bay, James Bay, and The Belcher Islands.

Like the broader Arctic Ocean, the sub-Arctic seas of Southern Hudson Bay and James
Bay (SHB-JB; Figure 1.1), also receive a disproportionate amount of river input relative to their
size, making them similarly sensitive to shifts in pCO;, pH and Q with continued freshening
(Azetsu-Scott et al., 2014; Capelle et al., 2020; Déry et al., 2005). Additionally, the permafrost-
laden peatlands of the Hudson Bay Lowlands (HBL) lie adjacent to SHB-JB. The HBL are the
world’s second largest peatland complex, which hold a significant proportion of the global store
of terrestrial permafrost carbon, estimated at 33 Gt C (as partially decomposed vegetation;
Packalen et al., 2014). Ongoing permafrost thaw, forest fires, and/or other consequences of
climate change, result in increased carbon emissions from SHB-JB either through direct evasion
to the atmosphere as carbon dioxide (CO2) and methane (CHa), and/or by relocation of the
carbon to the ocean by riverine transport, potentially triggering a strong positive climate
feedback loop (Natali et al., 2021; Schuur et al., 2015; Virkkala et al., 2025; Vonk & Gustafsson,
2013). Further degradation of terrestrial carbon in the coastal ocean not only weakens the
ocean’s carbon uptake capacity, but also elevates the risk of these waters becoming more acidic
(Bauer et al., 2013; Duarte et al., 2013; McGuire et al., 2009; Vonk & Gustafsson, 2013). In

Ocean Data View



general, SHB-JB remain understudied; previous work in Hudson Bay has described large-scale
patterns in carbonate chemistry and riverine alkalinity supply (e.g., Azetsu-Scott et al. 2014;
Capelle et al. 2020; Granskog et al. 2011), but no comprehensive examination of the marine
inorganic carbon system has been conducted in James Bay.

This thesis reports the first ship-based examination of the James Bay carbonate system
and provides new insight into the Hudson Bay carbonate system. Further, this thesis presents
the first multi-year data set from the region in the late summer (August), contrasting with
previously published datasets from the spring (May - July) and fall (September). Using physical
and chemical oceanographic data collected, this thesis aims to characterize and explain the
distribution of key carbonate system variables within Southern Hudson Bay and James Bay to fill
a regional knowledge gap and contribute to the broader understanding of how high-latitude
coastal systems respond to increasing atmospheric anthropogenic COx.

1.2 Thesis Objectives

The objective of this thesis is to evaluate the inorganic carbon system dynamics within
James Bay and Southern Hudson Bay through an examination of the main physical and
biogeochemical factors influencing its behaviour. This main objective will be met through the
following sub-objectives:

e Describe the surface water distribution of the partial pressure of carbon dioxide (pCO2),
including the region’s status as a CO; source or sink in relation to the atmosphere, and
the major factors that contribute to its variability.

e Assess the factors that determine the distribution of key carbonate system variables
such as calcium carbonate saturation state (Q), pH, DIC, and TA and assess whether the
waters in the region present corrosive conditions for calcifying organisms.

1.3 Thesis Outline

This thesis is composed of five chapters; Chapter 1 and 2 provide context and rationale
for the thesis while Chapters 3 through 5 summarise findings in the form of journal articles.
Chapter 2: Background provides foundational carbonate system information required for
understanding the remaining chapters, along with a comprehensive overview of our knowledge
of Hudson Bay’s carbonate system.

The first research paper, Chapter 3: Seawater CO; Uptake and Emissions, examines the
distribution and dominant controls on surface seawater CO; in southern Hudson Bay and James
Bay. Additionally, this chapter includes air—sea CO; exchange calculations to provide insight into
the direction and magnitude of CO; being exchanged between the ocean and atmosphere over
the study period. This manuscript addresses objective 1 and is prepared for publication in
Elementa: Science of the Anthropocene.

10



Following this, Chapter 4: Riverine controls on widespread carbonate mineral
undersaturation in James Bay addresses objective 2. Total alkalinity (TA) and total dissolved
inorganic carbon (DIC) were used to calculate Q and pH and assess the carbonate mineral
saturation state of the region. This section examines the distribution as well as physical and
biogeochemical controls on Q and pH within Southern Hudson Bay and James Bay. This chapter
reports the first observations of surface water aragonite undersaturation within the study
region which is an observation attributed to the region’s large freshwater influxes.

Lastly, Chapter 5: Summary and Conclusions provides a summary of the previous
chapter’s main results. This section identifies the limitations of our work, areas requiring further
attention, and additional context for how our results contribute to furthering our understanding
of the inorganic carbon system. Contributions of co-authors to each of the thesis chapters are
stated in Appendix A.

11
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Chapter 2: Background Information

2.1. The Marine Inorganic Carbon System

This section provides an overview of the current knowledge of the oceanic carbonate
system including its components, global and regional controls, and the mechanisms of ocean
carbonate system change including ocean acidification. In an effort to reach a state of
equilibrium, the ocean and atmosphere will exchange CO; to reach a state where the dissolved
CO, within the surface ocean is equivalent to the partial pressure of CO; in the atmosphere
above it (AMAP, 2013). This reaction is represented by the equation (Zeebe & Wolf-Gladrow,
2001):

Eq. 2.1 COz(g) = COZ(aq) + HZO(l) = HZC(); = HCOB»_ + Ht = CO—?_ + 2H*

Equation 2.1 illustrates the processes that occur when CO; dissolves into the ocean.
Upon dissolution, CO; reacts with water to form carbonic acid (H.COs; Zeebe & Wolf-Gladrow,
2001). It is difficult to differentiate between aqueous CO; and carbonic acid analytically, so they
are expressed together as the hypothetical species H,COs". This species is represented by the
equation (Zeebe & Wolf-Gladrow, 2001):

Eq 2.2 H2C0; = COZ(aq) + H2C03

Upon formation in water, carbonic acid will behave as a weak acid, dissociating to
produce bicarbonate (HCOs’), carbonate (COs%), and hydrogen (H*) ions depending on the
solution pH (Eg 2.1). These reversible CO; equilibria define the activity of H* {H*} in seawater,
but they can also be expressed as stoichiometric equilibria that relate to measured
concentrations of ions in solution defined at specific temperature, salinity, and pressure (Table
2.1).

Table 2.1: Carbonate system equilibrium reactions and their respective stoichiometric
equilibrium constants under defined temperature, salinity, and pressure conditions (Zeebe &
Wolf-Gladrow, 2001)

€O, + H,0 < H,CO k. = 20051
2(g) 2 2LU3 0 pCO,
[H*][HCO3]
H,CO% & H* + HCOZ Kr=— 73]
Rl ’ ' T TH,CO]]
[H*][C037]
HCO: & H* + CO%™ k= =231
3 3 2 = TTHCO; ]
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In each of these equations, Kx represents a stoichiometric equilibrium constant for the

specific reaction, pCO, is the partial pressure of CO; in seawater, and [x] denotes the
concentration of an ion within a solution (Zeebe & Wolf-Gladrow, 2001). Stoichiometric
equilibrium constants are defined for specific temperature, pressure, and salinity conditions,

and are directly related to the ion concentration in solution under those physical conditions.

Given stoichiometric equilibrium constants (Ki*, K2*) and any two of the six components of the

carbonate system (detailed below), the remaining variables may be calculated. The measurable

components of the carbonate system are as follows:

Dissolved Inorganic Carbon (DIC), the total amount of inorganic carbon expressed as the
sum of the concentrations of all inorganic carbon species:

Eq. 2.3 DIC = [CO,] + [HCO3] + [CO%]

Total Alkalinity (TA), the total effective charge of the solution. The exact composition of
alkalinity changes based on the dominant ionic species in solution, but it can broadly be
explained as the capacity for the water to resist changes in pH as protons are added:

Eq. 2.4 TA = [HCO3] + 2[CO%7] + [B(OH);] + [OH™] — [H*] +
minor components

pH, the negative log concentration of hydrogen ions (here measured on the Total scale)
Eq. 2.5 pH = —log[H*];

pCO,, the partial pressure of carbon dioxide within the water, where partial pressure
refers to the pressure of CO; in the gas phase in equilibrium with the sample of water:

[H,CO03]
Ko

Eq. 2.6 pCO, =

o fCO,, the fugacity of the carbon dioxide in the water, is the amount of CO; in the
surface ocean. Fugacity and partial pressure are similar in concept and
measurement. Because of this, fugacity and partial pressure may be used
interchangeably for most applications. Fugacity is typically ~3 to 4%. smaller than
the partial pressure over a temperature range 0 — 30°C.
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Oceanographers commonly use TA and DIC to calculate the other components of the
system defined in equation 2.1, as these variables can be precisely measured and exhibit
conservative behavior in relation to temperature, salinity, and pressure (Dickson et al., 2007).
The conservative nature of these variables under changing temperature and pressure makes
them ideal for laboratory analyses, where temperature and pressure conditions are not
impacting the measurement. By contrast, pH and pCO,/fCO; analyses yield concentration values
that are temperature and pressure dependant and thus must be measured in situ (Dickson et
al., 2007). Together, TA, DIC, and stoichiometric equilibrium constants (defined for various
temperature, salinity, and pressure conditions in the global ocean) may be used to calculate the
remaining carbonate system variables (pCO; and pH) as well as variables important to
monitoring ocean acidification (Q).

2.1.1.  Ocean Acidification

Ocean acidification occurs as a result of changes in the ocean’s chemistry due to
increasing seawater CO; concentrations (AMAP, 2018). As CO, concentrations in the ocean’s
surface waters are also increased by natural processes, anthropogenic ocean acidification is
defined as the component of pH reduction caused by human activity (AMAP, 2018). Since the
beginning of the industrial revolution (~1750 Common Era; CE), the global surface ocean pH has
been reduced by 0.1 units (Jiang et al., 2019). Due to low water temperature and salinity, the
Arctic Ocean is uniquely sensitive to changing acidity and may see a surface water pH reduction
of up to 0.5 units by 2100 CE (IPCC RCP8.5; AMAP, 2018) which is a much faster rate than the
global surface ocean (0.3; IPCC RCP8.5; Jiang et al., 2019). Acidifying conditions are linked to the
health of the ecosystem through the saturation state (Q) of carbonate minerals, aragonite and
calcite (CaCOs), a mineral used by many organisms to form their hard structures (AMAP, 2013;
Azetsu-Scott et al., 2014; Azevedo et al., 2015). Saturation state is calculated as a product of the
concentration of calcium (Ca?*) and carbonate (CO3%) ions in solution divided by Ksp, the
equilibrium solubility product (Zeebe & Wolf-Gladrow, 2001):

2+ 2—
Eq. 2.7 q = leelico”]

Ksp

Ksp may be estimated as a product of the saturation concentrations of Ca%* and CO3* for
a given temperature, pressure, and salinity (Mucci et al., 1989):

Eq. 2.8 Ksp = [Ca2+]sat[603%_]sat
Therefore, when [Ca?'] and [COs*] are at their saturation concentrations (i.e.,

[Ca?*][CO3%] = [Ca?*]sat[CO3%)sat), Q = 1. When seawater Q is greater than one (Q > 1), water is
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Relative concentration

said to be ‘saturated’ with respect to CaCOs. When seawater is ‘undersaturated’ with respect to
CaCOs3 (Q < 1), calcifers may struggle to form their hard structures. However, specific responses
to acidifying conditions vary by species (Azetsu-Scott et al., 2014; Azevedo et al., 2015). The
CaCOs saturation state (Q; Eq. 2.7) decreases when CO; dissolves into seawater (Eq 2.1), and
carbonate ions in solution (CO3%) are sacrificed to consume protons (H*) released by carbonic
acid dissolution (see equations in Table 1). Thus, an increase in aqueous CO; increases the
solubility of carbonate minerals (aragonite and calcite) as modeled by the following reaction (
Jutterstrom & Anderson, 2005):

Eq. 2.9 CaCOs(s) + COyqq) + H,0 = Ca** + 2HCO3

Plotting the equations from Table 1 provides insights into the relationship between Q
and pH (Figure 2.1). As CO; is dissolved into seawater, protons are added to solution, the
proportion of CO3?" decreases as HCOs increases (Eq. 2.1), and seawater pH drops (see Eq. 2.5).
The effects of temperature and salinity upon the equilibrium concentrations of inorganic carbon
species may be visualized by altering the temperature and salinity at which stoichiometric
equilibrium constants (K" and K>") are calculated, as represented by the Bjerrum plot shown in
Figure 2.1. Stoichiometric equilibrium constants may be interpreted as the point where the
relative concentration of two species is equal (i.e., the intersection of two identically coloured
lines). When temperature and salinity decrease, the pH at which the K;" and K;" are located
shifts correspondingly, resulting in a change in relative concentration of each carbonate species.

Effect of Temperature and Salinity Upon K: and K;
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Figure 2.1: Bjerrum plot indicating the effect of temperature and salinity on the relative

concentrations of carbonate species (Gattuso et al., 2021). Y axis is exaggerated to enable better

visualization of differences between lines. 18



For example, when ocean water with a pH of ~8.1 undergoes cooling from 25°C to 0°C (from the
black line to the red line), the equilibria between HCO3™ and COs? (defined by K;") favours
HCOs". Thus, the concentration of COs% ions decreases while the relative concentration of HCO3
increases. Likewise, when salinity is lowered from S = 35 to S = 0 by dilution with pure
freshwater (from the black line to the blue line), HCOs is favoured, causing the relative
concentration of CO3% ions to decrease. These changes are a result of the change in activity of
hydrogen ions {H*} as physical conditions of T, S, & P change. Ultimately, the decrease in CO3*
ion concentration reduces the buffering capacity of seawater. As more CO; dissolves into
solution, forming carbonic acid, CO3% ions are no longer available to consume the additional H*
ions, so solution pH is lowered (seawater becomes more acidic). Because of this, cool and fresh
Arctic Ocean waters are expected to be more sensitive to ocean acidification and carbonate
mineral undersaturation than relatively warmer, saltier waters with the same inorganic carbon
concentration.
2.2. Key Processes affecting the Marine Inorganic Carbon System
2.2.1.  Solubility Pump

Within the ocean, seawater pCO; is altered mainly though physical and biological
processes called “pumps”, which move inorganic carbon against its oceanic concentration
gradient from surface to depth. Although the ocean contains ~40 times more carbon than the
atmosphere within its dissolved inorganic carbon (DIC) pool (Friedlingstein et al., 2023), air—sea
CO; exchange is governed by the pCO; gradient between the atmosphere and the ocean surface
rather than the total carbon inventory, permitting the ocean to take up CO; in spite of an
already large DIC pool. Once in the ocean, CO; taken up through air-sea exchange can then be
transferred, against the concentration gradient, to the deep ocean through these "pump”
processes. For example, the “solubility pump” transfers newly absorbed CO; from the surface to
the ocean interior through density-driven circulation and vertical exchange. At high latitudes,
surface waters become denser through cooling and brine rejection during sea-ice formation,
which promotes convection, resulting in deep water formation (Anderson & Macdonald, 2015).
These processes export carbon-rich surface waters away from the atmosphere on seasonal to
centennial timescales.

The solubility pump is particularly effective in the Arctic because low temperatures
enhance CO; solubility, seasonal sea-ice formation increases surface water density through
brine rejection, and wintertime cooling and wind forcing deepen the mixed layer, ventilating
subsurface waters (Anderson & Macdonald, 2015). Once exported below the surface layer,
strong stratification from freshwater inputs can isolate carbon-rich waters from the atmosphere,
helping maintain relatively low surface pCO; that supports continued atmospheric CO, uptake
(Anderson & Macdonald, 2015).
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2.2.2. Biological Pump
The “biological pump" also works against the surface ocean — deep ocean gradient to
enrich deep water with inorganic carbon, relative to the surface (Raven & Falkowski, 1999). The
biological pump describes the net result of biologically-driven processes on ocean DIC.
Photosynthesis is the main mechanism through which autotrophic organisms (algae,
phytoplankton, etc.) utilize dissolved nutrients (nitrate and phosphate) and CO; to form organic
matter:

Eq. 2.10 106C0, + 16NHO; + H;PO, + 122H,0 2
C106H2630110N16P + 1380, ()

The coefficients within this equation are representative of the “Redfield ratio” which is
the average ratio of P:N:C:-O; (1:16:106:-138) utilized by algae metabolisms (Redfield, 1958).
While originally determined for the northern Atlantic Ocean, the Redfield ratio has been
demonstrated to be consistent across the global ocean (Sterner et al., 2008). When the forward
reaction proceeds (i.e., photosynthesis), inorganic components (CO, and H,0) are consumed to
create organic matter. This process, termed primary production and is limited by the presence
of light and availability of nutrients. As such, primary production is generally restricted to the
upper water column (the euphotic zone) where sunlight is present. In the Arctic, nutrient
delivery is primarily controlled through upwelling of nutrient rich waters (Tremblay et al., 2015),
lateral transport (Torres-Valdés et al., 2013), and in some environments, river runoff (Le Fouest
et al.,, 2013). Photosynthesis occurring as a result of these external nutrient inputs is called
“new production.”

When the reverse reaction proceeds, heterotrophic organisms (e.g., fish or bacteria)
consume oxygen to break down organic matter and produce CO; and nutrients. This process,
“respiration” or “remineralization,” occurs via both single celled and multicellular organisms in
both the surface and deep ocean, as sunlight is not required for the reaction to proceed. Thus,
remineralization results in nutrient accumulation in deep waters; however, nutrients
remineralized in the upper water column may be recycled by primary producers, resulting in
“regenerated production.” The difference between total primary production (regenerated +
new) and respiration is referred to as net community production (NCP) and may be used to
estimate the export of carbon out of the surface ocean.

Ultimately, this delivery of carbon from the surface and deep ocean via sinking organic
material that is remineralized to CO; at depth, is the main effect of the biological pump. Under a
strong biological pump, vertical transport and remineralization of organic matter will result in an
increase in DIC and decrease in pH of deep waters, while primary production in the surface
ocean decreases DIC and increases pH.
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Within the Arctic Ocean, seasonal processes also impact primary production and thus
the efficiency of the biological pump. The high latitude of the region results in periods of 24hr
sunlight in the summer and 24hr of darkness in the winter, supporting increased primary
production in the summer if nutrients are also available. In the winter, brine rejection from sea
ice formation mixes the upper ocean water column potentially bringing deeper ocean nutrients
into the surface layer. As snow covered sea ice limits light transmission, respiration may cause
further concentration of nutrients in the surface ocean until sea ice concentration begins to
decrease, particularly in coastal and shelf regions receiving substantial terrestrial organic matter
inputs. These processes are particularly important in SHB-JB where shallow bathymetry, strong
freshwater input, and seasonal sea ice modulate both primary productivity and carbon export.
River discharge supplies nutrients and organic matter to the ocean, stimulating primary
production during the open-water season while enhancing stratification (Azetsu-Scott et al.,
2014; Capelle et al., 2020). Seasonal sea-ice formation promotes brine rejection and convective
mixing, which can ventilate subsurface waters and redistribute remineralized nutrients to the
surface, priming production during spring melt (Tremblay et al., 2015).

2.2.3.  Freshwater Input

The Arctic Ocean receives a disproportionately large amount of freshwater for its size.
Despite accounting for only 4% of the global ocean (by surface area), the Arctic Ocean receives
11% of global river runoff (Jakobsson, 2002). Freshwater inflow lowers the ocean’s overall
buffering capacity (decrease in TA) resulting in increased sensitivity to OA (Carmack et al., 2016).
Additionally, large quantities of freshwater may stratify the water column, limiting mixing
between the surface and deep layers. Changes due to human activity and climate warming in
recent years have led to alterations in freshwater runoff to the Arctic Ocean, with pan-Arctic
river discharge showing a sustained long-term increase, in some years exceeding historical
(1980-1989) averages by ~10-20% (Holmes et al., 2015).

2.2.4. Gas Exchange

The oceans play a major role in regulating atmospheric CO,. However, the direction (i.e.,
absorption or release) and strength of CO2, movement is determined regionally through physical
and biological factors (Sarmiento & Gruber, 2006). For example, polar ocean surface waters are
depleted in CO; with respect to the atmosphere due to their decreased water temperature and
salinity relative to mid-latitude regions (Sarmiento & Gruber, 2006). To remedy this gradient
with the atmosphere, the polar oceans are able to absorb increasing amounts of CO; (Takahashi
et al., 1993), a proportion of which will be from anthropogenic emissions. However, the length
of time needed to equilibrate CO, with the atmosphere is approximately 6 months resulting in
seawater rarely being in equilibrium with the atmosphere (Sarmiento & Gruber, 2006). Thus,
CO2 exchange from the atmosphere to the ocean is the primary driver of OA in Arctic Ocean
surface waters (AMAP, 2018).
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Abstract

Anthropogenic carbon dioxide (CO;z) emissions have led to a global increase in atmospheric
CO: concentrations since the pre-industrial era, with the concentration of CO; in the surface
ocean increasing in response. Physical, biological, and biogeochemical processes contribute to
regionally variable surface ocean CO; exchanges with the atmosphere, causing some regions to
take up CO. more effectively than others. This heterogeneity is difficult to integrate into global
ocean models, however, as field observations of CO; fluxes over regions such as the Arctic
Ocean and sub-Arctic seas are lacking. One important regional gap is the Hudson Bay marine
region in central Canada, where cold temperatures and relatively fresh waters may enhance CO;
uptake relative to other regions. However, its exceptionally shallow, estuarine character may
limit its capacity for carbon sequestration. Here we present the first observations of surface
water CO; partial pressure (pCOz), salinity, and temperature in Southern Hudson Bay and James
Bay (SHB — JB), which borders Canada’s most carbon-rich watersheds in the Hudson Bay
Lowlands (HBL). Although surface water pCO; varied within and between the three summers
(August) of observation (2021, 2022, and 2023), mean pCO; (457, 453, and 477 patm) was
always above atmospheric CO; concentration (~416 patm). Mean calculated CO; fluxes from the
ocean to the atmosphere for August 2021, 2022, and 2023 were +2.8 +3.8, +1.5 +3.3, and +3.7
+3.7 mmol CO; m? d%, respectively. These results indicate that SHB — JB were weak sources of
CO; to the atmosphere during August, in contrast to what has been observed in the spring and
fall in central Hudson Bay. Increased water temperature due to river input explained much of
the variability in pCO2 across the region; however, additional processes, such as primary
production, mixing, and freshwater addition also contributed significantly to the regional
variability in surface ocean pCO; during this time of year. This work highlights the need for
regional scale pCO; measurements in Arctic and sub-Arctic seas due to the regional and
seasonal variation in freshwater cycling and terrestrial carbon input. These types of
observations will be necessary to adequately represent regional variability in global ocean
models to improve regional and global CO; flux estimates.
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3.1 Introduction

The concentration of carbon dioxide (CO;) in the atmosphere has increased by almost 40%
over pre-industrial levels, largely due to the burning of fossil fuels (9.9 Gt C yrl; Doney et al.,
2009; Friedlingstein et al., 2023; Paustian et al., 2000). In turn, the oceanic uptake of CO; has
also increased as the surface ocean seeks to reach equilibrium with the atmosphere
(Friedlingstein et al., 2023). The oceans have played a major role in modulating atmospheric CO;
since industrialization, accounting for the uptake of 185 +35 Gt C, roughly equivalent to 26% of
total anthropogenic emissions since 1850 (Friedlingstein et al., 2025; Sarmiento & Gruber,
2006). Despite accounting for 4.3% of the global surface ocean, the Arctic Ocean is estimated to
contribute between 5 - 14% of the global CO; sink, accounting for an uptake of 166 +60 Tg C per
year (Bates & Mathis, 2009; Jakobsson, 2002; MacGilchrist et al.,, 2014). However, large
uncertainties remain in the Arctic carbon budget (MacGilchrist et al., 2014) and ongoing ocean
warming makes the region’s future CO; uptake potential uncertain (Yasunaka et al., 2023). In
particular, the Arctic coastal seas, which make up =53% of the Arctic Ocean, remain
understudied (Bates & Mathis, 2009; Jakobsson, 2002; Yasunaka et al., 2023) and are especially
vulnerable to change as amplified warming in polar regions continues to impact both the
delivery of carbon to, and cycling of carbon within, the coastal marine system (Bauer et al.,
2013; Nielsen et al., 2024). Changes brought on by anthropogenic climate warming in the Arctic
such as increased runoff (Déry et al., 2016) and delivery of terrestrial carbon (Vonk et al., 2025),
warming (McLaughlin & Packalen, 2021), and a longer ice-free season (Markus et al., 2009) have
already weakened the coastal Arctic ocean’s carbon uptake capacity (Vonk et al., 2025).
Enhanced monitoring of Arctic coastal biogeochemical systems is needed to better understand
how their CO, uptake capacity will respond to continued climate warming (Friedlingstein et al.,
2025; Vonk et al., 2025).

Southern Hudson Bay and James Bay (Figure 3.1) are shallow sub-Arctic seas that drain the
world’s second largest contiguous peatland and store of soil organic carbon (MclLaughlin &
Packalen, 2021), much of which is locked in permafrost (Schuur et al., 2015). Yet they are
notably underrepresented in global ocean and pan arctic CO; flux estimates (Takahashi et al.,
2009; Yasunaka et al., 2023). Recent studies suggest Hudson Bay and Hudson Strait are
moderate to weak CO; sinks during the open water season relative to other Arctic shelf regions
(Ahmed et al., 2021). However, the inorganic carbon system of James Bay remains unstudied,
and the potential for terrestrial carbon inputs from the HBL to SHB-JB are sufficiently large as to
represent a large source of error when constructing carbon budgets for the Hudson Bay marine
region (Capelle et al., 2020). Here, our goal is to document, for the first time, the role of the
SHB-JB region as a sink or source of CO; during the mid-summer and to establish the main
drivers of surface water pCO; variability within the region at that time of year.
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3.2 Study Area: Hudson Bay and James Bay

Seawater enters Hudson Bay from the Arctic Ocean via Foxe Basin, and from the North
Atlantic Ocean via Hudson Strait, following a cyclonic (counter-clockwise) circulation pattern
within the bay during the summer months (Figure 3.1; Ridenour et al., 2019). A portion of this
water enters James Bay, a peripheral sea at the southern tip of Hudson Bay, from the northwest
before transiting cyclonically, ultimately exiting from the northeast, and circulating northwards
past the Belcher Islands. Water then passes north along the eastern flank of Hudson Bay, before
entering Hudson Strait and finally flowing into the Labrador Sea (Ridenour et al., 2019). The
region receives a disproportionately large amount of freshwater compared to other Arctic
regions through several large rivers that drain into Hudson Bay (Churchill, Nelson, Winisk; ~266
km3 yr?) and James Bay (Albany, Moose, Eastmain, La Grande; ~260 km3 yr?), accounting for
46% of total Canadian river runoff to the Arctic (Déry et al., 2016). Consequently, the surface
salinity of Hudson Bay and James Bay (average ~25) is much lower than the global average for
ocean surface waters (~35; Sarmiento & Gruber, 2006). This region is seasonally covered with
sea ice from late October-December to early June, with peaks in ice thickness in May; however,
ice thickness begins declining in James Bay a month earlier than Hudson Bay (Gagnon & Gough,
2006; Landy et al., 2017). Sea ice reaches a maximum thickness of 1 m in James Bay and 1.5 m
in Hudson Bay, increasing with latitude in James Bay and longitude (east — west) in Hudson Bay
(Gagnon & Gough, 2006; Martini, 1986). A freshwater flux of ~ 1200 km3 or more is withdrawn
from, or added to, the water column due to sea ice formation and melt in Hudson Bay,
seasonally altering surface ocean salinity (Granskog et al., 2011; Prinsenberg, 1988). The
combination of river input and sea ice melt works to stratify the surface of the bays, creating a
CO; depleted surface layer through the dilution of seawater (Ahmed et al., 2020).

Local river water drainage to southwestern Hudson Bay and James Bay is through the
Hudson Bay Lowlands (HBL). The HBL is the world’s second largest contiguous northern
peatland with an estimated total carbon storage of ~30 Pg C, equivalent to 20% of North
American soil carbon stocks (Packalen et al., 2014). Above 51°N, this large peatland spans the
gradient of continuous to sparse permafrost that is susceptible to thaw due to climate warming;
together with increased occurrence of wildfires, permafrost thaw is thought to be weakening
the region’s role as a CO, sink (Tarnocai, 2006; Virkkala et al., 2025). Arctic rivers carry
considerable amounts of carbon (inorganic and organic) seaward to the bays (Vonk et al., 2025);
however, the downstream impact of thawing permafrost on the river carbon load has not been
guantified. While changes in the delivery of terrestrial carbon will impact seawater pCO; in the
bays (e.g., Capelle et al.,, 2020), there remains limited inorganic carbon measurements in
southern Hudson Bay (Ahmed et al., 2020, 2021; Else et al., 2008) and no published baseline
observations in James Bay against which to assess such impacts.
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3.3 Methods
3.3.1 Surface Water Measurements

Data collection occurred during August 2021, 2022, and 2023 on board the r/v William
Kennedy. Detailed sample collection procedures are described in Ausen et al. 2023, Kamula et
al. 2022, and Mundy et al. 2024. Surface water was pumped through the ship’s hull (~2m depth)
continuously throughout the study at a rate of 1 L min! and passed through a ProOceanus®
CO2-Pro FT sensor (0.01 ppm CO; resolution, 0 — 1000 ppm CO, +0.5%), which uses a gas-
permeable membrane and infrared gas detector. The sensor is automatically compensated for
drift from zero, by performing a zero calibration every 6 hours (~1 — 3 ppm drift over 6 hr). This
instrument provided CO, molar ratio measurement from the water every five to seven minutes
while the ship was in operation. The CO; partial pressure (pCO;) was calculated as the product
of the CO; molar ratio (in ppm) in the total pressure of the gas stream supplied by the sensor.
The sensor headspace air is not dried and therefore the pCO; did not need water vapour
correction. The resulting pCO, was merged with the ship’s GPS and navigation data, as well as a
thermosalinograph (TSG) (Sea-Bird Electronics, SBE 21 SeaCAT Thermosalinograph) that
provided temperature (+0.01 °C) and conductivity measurements (+0.001 S m™) used to
estimate salinity (GSW Toolbox, Section 3.2.4). Here we report salinity values on the Practical
Salinity Scale (PSS-78), without units. Underway system data were screened to remove periods
of instrument maintenance, periods when the ship was at a port, and periods when the water
flow rate dropped below 1 L min'l. The total uncertainty associated with the surface water pCO>
measurements is summarized in supplementary information (Supplementary Table B.1).
Intersystem comparisons of the ProOceanus® CO,-Pro FT sensor indicate good agreement
between the CO,-Pro FT sensor and other, more commonly used underway systems (i.e. General
Oceanics; Arruda et al., 2019).

When compared with CTD temperature measurements, the TSG temperature
measurements were consistently 0.5 to 1°C warmer, likely due to the travel time between the
hull mounted intake and the instrument’s sensor. To account for the increased temperature
observed by the TSG, the CTD temperature was used to correct the TSG temperature data.
Linear regression models were used to estimate the relationship between TSG and CTD
temperature measurements. The resulting relationships were used to correct the TSG
temperature measurements to in situ conditions for each year.

3.3.2 CTD Casts & Water Sampling

Hydrographic profiles were collected using a Sea-Bird SBE 19plus V2 SeaCAT profiler CTD
(Conductivity, Temperature, Depth) deployed by winch off the ship’s stern at station stops. The
CTD was equipped with a Biospherical Instruments Inc. scalar photosynthetically active
radiation (PAR) sensor, a Sea-Bird/WET Labs chlorophyll a (CHL-a) fluorometer, a Sea-Bird SBE 43
dissolved oxygen (DO) sensor, and a Chromophoric Dissolved Organic Matter (CDOM)
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fluorometer. CTD measurements from within the surface mixed layer (average SML = 9.1 £ 6m,
7.5+5m,and 7.1 £ 4m in 2021, 2022, 2023, respectively) were synchronized with the underway
systems to correlate surface water CDOM, DO, and CHL-a estimations with surface water pCO;
observations.

Water samples were collected in profiles for the determination of salinity and stable
water isotopes (6'80-H,0, herein §80) using a SBE32 Rosette with 5L Niskin bottles, and a tap
within the laboratory of the ship, fed through the same intake as the pCO, and TSG sensors.
Samples collected for 680 determination were analysed with respect to the V-SMOW ratio of
180 to 0 at the University of Ottawa’s Jan Veizer Stable Isotope Laboratory using a Finnigan
MAT Delta plus XP + Gasbench (£2.0 %o) following analytical methods outlined in de Groot
(2004). Salinity samples were analysed at the University of Manitoba (2021 and 2023) on a
Guildline 8410A Portasal (+0.003) and at Amundsen Science (2022) on a Guildline 8400B Autosal
(+0.002).

3.3.3 Atmospheric Measurements

CO; flux studies require wind-speed and atmospheric CO; measurements. Wind speed
was obtained from the National Centres for Environmental Prediction’s (NCEP) North American
Regional Reanalysis (NARR) database (8 times daily, 32 km resolution; Mesinger et al., 2006). As
no atmospheric CO; observations are available for SHB-JB, we used the global atmospheric CO;
concentration obtained from the National Oceanic and Atmospheric Administration’s (NOAA)
historic atmospheric CO; archive for the month of sampling (Lan et al., 2025).

3.3.4 Sea Ice Cover Period

To assist in examining the influence sea ice melt on surface water pCO,, the extent of
Hudson Bay sea ice cover was determined for the study period. The sea ice cover period was
determined using the University of Bremen’s Advanced Microwave Scanning Radiometer 2
(AMSR-2) sea ice database. Sea ice concentration was reported using a 6.25 km grid (Spreen et
al., 2008). A mean weekly sea ice concentration of 15% was selected as the threshold for sea ice
presence (> 15%) or absence (<15%).

3.3.5 Data Analysis & Calculations
3.3.5.1 Sea Ice melt and Meteoric water fractions

Surface water salinity and isotopic composition were used to track the distribution of
meteoric water (river input, direct precipitation). Water mass fractions were estimated using
three linear equations in tandem with three endmembers: seawater (SW), meteoric water
(MW), and sea ice melt (SIM) (Table B.1), following Ostlund & Hut (1984):
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Eq.3.1 fsw + fuw + fam =1
Eqg. 3.2 fswSsw + fuwSwm + fsimSsim = Sobservea

Eq. 3.3 fsw8™0sy, + fuw 62 Opw + fsin 62051 = 6% 0ppservea

here f denotes the fraction of the associated component, S is the salinity, and §80 is the stable
isotope composition of water. Endmembers for SIM and SW used in calculations are modified
from (Ahmed et al., 2020). The MW endmember used in our study reflects observations from
the Moose River estuary at 0 salinity, as this is the largest river close to the cruise track (Table
3.1).

Table 3.1: Endmembers used for water mass fraction determination. Seawater (SW) and Sea
Ice Melt (SIM) endmembers were determined based on field observations of Hudson Bay
seawater and sea ice by Ahmed et al. (2020). Meteoric Water (MW) endmember was
determined through linear regression of observations in the Moose River estuary. Distribution
of SW, MW, and SIM may be found in Appendix B.

Salinity 6180 (%)
Seawater (SW) 32.1+0.1 -2.510.2
Meteoric Water (MW) 0 12.3+0.3
Sea Ice Melt (SIM) 1.4 +0.5 -0.8 0.2

3.3.5.2 pCO; Temperature Normalization

To account for effects of temperature changes on surface ocean pCO; dynamics, pCO>
values were normalized to temperature following Takahashi et al. (2002):

Eq.3.4 pCOZTemp = pCOZmean * 60-04’23(Tobserved_Tmean)

Eq. 3.5 pCOZNet — pcozobserved * 60-0423(Tmean_Tobserved)

Where the mean pCO2 (pCO2mean) or observed pCO2 (pCOzobserved) Values are
transformed by the empirically determined relationship between temperature and pCO; in
seawater (e%0424), scaled by the difference in observed (Tobserved) and mean temperatures (Tmean,
yearly, Table 3.2). This normalization produces two values, pCO27emp, representative of processes
related to temperature’s influence on surface water pCO;; and pCOznet, representative of the
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remaining (net) effects upon surface water pCO, after temperature variability has been

accounted for. The “net” effects incorporate all changes in surface water pCO, due to primary

production, respiration, alkalinity change, dilution through freshwater addition, mixing, and air
— sea exchange of CO, (Henson et al., 2018; Takahashi et al., 2002). The ratio of pCOztemp to
pCO2net indicates the relative strength of the temperature effect upon surface water pCO;

variability. In other words, when pCOzremp > pCO2net, temperature variation dominates the

observed pCO; variability in the dataset; whereas when pCOztemp < pCO2net, Other physical and

biological factors (net) exert stronger controls over the observed variation in surface pCO;
(Henson et al., 2018; Takahashi et al., 2002).

Table 3.2: Summary statistics for surface water properties as observed from the underway

thermosalinograph and flow-through pCO; systems. Sub—regions are defined in Figure 3.3.

Salinity Temperature (°C) pCO; (patm)
Region Year | Min | Mean | s.d. | Max | Min | Mean | s.d. | Max | Min Mean | s.d. | Max
2021 197 223 [35 (262 |59 [100 |24 [ 185 [300.7 | 469.6 | 54 | 601.5
lames 2022 11211207 [32 1257 |59 [10.6 |2.6 | 159 |2158 |484.7 |57 |592.2
Bay
2023 | 16.4 | 22.4 |23 263 |59 106 |26 |16.2 | 443.4 |502.9 |40 |587.2
Al |97 [215 [33 263 |59 [104 |25 [185]215.8 4836 |55 | 6015
2021 | n.d.
B‘:"'Le’ 2022 12241270 [16]29.0 [19 [63 |26 [12.0]349.7 [4222 [22 [4693
Islands
2023 | 445 266 |12 294 |50 |88 |[1.8 |14.1|416.7 4731 |27 |5321
Al | 224268 [1.4 1294 |19 |78 |25 [14.1]349.7 4523 |36 |532.1
2021 [21.8 270 |22 (314 |44 |75 |14 11137424382 |28 |49.2
Southern I~ oo 1194 | 271 |22 | 304 |48 | 7.8 |13 |12.2 | 3506 | 421.6 | 29 | 4795
Hudson
Bay 2023 1196|271 |13 [29.7 44 [104 |14 [142|416.7]469.1 |23 |5348
Al 1194271 |19 314 |44 |86 |19 |14.2]3506 |4450 |34 |5348
2021 |97 242 [38 (314 |44 [90 |24 ]189300.7 |456.7 |48 |601.5
All 2022 1211239 |41 [304 [19 [88 [3.1 1592158 |453.4 [54 |592.2
Regions
2023 | 16.4 | 260 |23 (297 |44 |96 |21 [16.2 |416.7 4773 [31 |587.2
Al |97 [247 |37 1314 |19 |91 |26 |185]215.8 |462.8 |47 | 6015
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3.3.5.3 CO; Flux Calculation

The exchange of CO; gas between the surface ocean and atmosphere was calculated
using the thin boundary model (bulk flux equation, Eq. 3.6) and gas exchange relationship (Eq.
3.7) outlined by Wanninkhof (2014):

Eq.3.6 Fatm-ocean = kKy (pCOZSW - pCOZatm)
Eq.3.7 k = 0.251U120m(SC/660)_0'5

Where F is the exchange (flux) of CO, between the atmosphere and surface of the ocean
measured in CO2 per square metre per unit time (e.g., mmol m2 d?1), k is the transfer velocity
(m d1), Ko is the aqueous phase solubility of CO; in water (mol m= atm™), and pCO2sw — pCO2atm
is the difference between seawater and atmospheric pCO; (patm; Wanninkhof, 2014). In
Equation 3.7, transfer velocity (k; cm hr?) is calculated using wind speed 10m above sea surface
(Uiom) and the Schmidt number (Sc), a gas and temperature specific parameter representative
of the kinematic viscosity of water divided by the molecular diffusion coefficient of the
respective gas (Wanninkhof, 2014). Schmidt number and CO; solubility constants were obtained
from Wanninkhof (2014) and Weiss (1974), respectively. Fluxes represent an exchange of a
certain magnitude, over a time interval, in a specific direction; therefore, using these equations
it is possible to estimate the total exchange of carbon, quantified as either an absorption flux
(negative, into the ocean) or an emission flux (positive, towards the atmosphere).

3.3.6 Analysis Programs

All data analyses were done using R (v 4.43) and Ocean Data View (ODV, v 5.8.1). Mixed
layer depth was determined from CTD casts using ODV with the depth at the maximum
estimated Brunt-Vaisala (BV) frequency to indicate the bottom of the surface mixed layer (Roch
et al.,, 2023). A minimum depth (3m) threshold was set to avoid underestimations, while a
maximum BV (14 cycles hr) threshold was set to avoid overestimations due to conductivity
increases at depth. The difference between oxygen saturation concentration and observed
dissolved oxygen, apparent oxygen utilization (AOU), was calculated in ODV from CTD-derived
temperature, salinity, and dissolved oxygen measurements. To understand potential controls on
surface water pCO,, we applied linear regression models examining the relationship between
observed pCO; and other ecosystem variables such as temperature, salinity, CDOM, CHL-a, and
fmw. A strong correlation between pCO; and an ecosystem variable does not imply causation;
however, the likelihood of causation may be evaluated using known biogeochemical processes
tied to that respective variable. Pearson’s Product Moment Correlation Coefficient (PPMCC) was
used to examine the strength of the association between pCO; and controlling variables and
assess model performance in relation to other studies (Asuero et al., 2006). The strength of the
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correlation between the two variables (r) is related to the goodness of fit of the linear
regression model (Supplementary Table B.2). Analysis of Variance (ANOVA) was performed in R
to compare the mean pCO; and CO; Flux between regions and years. Tukey’s honestly
significant difference (HSD) test was used to identify and quantify which ANOVA comparisons
are statistically different.
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3.4 Results
3.4.1 Surface Water Temperature and Salinity

In general, surface water temperature increased as the ship moved from higher salinity
waters (S ~25; T = 9C) towards local river mouths (S < 10; T up to 20°C; Figure 3.2). Maximum
surface salinity values reached S = 31 were found in Hudson Bay open waters (Figure 3.2).
Throughout the cruise the water column was generally stratified, with a mean mixed-layer
depth exceeding 2m (Bouchard et al. in prog.), indicating the measurements made by the
underway system were capturing the surface mixed layer.

To assist in identifying trends within the dataset, the study region was subdivided into
three sub-domains with distinct temperature and salinity water properties (Figure 3.3, Table
3.2). The James Bay region comprises the area south of latitude 55°N and is characterized by
relatively warm and fresh water; the Belcher Islands region is bounded by the 55°N James Bay
boundary in the south and 81°W in the west, and is characterized by relatively uniform, cooler,
and more saline waters. Finally, the southern Hudson Bay region extends north of 55°N and
west of 81°W with a relatively wider range of cool, saline water as compared to the Belcher
Islands region (Table 3.2).

34



Surface Water Temperature

Surface Water Salinity
2022 ( ‘

Figure 3.2: Summary of surface water properties from the James Bay Expeditions, 2021 —
2023, as observed from the underway thermosalinograph and flow-through pCO; systems. (a —
c) surface water temperature (°c) for 2021 — 2023 respectively; (d — f) water salinity for 2021 —
2023 respectively;(g — i) surface water pCO; (uatm) for 2021 — 2023 respectively.
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3.4.2 Surface Water Composition
3.4.2.1 Sea Ice Melt

Sea ice breakup dates (determined as < 15% sea ice concentration, see Section 3.1.4)
were determined to be the first week of June in each year; however, only a rough estimate of
sea ice breakup date is possible due to the under-performance of AMSR-2 in Hudson Bay
(Ahmed et al.,, 2021). Weekly ice charts published in Forget et al. (2024) confirm in-situ
observations of drift ice persisting near the shore in southern Hudson Bay, from Churchill River
to the Winisk River in August 2022. These ice floes were likely remnants of the thick (>10 m),
sediment-laden sea ice typically found in the area in June (Barber et al., 2021). The difficult
navigation conditions presented by the ice floes in August 2022 account for the northerly
deviation of the 2022 cruise track away from the southern Hudson Bay coast, relative to the
other years (Figure 3.2). The sea ice also potentially contributes to the lower mean surface
ocean temperature and salinity observed in 2022 relative to other years (Table 3.2). Across the
entire region, mean surface water SIM contribution was calculated to be 0 % (+ 4 %) in 2021,
2022, and 2023, with a maximum SIM contribute of 13 % observed in northwest James Bay in
2022.

2021 ApCO; (Sea - Air) 2023 ApCO; (Sea - Air)

60°N

56°N

52°N

95°'wW 90°'wW 85°'w 80°'w ) 95°'W 90°'w 85°W 80°w
2022 ApCO; (Sea - Air) d 2021 - 2023 Mean Gridded Surface Water pCO2

60°N Belcher Island

58°N

56°N

520N TR Southern

95w 90°wW 85°'w 80°'w

.., | Hudson Bay —
Region James Bay
el Region
i ~ BW

95°'Ww S0°'w

Figure 3.3: (a — c) Difference between seawater pCO; (uatm) and atmospheric CO; (414, 416, 417
ppm for 2021, 2022, and 2023, respectively (Lan et al., 2025). (d) Mean gridded surface
water pCO; (uatm) for August of 2021 — 2023. Sub-regions indicated by dotted lines.



3.4.2.2 Meteoric Water

Meteoric water fractions were highest near the Winisk, Moose, and Eastmain Rivers (88
- 99% MW), decreasing to =30% meteoric water content at the centre of James Bay
(Supplementary Figure B.1). The proportion of meteoric water decreased northwards from the
southern end of James Bay, with a slightly higher amount found on the east side, where water
is circulating northwards out of the bay (Ridenour et al.,, 2019). Given the low SIM fractions
observed in each year, we can infer that low salinity observations from the underway TSG
(Figure 3.2) were associated with increased meteoric water concentrations around the southern
coast of James Bay where large rivers enter the bay (Moose River, Eastmain River; Figure 3.1)
and along the east coast where La Grande River has its outlet (Figure 3.1). Elevated CDOM
concentrations in these low-salinity coastal areas (Figure 3.4) confirm that this meteoric water is
associated with low salinity observations, as rivers typically have much higher CDOM
concentrations than seawater due to high CDOM inputs from terrestrial organic material
(Granskog et al., 2007). CDOM and salinity observations also indicate increased river water
presence in surface waters along the northeast coast of James Bay (20%), where surface water
exits the bay and is advected northward towards the Belcher Islands (Supplementary Figure
B.1). In contrast, along the northwest side of JB, where there is sometimes inflow from southern
Hudson Bay (Ridenour et al., 2019), the maximum meteoric water content was 15%
(Supplementary Figure B.1).
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Figure 3.4: Surface water measurements of CHL-a (mg/m?3) and CDOM (mg/m3), colored by Latitude. Two clear
mixing lines are present. Northern observations near the Belcher Islands (red dots) have low CDOM at all CHL-a
values, whereas southern observations from James Bay (purple, blue dots) fall along a mixing line between low
CDOM, low CHL-a waters and high CDOM, medium CHL-a waters. These high CDOM, medium CHL-a data reflect
direct terrestrial inputs from the Moose River. The high CHL-a medium CDOM measurements were taken at the
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3.4.3 Surface Water pCO;
3.4.3.1 Distribution, Trends, and Range of Surface Water pCO;

Measured underway pCO; followed the distribution of temperature and salinity (inverse)
in all years, where pCO, was positively correlated with water temperature and an inversely
correlated with salinity. Observed surface water pCO; ranged from ~216 to 602 patm over the
study, while mean surface ocean pCO; exceeded atmospheric CO, concentration in each of the
three years of observations (atmospheric average = 417 ppm, Table 3.2; Lan et al., 2025). Higher
pCO, measurements typically occurred near rivers, whereas low pCO;, below atmospheric
levels, were only occasionally observed in open Hudson Bay waters (Figure 3.3). ANOVA reveals
surface water pCO; varied significantly both between regions and years, while Tukey HSD post-
hoc analysis revealed pCO; varied significantly in intercomparisons between all regions and all
years (Supplementary Table 3). Areas of low pCO. were generally found at the centre of James
Bay across all three years; however, James Bay surface water pCO; (483.6 patm %55) was
significantly higher than Southern Hudson Bay (445.0 patm +34) and the Belcher Islands (452.3
patm +36). Linear regression models examining the relationship between pCO; and
temperature and salinity indicate a moderate relationship between both variables (R? = 0.24,
RMSE = 41 patm) with neither variable behaving as a stronger predictor for pCO; (Figure 3.6).
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CO, Flux in Southern Hudson Bay and James Bay
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Figure 3.5: Box plots of CO, exchange (flux) as calculated for the 2021 — 2023 James Bay
Expeditions. The middle line within each box is the mean of the dataset; the box itself represents
the interquartile range; the whiskers represent the range of the data; and the dots represent
outliers. Mean CO; flux was above 0 for all years and all regions indicating the region was a weak
net CO; source to the atmosphere during the sampling periods.
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Figure 3.6: Linear regression models estimating the relationship between surface salinity and surface water temperature (°C) with surface water
pCO; (uatm). The solid black line shows the relationships from this study. The expected relationship between temperature and pCO; (based on mean
water temperature and pCO;) is shown by the red dashed line (Takahashi et al., 1993). Relationships for observations from Hudson Bay and Hudson
Strait in June 2020 (Ahmed et al., 2021) are shown with a black dashed-dotted line, while the relationships for the combined data set (current study
and Ahmed et al. 2021) are shown with a black dotted line. Statistics are given in Table 4.



3.4.3.2 CO; Fluxes between the Ocean and Atmosphere

Our data indicate that Southern Hudson Bay and James Bay were, on average, weak CO;
sources to the atmosphere during the study period but displayed considerable variability (Figure
3.5). ANOVA and Tukey HSD were used to identify significant differences between regional
observations of CO; flux. Southern Hudson Bay was the weakest source of CO, while the Belcher
Islands surface waters were the strongest CO; source across all years. Additionally, a statistically
significant increase in CO; efflux (+4.3 mmol m2d) was observed between 2022 and 2023 in
Belcher Islands surface water (Supplementary table B.4). Generally, the mean summertime CO;
effluxes were highest in 2023 (+3.7 3.7 mmol m2d), lowest in 2022 (+1.5 +3.3 mmol m2d?),
with 2021 (+2.8 +3.8 mmol m2d?) in between the two (Table 3.3).

Table 3.3: Comparison of CO; exchange between the sea and atmosphere in Southern
Hudson Bay and James Bay (SHB-JB) and other northern marine regions.

Study Shelf Sea Season Mean Flux
(mmol CO; m2day?)
Murata & Takizawa | Beaufort Sea Summer -12.0 (£ 3.6)
(2003)
Else et al. (2008) Hudson Bay Fall -0.7 (x0.4)
Burgers et al. (2017) | Canadian Arctic Archipelago and | Summer (2013) -12
Baffin Bay Summer (2014) -3
Ahmed et al. (2021) | Hudson Bay and Hudson Strait Spring — Early | -5.1(£9.3)
Summer
This Study Entire Study Area Late Summer 2.5(+3.7)
3.4.3.3 Normalized pCO;

As detailed in section 3.2.2., temperature effects on pCO; variability can be accounted for
using pCOztemp and pCOanet (Figure 3.7). When of pCOzremp exceeds pCOznet, temperature
variation dominates surface water pCO> variability. Areas with low pCO27emp and high pCOznet are
influenced more strongly by factors other than temperature variation. Figure 3.7 identifies
temperature as a dominant control on pCO; variability within southern James Bay and northern
James Bay. Conversely, heightened pCOa.net Observations were made in surface water of at the
centre of James Bay and surrounding much of the Belcher Islands. Here other processes
contribute to pCO; variability to a greater degree than temperature.
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Figure 3.7: (a — c) Surface water pCO,. (d — f) Surface water pCOztemp. (g — i) Surface water pCOxznet. All
units are patm.
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3.5 Discussion

Observations from this study identified that the Southern Hudson Bay and James Bay
region was a weak source of CO; to the atmosphere during August of three consecutive years
(2021, 2022, and 2023). These observations contrast with previous studies that found Hudson
Bay and other Arctic coastal shelf environments to be CO; sinks (Table 3.3). In the following
sections we examine the dominant controls on surface water pCO; in southern Hudson Bay and
James Bay and compare our findings to similar study regions.

3.5.1 Temperature and Salinity Controls on Surface pCO;

Temperature and salinity exhibit strong controls on surface water pCO, through their
effect on the solubility of CO; in seawater. Cold, fresher water holds higher concentrations of
dissolved gases. Previous studies within Hudson Bay identified relationships between surface
water pCO; and temperature/salinity, with salinity having a higher correlation index (Ahmed et
al., 2021; Else et al., 2008; Table 3.4). These past Hudson Bay observations are consistent with
results from the Canadian Arctic Archipelago (Geilfus et al., 2018). Here, as expected, we also
find correlations between temperature/salinity and surface ocean pCO; within all three of our
subregions (Figure 3.6, Table 3.4). However, Ahmed et al. (2021) observed stronger relationships
between Hudson Bay surface water pCO; and both temperature (r? = 0.42) or salinity (r> = 0.51)
than we observed in this study (r? = 0.24; Table 3.4). It is notable that we experienced generally
warmer waters (T = 1.9 — 18.5°C) during this study compared to the previous study (T = -1.8 —
11.1°C, Ahmed et al., 2021), likely due to a combination of both sampling later in the season
(August vs. June-July) and lower latitude. Our data had a similar salinity range to Ahmed et al.
(2021), however, the previous study followed shortly after sea-ice breakup and consequently
had significant sea ice melt contributing to low salinity observations, whereas the bulk of our
low salinity measurements were attributed to river inflow. Combining observations from the
previous study and the current study together yields a stronger predictive relationship between
both surface water temperature (r?>= 0.56, Table 3.4) or salinity (r?>= 0.56, Table 3.4) and pCO>
than either study provides individually. This combined dataset represents a new region,
comprised of Hudson Bay, James Bay, and Hudson Strait (HB-JB-HS, Table 3.4, Figure 3.6). Within
HB-JB-HS, both temperature and salinity describe 56% of surface water pCO, variation,
however, the Pearson Correlation Coefficient test identified temperature to have a stronger
linear correlation with pCO> than salinity. Thus, 56% of surface water pCO; variation across the
HB-JB-HS region can be predicted by surface water temperature variation.
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Table 3.4: Summary of linear regression, root mean square error (RMSE), and Pearson’s
product moment correlation coefficient (PPMCC) analysis for all regions. Ahmed et al.,
(2021) subregion contains Hudson Bay and Hudson Strait.

Sub-Region R? RMSE (patm) | r
(PPMCC)
All Data T 0.24 41 0.49
S 0.24 41 -0.49
Southern HudsonBay | T 0.27 29 0.51
S 0.02 33 0.13
James Bay T 0.17 50 0.41
S 0.29 46 -0.54
Belcher Islands T 0.16 33 0.40
S 0.01 35 -0.09
Ahmed et al. (2021) T 0.42 39 0.65
S 0.51 36 -0.71
Hudson Bay, James |T 0.56 44 0.83
Bay, and Hudson Strait | S 0.56 53 -0.75

More insight can be gained into temperature’s control on surface water pCO. by
normalizing the regional variability in pCO; to variability in measured temperature. Temperature
effects on pCO, variability can be accounted for using pCOzremp (Figure 3.7). When pCOztemp
exceeds pCOaznet, temperature variation dominates surface water pCO; variability. Areas where
pCO2net €xceeds pCO2remp are influenced more strongly by factors other than temperature
variation. Figure 3.7 identifies temperature as a dominant control on pCO; variability within
southern James Bay. Conversely, the pCOanet at the centre of James Bay and surrounding much
of the Belcher Islands exceeded pCOztemp, indicating that other processes contribute strongly to
pCO; variability more than temperature.

For regions with pCOzremp > pCOznet, temperature variation and corresponding pCO;
variation may be influenced by the proximity of rivers. For example, in Figure 3.7, peaks in the
pCOz1emp are evident during each year of the study when we were within the region of influence
of the Moose River plume (Figure 3.7). Peaks in the pCO27emp are also evident in the area of
influence of the Churchill River plume (all years), and near the Nelson River and Winisk River
plumes in 2023.

For regions with pCO27emp < pCO2net, Where other ecosystem processes exert additional
influence on pCO; distributions than temperature variation, the centre of James Bay and the
Belcher Islands stands out in 2022 and 2023, especially in contrast to the regions near river
inflows (Figure 3.7). Surface water pCO; in these regions may be more strongly influenced by
factors such as primary production, tidal mixing, and upwelling, and less influenced by
temperature effects, as has been observed in the Canadian Arctic Archipelago and the sub-arctic
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Atlantic Ocean, where seasonal biological controls overshadow the effects of temperature
during the summer (Ahmed et al., 2019; Takahashi et al., 2002). Surface water pCO; in southern
Hudson Bay also primarily reflects other (net) processes across all years (discussed further
below), with the exception of 2023, when the pCOztemp indicates temperature was the dominant
factor influencing pCO; variation.

3.5.2 “Net” effect of physical and biological processes on surface water pCO;

The “net” effect of other processes on surface water pCO: (Eq. 3.5) captures the impact
of processes other than temperature that contribute to variability in surface water pCO,. These
include biological processes such as primary production and respiration, changes in alkalinity
due to freshwater addition, ocean mixing (via tides, wind, or upwelling), and air — sea exchange
of CO2 (Henson et al., 2018). By examining each of these processes independently, we attempt
to identify which of these processes exert the most influence on pCO; within the southern
Hudson Bay, James Bay, and the Belcher Islands areas.

3.5.2.1 Primary production and respiration

The biological pump decreases pCO; within the surface ocean as photosynthesis
repackages CO; into organic matter and exports it below the mixed layer (Legendre, 2024). CHL-
a and Fluorescent Dissolved Organic Matter (FDOM) concentrations have been used as proxies
for primary production in other studies in the region (Ahmed et al., 2021). Here DO and CHL-a
data collected from the ship’s CTD also can be used here to investigate the impact of primary
production on surface pCO; distributions. FDOM was not available in this study, but CDOM was
used in its place, recognizing that river water dominates the CDOM signal near the coast and
primary production signals are secondary (Granskog et al., 2007). Apparent Oxygen Utilization
(AOU) may also serve as an indicator of biological activity; where positive AOU values represent
oxygen (Oz2) consumption (e.g. bacterial respiration), and negative AOU values represent O3
production (e.g. photosynthesis). Oxygen data are not available for 2022.

CHL-a fluorescence measurements from the ship’s CTD showed high (~5 mg m=3) CHL-a
near rivers, decreasing to ~2 mg m3 at the centre of James Bay, before nearing 0 mg m3 in
surface water surrounding the Belcher Islands (Figure 3.4). At the centre of James Bay, pCO; was
observed to be undersaturated in tandem with increased CHL-a concentrations, signalling
significant biological activity within the area. Further, surface mixed layer AOU within the centre
of James Bay was the lowest observed throughout the cruise. The strongly negative values
indicate significant rates of O; production at the centre of James Bay. AOU increases both
surrounding the Belcher Islands, and with proximity to river mouths, indicating O2 consumption
dominates over O; production in these areas. AOU was highest south of the Belcher Islands,
coinciding with a region of heightened pCOanet (Figure 3.7), indicating respiration may be a
dominant control on surface water pCO; around the Belcher Islands. Notably, neither AOU nor
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CHL-a predict surface water pCO, with a high degree of accuracy in our study, compared with
Ahmed et al., (2021), who found both CHL-a and FDOM to be minor predictors of surface water
pCO; within central Hudson Bay and Hudson Strait. In contrast, our observations produce poor
correlations between surface water pCO, and CDOM (R? = 0.19) or CHL-a (R? = 0.052) within the
southern Hudson Bay and James Bay region. Likewise, while DO indicates areas of primary
production and respiration, DO alone was found to be a poor predictor of surface water pCO;
within southern Hudson Bay and James Bay (R? = 0.048).

3.5.2.2 Mixing

Physical mixing processes, such as those driven by winds or tides, may play an important
role in Southern Hudson Bay as a potential driver of pCO; distributions. Wind-driven upwelling
can bring deep, cold, saline water with high pCO; to the surface where it could result in a
positive CO; flux to the atmosphere (Prinsenberg, 1986; Sarmiento & Gruber, 2006). Upwelling
events have been observed in northern Hudson Bay during the spring, summer, and fall seasons
(Ahmed et al., 2021; Prinsenberg, 1986). These consistent upwelling conditions are created by
the prevailing westerlies, driving surface water away from the west coast of Hudson Bay
(Ahmed et al., 2021). Wind-driven upwelling events may have occurred along the northeast
shore of the Belcher Islands during the study period (Supplemental Figures B.2 & B.3),
potentially contributing to conditions of increased pCOanet via vertical mixing (Figure 3.7).
However, the region of heightened pCOznet around the southern Belcher Islands is inconsistent
with the wind direction required to create upwelling in both 2022 and 2023. Another possible
explanation for these observations is the strong M2 tide within Hudson Bay, with an
amphidromic point near the Belcher Islands (Petrusevich et al., 2018). This tidal component
creates a hotspot for internal wave activity towards the south east of the Belcher Islands,
promoting vertical mixing due to the variability of seafloor bathymetry in the area (Petrusevich
et al., 2018). Mixed layer depth observations from around the north and south-east of the
Belcher Islands indicate a deeper mixed layer at these locations (Supplemental Figure B.4)
supporting physical mixing processes as important drivers of pCO; variations.

3.5.2.3 Freshwater

Freshwater addition, either through sea ice melt or incoming river waters, can change
surface ocean temperature, salinity, and alkalinity, potentially contributing to observations of
heightened pCO2net. Freshwater addition to the surface ocean can dilute total alkalinity (TA) and
dissolved inorganic carbon (DIC), impacting pCO: of the resulting mixture. For example, Burt et
al. (2016) observed heightened TA (1870 umol kg%, S = 0) within the Nelson River, while the TA
of east Hudson Bay Rivers was considerably lower (689 umol Kg*, S = 0). Assuming both rivers
and sea surface are in equilibrium with the atmosphere (417 ppm, Figure 3.3), pCO; and TA can
be used to determine DIC end-members for seawater (2096 umol Kg?), the Nelson River (1879
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umol Kg!), and eastern Hudson Bay Rivers (710 umol Kg?). Conservatively mixing equal parts of
these two rivers with marine water from Hudson Bay (TA = 2251 umol Kg?, S = 32) would result
in two water masses: one with S = 16, TA = 2061 pmol Kg, and DIC = 1988 umol Kg* (Nelson
River/seawater mixture) and one with S = 16, TA = 1470 umol Kg, and DIC = 1403 umol Kg*
(East Hudson Bay River/seawater mixture). Despite all three water masses beginning with the
same pCO;, the mixture has resulted in two greatly different pCO, values: 448 patm for the
eastern Hudson Bay mixture and 285 patm for the east James Bay mixture. Because pCO; does
not mix conservatively, under the right conditions freshwater mixing with seawater may
decrease pCO,. Alkalinity observations from the La Grande River mouth have been reported as
low as ~26 pmol Kg* (Rosa et al., 2012), thus meteoric water mixing with seawater within this
locale will result in in decreased surface water pCO,, corresponding with increased pCO2anet
observations (Figure 3.7). This may help explain pCO2net Observations near the centre of James
Bay and near the La Grande River (Figure 3.7).

Although sea ice melt was not a major contributor to surface waters during our
sampling, a non-proportional dilution of DIC and TA would be expected wherever there were
SIM additions, akin to the effect of the La Grande River. Observations of first year sea ice
indicates sea ice TA may average ~420 pumol Kg* and exceeds corresponding DIC concentrations
of ~330 pmol Kg?t, thereby diluting seawater TA and DIC disproportionately, ultimately
contributing to a net decrease in pCO, (Burgers et al., 2023). Although not revealed by the
freshwater fractions calculated in section 3.4.2, we suspect that additional sea ice melt was
present in summer 2022 and, together with colder temperatures, offers some explanation for
lower surface water pCO; across the entire sampling region in 2022 compared to the other two
sampling years (Figure 3.3, Supplementary Figure B.1).

3.5.3 The Seasonal Cycle of pCO; in Hudson Bay and James Bay

Using Ahmed et al. (2021)’s spring observations and Else et al. (2008)’s fall observations,
we propose a seasonal open-water cycle for pCO; in Hudson Bay and James Bay. Within this
conceptual model, a central role is played by the high volumes of river discharge within the
region and the long ice-free season, with allows pronounced surface heating (Bruneau et al.,
2025; Soriot et al., 2025). While seasonal processes such as primary production within polynyas
or freshwater addition through sea ice melt have been observed to drive down surface water
pCO,, river discharge has been observed to exert the opposite effect on surface water pCO;
(Ahmed et al., 2021; Else et al., 2008). We propose that, within Hudson Bay estuaries and river
plumes, increased temperatures and the delivery of riverine carbon drives pCO; oversaturation
in the spring, summer, and fall (Ahmed et al., 2021; Else et al., 2008). As the water temperature
increases in the summer, surface water pCO; increases accordingly, peaking in the late summer
to early fall. This proposed seasonal trend of surface water pCO; in Hudson Bay (i.e., increasing
during the summer months) is opposite what has reported for the Baltic Sea (Schernewski et al.,
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2011), parts of the Canadian Arctic Archipelago (Geilfus et al., 2018), and the global ocean
(Takahashi et al., 2002). Within these other Arctic and sub-Arctic shelf seas, spring algal blooms
draw down pCO; in the early summer months, and nitrogen fixation contributes to further
decrease in total CO, concentration in surface water as summer progresses (Schernewski et al.,
2011). Geilfus et al. (2018) made a similar observation in surface water pCO; in Coronation Gulf
in the southwestern CAA during the summer. Here they saw that pCO. increased above
atmospheric levels, corresponding with an increase in temperature and a decrease in salinity
due to river input, similar to the trends observed for Hudson Bay and James Bay.
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3.6 Conclusions

Surface water pCO; within southern Hudson Bay and James Bay is highly variable in
summer and the region acted as a CO; source to the atmosphere in all three years visited. The
mean calculated CO; fluxes from the ocean to the atmosphere were +2.8 +3.8, +1.5 3.3, and
+3.7 ¥3.7 mmol CO; m?2 d* for 2021, 2022, and 2023, respectively. These observations are in
contrast to other Arctic shelf seas (Canadian Arctic Archipelago, Beaufort Sea) which have been
shown to be CO; sinks in summer (August, Geilfus et al., 2018; Murata & Takizawa, 2003).
Increased seawater temperatures (due to the influence of rivers) over our study period, relative
to historical studies, may explain the region’s status as a CO source to the atmosphere during
our study.

Surface water pCO; within southern Hudson Bay and James Bay is governed by many
processes, as such, neither temperature nor salinity were found to be strong predictors for pCO;
across this region. However, when combined with data from Hudson Strait and northern
Hudson Bay, temperature described the bulk of the pCO; variation across the broader region.
Despite temperature’s strong influence over surface water pCO;, additional physical and
biological factors play important roles in the determination of surface water pCO,, especially
around the Belcher Islands and in James Bay. Physical mixing driven by wind and tides may be
an important contributor to pCO; distributions around the Belcher Islands, resulting in
increased pCO; around the Islands relative to nearby areas. Likewise biological activity within
James Bay draws down pCO; in the surface water, contributing to decreased surface pCO;
compared to Hudson Bay. As temperature exerts a strong influence on surface water pCO,, it
may occasionally mask other processes, thus high-resolution regional examinations of the
carbonate system is warranted to properly understand local carbonate system drivers.

Due to their position further south than other arctic shelf seas, Hudson Bay and James Bay
are experiencing the impacts of anthropogenic climate change (increased river runoff,
permafrost thaw, shorter sea ice period) sooner than other regions (Déry et al.,, 2016;
McLaughlin & Packalen, 2021; Soriot et al., 2025; Vonk et al., 2025). As such, Hudson Bay and
James Bay may serve as model systems to better understand how these changes will impact
higher Arctic regions as they experience warming. As evidenced by the variability of controls on
surface water pCO; in Southern Hudson Bay and James Bay in the summer months, high
resolution regional and seasonal carbonate system measurements will be needed to fully
understand how the SHBJB carbon system will respond to further climate change. Future work
within this region should seek to extend our knowledge of James Bay’s carbonate system to
spring and summer months. Additionally, future work should seek to solidify the causes of local
mixing and to quantify the interaction of the Hudson Bay deep water on the surface water
carbonate system of southern Hudson Bay and James Bay.
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Abstract

Anthropogenic ocean acidification, brought on by increasing atmospheric carbon dioxide
(CO2) concentrations, poses a threat to ocean ecosystems through changes to the ocean’s
inorganic carbon system. Within the Arctic Ocean, this threat is amplified due to cool
temperatures and low salinity, as these features support an enhanced capacity for CO, uptake
from the atmosphere. Moreover, the Arctic Ocean’s coastal domain is particularly sensitive to
increased CO, due to additional inputs of carbon from land such as coastal erosion, rivers,
permafrost thaw. For example, the Canadian Arctic peripheral seas - Hudson Bay and James Bay
- receive 12% of Arctic river runoff, with a significant portion draining from the Hudson Bay
Lowlands (HBL), a permafrost laden peatland estimated to store ~30 Pg of carbon. The impacts
of this carbon input to Southern Hudson Bay and James Bay have yet to be quantified, however,
as only a handful of studies have examined the Hudson Bay inorganic carbon system, and none
have been conducted in James Bay. In this study, we present the first high resolution
measurements of the James Bay inorganic carbon system while building on the previous studies
in Southern Hudson Bay. Saturation states (Q) of carbonate minerals (aragonite and calcite)
were calculated using dissolved inorganic carbon (DIC) and total alkalinity (TA) samples collected
during the James Bay Expeditions (August 2021, 2022, and 2023). These data provide a baseline
understanding of the carbonate system of James Bay and the first examination of drivers of
carbonate mineral saturation conditions. Within James Bay, Q varied with proximity to river
inflow. The saturation state of aragonite (Qaragonite) Was < 1 (undersaturated) throughout James
Bay’s entire water column, while calcite saturation (Qcaicite) remained >1 outside rivers,
contrasting with what has been reported for Hudson Bay. North of James Bay, Qaragonite increased
in surface waters creating a saturated (Q>1) layer, approaching Q= 1 at ~25m depth.
Undersaturated conditions (Q < 1) within James Bay were attributed to large quantities of river
water entering the bay, altering the seawater carbonate system. This work provides a baseline
understanding of the James Bay inorganic carbon system by identifying the main drivers of
calcium carbonate saturation state. Future work should further examine eastern and western
James Bay river inputs to better understand how projected changes in discharge will further
impact the ocean’s capacity for CO, uptake, and ultimately, its corrosiveness to calcium
carbonate shell formation.
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4.1 Introduction
4.1.1 Background Information

Anthropogenic CO, emissions have led to a 40% increase in atmospheric CO, concentration
since the industrial revolution (~¥1750; Gulev et al. 2023). Consequently, the concentration of
CO; within the global ocean has increased, as the atmosphere and ocean attempt to seek an
equilibrium state. This has been particularly acute in the Arctic Ocean, where cool temperatures
and low salinity support an enhanced capacity for CO; uptake from the atmosphere (Terhaar et
al., 2021). As a result, recent studies have documented both a decline in seawater pH and the
saturation state of biologically important calcium carbonate minerals (aragonite and calcite) in
the Arctic Ocean and several of its peripheral seas (Mathis et al., 2015; Terhaar et al., 2021;
Zhang et al., 2020). This response is symptomatic of ocean acidification (AMAP, 2018) and has
resulted in a global ocean pH reduction of 0.11 since the beginning of the industrial revolution
(Jiang et al., 2019).

The Arctic Ocean has the potential to acidify more quickly than other oceans due to cold
water temperature and relatively low salinity, which contribute to increase CO; solubility,
promoting CO, uptake from the atmosphere. As such, surface waters within the Arctic Ocean
may see a pH reduction of up to 0.5 units by 2100 (IPCC RCP8.5; AMAP, 2018); a greater
reduction than is expected of the global surface ocean (0.3; IPCC RCP8.5; Jiang et al., 2019).
Ocean acidification (and by extension pH reduction) is thus linked to the health of the
ecosystem through the saturation state (Q) of carbonate minerals (CaCOs3), aragonite (Qarag) and
calcite (Qcal), which calcifying organisms (such as invertebrates or plankton) use to form their
hard structures (Azevedo et al., 2015; Mathis et al., 2015; Niemi et al., 2021).

Ocean acidification is not alone in impacting Arctic Ocean ecosystems, but other seasonal
and regional factors, such as changing sea-ice extent (Steiner et al., 2015), freshwater input
(Markus et al., 2009), and water temperature (Brand et al., 2014), also contribute to variability
in marine carbonate chemistry. This high heterogeneity is even more challenging given the
limited regional and seasonal extent of observations (Mathis et al., 2015), particularly in the
Arctic Ocean’s peripheral seas, such as Hudson Bay and James Bay. There have been only a
handful of studies over the past two decades examining the seawater carbonate system in
Hudson Bay (e.g. Ahmed et al., 2020; Azetsu-Scott et al., 2014; Burt et al., 2016), while James
Bay remains unstudied. As such, increasing observations of inorganic carbon system parameters
in this region is both critical to understanding present changes and to predicting future
responses to continued anthropogenic CO; emissions (Steiner et al., 2015).
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4.2 Study Area

Hudson Bay and James Bay receive 12% of pan-arctic river input, accounting for 46% of total
Canadian river runoff to the Arctic (Déry et al., 2011, 2016). Several large river watersheds drain
into Hudson and James Bay (Figure 4.1) contributing to low surface salinity (HB average ~29 g
kg?!; Déry et al., 2016; Prinsenberg, 1986). Within Hudson Bay, salinity increases rapidly with
depth until reaching ~33 salinity at 30m (Prinsenberg, 1986). While both Hudson and James Bay
receive similar amounts of freshwater (388 and 326 km?3 yr, respectively), the drainage basin
area of Hudson Bay (~¥2575x103 km?) is substantially larger than that of James Bay (~718 x103
km?; Déry et al., 2011). James Bay is considerably shallower than Hudson Bay; mean depth of
James Bay is 20m while mean depth in Hudson Bay is 125m (Kuzyk & Candlish, 2019). Maximum
depth in Hudson Bay reaches 220m whereas James Bay’s maximum depth is 60m (Kuzyk &
Candlish, 2019). Baseline hydrographic conditions of James Bay were not available prior to the
James Bay Expeditions (August 2021, 2022, and 2023; Kamula et al., 2022).

Seawater circulation in Hudson Bay is cyclonic (counter-clockwise) during the summer;
water enters northern Hudson Bay from Foxe Basin and the north Atlantic Ocean via the Foxe
Channel and Hudson Strait (Figure 4.1, Ridenour et al.,, 2019). Seawater circulates counter-
clockwise around Hudson Bay, mixing with river water at the mouth of James Bay before
circulating northwards past the Becher Islands before finally exiting back to the Atlantic Ocean
(Ridenour et al., 2019). Hudson Bay and James Bay are seasonally covered with sea ice from late
October to early June, with peak ice thickness in May (Gagnon & Gough, 2006; Landy et al.,
2017). Sea ice thickness begins declining in James Bay briefly before Hudson Bay (Gagnon &
Gough, 2006; Landy et al., 2017). Sea ice reaches a maximum thickness of 1 m in James Bay and
1.5 m in Hudson Bay, increasing with latitude (south — north) in James Bay and longitude (east —
west) in Hudson Bay (Gagnon & Gough, 2006; Martini, 1986).

Upstream of Hudson Bay and James Bay lie the Hudson Bay Lowlands (HBL), the world’s
second largest peatland complex, estimated to hold 33 Gt of carbon as partially decomposed
vegetation (Figure 4.1; Packalen et al., 2014). Climate warming induced permafrost thaw may
trigger a strong positive climate feedback loop, whereby permafrost thaw leads to increased
carbon emissions from HBL through 1) direct evasion to the atmosphere as carbon dioxide (CO>)
and methane (CH4), and/or 2) by relocation of organic and inorganic carbon to the ocean by
riverine transport (Schuur et al., 2015; Vonk et al., 2025; Vonk & Gustafsson, 2013). Hudson Bay
and James Bay receive 17% of total DIC delivery to the Arctic each year, the second most among
Arctic shelf regions (Vonk et al., 2025). The microbial and mechanical degradation of terrestrial
carbon in the coastal ocean not only weakens the ocean’s carbon uptake capacity, but also
elevates the risk of ocean acidification (Bauer et al., 2013; Duarte et al., 2013; McGuire et al.,
2009; Vonk & Gustafsson, 2013).
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Figure 4.1: Hudson Bay, James Bay, and the Belcher Islands. Circulation
pattern adapted from Ridenour et al., 2019. River boundaries adapted
from Statistics Cananda 2016 census. Spatial Reference: Name: WGS 1984
Web Mercator Auxiliary Sphere, Map Units: Meter. Sources: Esri, TomTom,

Garmin, GEBCO, National Geographic, NOAA, FAO, USGS, EPA, NRCan,
Parks Canada, NaturalVue, and the GIS User Community



Both Hudson Bay and James Bay have experienced pronounced increases in air and water
temperature (Brand et al., 2014; Bruneau et al., 2025), decreased sea ice cover period (Soriot et
al., 2025), changing river inflow caused by climate change and damming (De Melo et al., 2022;
Stadnyk et al., 2021), and elevated rates of shoreline permafrost erosion (Dredge & Dyke, 2020)
that together with changing permafrost distribution and watershed hydrology can result in the
mobilization and export of terrestrial carbon (organic and inorganic) to the marine system
(Dredge & Dyke, 2020; Nielsen et al., 2024). These terrestrial inputs contribute to a highly
heterogeneous marine carbonate system along Hudson Bay and James Bay coastlines. In
particular, remineralization of organic carbon delivered by rivers can contribute to CO;
accumulation and Q undersaturation in coastal waters (Capelle et al., 2020). Marine primary
production serves to offset the influx of inorganic carbon as autotrophic organisms (algae,
phytoplankton) use nutrients, CO2, and sunlight to produce organic matter within the upper
water column. As this organic matter sinks and leaves the surface mixed layer, it is remineralized
back into inorganic carbon, leading to CO; accumulation at depth.

Rivers draining into southern Hudson Bay and James Bay have different carbon chemistry
depending on their geographic location. In particular, the rivers in the south and west of Hudson
and James Bay drain the Hudson Bay Lowlands that contain vast peatlands underlain by glacio-
lactustrine sediments over carbonate sedimentary formations (Dredge & Dyke, 2020). This gives
rivers draining the south western section of HB & JB roughly three times the alkalinity relative
to the rivers along the eastern coast that drain boreal soils over Precambrian Shield (Rosa et al.,
2012; Azetsu-Scott et al.,, 2014; Burt et al.,, 2016). Azetsu-Scott et al. (2014) observed rivers
flowing into the south-west of Hudson Bay contributed to decreased seawater Qarsg to an extent
(1.50 vs 1.25) less than the rivers flowing into the south-east side of the bay and attributed
these differences in river characteristics to differing watershed geology. Aragonite
undersaturation (Qarag < 1) was observed in waters across Hudson Bay and Hudson Strait
associated with surface waters with > 10% meteoric water, and in bottom waters, where organic
matter remineralization rates were expected to be high (Azetsu-Scott et al., 2014). Azetsu-Scott
et al. (2014) indicated that the Qarg saturation horizon (i.e., the depth below which aragonite is
undersaturated) for central Hudson Bay was estimated to be at ~50m depth but was observed
to shoal within 20m-30m of the surface in southeastern Hudson Bay with this last observation
based solely on one profile (Burt et al., 2016). While this previous research gives insights into
river impacts on Hudson Bay, similar observations have yet to be documented in James Bay, as
the most southerly sampling during previous studies extended only to the mouth of James Bay
(e.g. Azetsu-Scott et al., 2014; Burt et al., 2016) .

In this study, we present the first high resolution measurements of the James Bay inorganic
carbon system while building on the previous studies in Southern Hudson Bay. These data
provide a baseline understanding of the carbonate system of James Bay and the first
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examination of drivers of carbonate saturation conditions. Our goal is to determine the
dominant controls on the saturation states (Q) of carbonate minerals (aragonite and calcite) and
ocean pH within the SHB & JB region, including the impacts of river input on marine carbonate
chemistry. Establishing this observational baseline is essential to predict how ongoing climate
change, including warming and increased river discharge, will impact the ocean’s capacity for
CO. uptake, and ultimately, its corrosiveness to calcium carbonate shell formation.
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4.3 Methods
4.3.1 Collection
4.3.1.1 Bottled Water Collection

Sample collection took place in Southern Hudson Bay and James Bay on board the RV
William Kennedy during the “James Bay Expeditions” (funded by NSERC, Oceans North, CMO-
IOF, MEOPAR NCE, DFO, and ArcticNet NCE) carried out in August of 2021, 2022, and 2023
(detailed in Ausen et al., 2023; Kamula et al., 2022; Mundy et al., 2024). In all three years, water
samples were collected either from 5L Niskin bottles arranged in a carousel (Sea-Bird Rosette)
deployed off the ship’s stern and equipped with a Sea-Bird 19+ V2 conductivity, temperature,
and depth (CTD) profiler (see 2.1.2 below), or from single 5L Niskin bottles deployed from the
zodiac. While the ship was underway, surface water samples were collected from a tap in the
ship’s laboratory that was continually fed from an intake on the ship’s hull 2m below the sea
surface.

Water sample collection followed practices outlined in Dickson et al. (2007). Collection
from Niskin Bottles began immediately upon retrieval. Samples were collected using a clean
piece of silicon tubing with any air bubbles removed. After rinsing each sample bottle with three
times its volume, the bottles were filled carefully so as not to introduce any bubbles into the
sample. Bottles were filled in the following order: pH (250ml Pyrex), total alkalinity (TA), and
dissolved inorganic carbon (DIC; 500ml borosilicate glass bottle with ground stopper), then bulk
water (500ml HDPE bottle). Bulk water was collected for subsampling of other physical and
geochemical variables such as salinity and stable water isotopes (§'80-H,0).

DIC/TA bottles were immediately brought to the fume hood where 1% of the sample
was removed to create a headspace, then the sample was preserved with 100 pL of saturated
HgCl, solution. Using a 60ml syringe with silicon tubing, salinity and 6§80 were subsampled from
the 500m| HDPE bottle into their respective bottles after three rinses. DIC/TA and salinity
samples were stored in the dark at room temperature. Samples for the determination of 6§20
were stored at 4°C in the refrigerator. pH samples were protected from light and kept at room
temperature for immediate analysis (2.2.1 Water Sample Analysis).

4.3.1.2 CTD Casts

The hydrography of Southern Hudson Bay, James Bay, and the Belcher Islands was
determined using two Sea-Bird 19+ V2 CTDs, one mounted to the Rosette and one in a
standalone configuration. Both CTDs were equipped with a Biospherical Instruments Inc. scalar
photosynthetically active radiation (PAR) sensor (model QSP2350) and a Sea-Bird SBE 43
dissolved oxygen (DO) sensor. The Rosette mounted CTD included a SeaBird/WET Labs
chlorophyll, CDOM, and phycoerythrin fluorometer (model FL3BAC), however, the fluorometer
did not collect data during the 2023 field season. The CTD in standalone configuration was
equipped with a WETStar fluorometer (WET Labs; model FLRT) for chlorophyll determination, a
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model FLCDRT fluorometer (WETLabs) for CDOM determination, and a C-Star transmissometer
(WETLabs; model CST) with a 25cm pathlength for transmissivity. The CTD in standalone
configuration was deployed from the stern of the vessel between water collection casts to
provide additional profile resolution. An RBRmaestro® Multi-Channel Logger and a SonTek
CastAway CTD were also used to collect hydrographic data during zodiac operations.

4.3.2 Sample and Data Analysis
4.3.2.1 Water Sample Analysis
Samples for the determination of §'80-H,0 (herein §'80) were analysed at the University
of Ottawa’s Jan Veizer Stable Isotope Laboratory using a Finnigan MAT Delta plus XP + Gasbench
(analysis precision *2.0 %o) following analytical methods outlined in de Groot (2004), 60
values are reported with respect to Vienna Standard Mean Ocean Water (V-SMOW). Salinity
samples were analysed at the University of Manitoba (2021 and 2023) on a Guildline 8410A
Portasal (+ 0.003 accuracy) and at the University of Laval (Amundsen Science; 2022) on a
Guildline 8400B Autosal (+ 0.002 accuracy).

Inorganic carbon parameters, DIC and TA, were determined at Fisheries and Oceans
Canada (2021 - Bedford Institute of Oceanography, Bedford, NS; 2022 and 2023 — Freshwater
Institute, Winnipeg, MB) following procedures outlined in Dickson et al. (2007). Using a VINDTA
3C, DIC and TA were determined through titration of sample water. Precision of VINDTA 3C,
based on replicate runs of seawater Certified Reference Material (CRM; Batches 206 & 214)
provided by the Scripps Institute of Oceanography, was + 2.8 umol kg for DIC, + 1.1 umol kg?
for TA. Dickson et al. (2007)’s methodology was developed for typical ocean DIC (1800 - 2300
umol kg?t) and TA (2000 — 2500 pmol kg?t) concentrations. However, the DIC and TA
concentrations of some of our collected samples were well below this range. By lowering the
VINDTA’s initial and incremental acid additions it was possible to perform TA measurements
below the VINDTA's intended range, however, if the buffering capacity of the sample was too
low, even the lowest possible initial acid injection resulted in an over-titrated sample. Thus, we
were unable to confidently determine TA < 600 pumol kg'. With respect to DIC analysis, the
same issue did not occur due to the incorporation of a coulometer; a hydroxide ion generator
that maintains a specific transmittance value (Dickson et al., 2007).

Sample pH was determined in the field using Dickson et al. (2007)’s protocols for the
determination of the pH of sea water using: 1) a glass/reference electrode cell (2022; SOP 6a)
and 2) the indicator dye m-cresol purple (2023; SOP 6b). In 2022, pH was determined on the
free scale using an Orion Star A121 Portable pH Meter (accuracy + 0.01) calibrated once per day
using a three-point calibration at ambient temperature (16°C + 2°C). Sample pH measurements
were made following instrument calibration, allowing the electrode sufficient time to
equilibrate (7 min + 6 min) within each sample before moving onto the next. Since this
combination electrode was intended for freshwater pH measurements, it reports pH on the
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freshwater scale. As such, sample pH measurements from 2022 were adjusted to the total scale
using R package seacarb (See 2.2.3). In 2023, pH was determined using a spectrophotometer
(Thermo Scientific Multiskan Spectrum, 1 nm resolution, £ 1 nm). Following Douglas & Byrne
(2017) and Mosley et al. (2004), spectrophotometric pH was measured using the indicator m-
cresol purple. A small volume of unpurified dye (40 uL) was added to seawater samples in a 1
cm pathlength quartz cuvette, and absorbance was recorded at the indicator wavelengths (434
and 578 nm) and a non-absorbing reference wavelength (730 nm). This process was repeated
with a second addition of dye before absorbance ratios were corrected for background
absorbance and dye perturbation. Finally, pH on the total scale was calculated using
temperature- and salinity-dependent molar absorptivity ratios.

To assess the accuracy of the different pH determination methods, linear regression
models were applied using calculated pH as the dependant variable and measured pH as the
independent variable (summarized in Table 2). A linear regression developed using all pH
measurements was strongly influenced by outlying data points made in the Churchill, Moose,
and Eastmain River estuaries. To remedy this, all (4) points with a difference in pH greater than
0.25 were removed from the regression models. The resulting linear regression models are
summarized within Table 1.

Table 4.1: Summary of linear regression models used to validate in-situ pH
measurements. RMSE: root mean square error.

slope ‘ Slope s.d. ‘ n ‘ r ‘ rmse

2021 n.d.
2022 and 2023 0.28 +0.72 203 | 0.36 | 0.071
2022 and 2023 (no outliers) | 0.46 +1.33 199 | 0.47 | 0.047
2022 (no outliers) 0.33 +1.77 111 | 0.29 | 0.058
2023 (no outliers) 0.79 12.24 88 1 0.90 | 0.018

Linear regression models developed to compare measured pH with calculated pH
provide insight into which pH method is the most accurate while simultaneously validating our
pH calculations based on TA and DIC (Section 2.2.1). Both methods of pH determination,
spectrophotometer and combination electrode, accurately reflect the pH as determined
through seacarb with a RMSE of 0.05 pH units (Supplementary Figure C.1, Table 4.2). Linear
regression models for these years independently can be used to assess the performance of the
instruments relative to one another (Supplementary Figure C.7). The fit of the linear regression
model using the combination electrode (2022; r = 0.29) is significantly poorer than that of the
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spectrophotometer (2023; r = 0.90). Further, the spectrophotometer model’s accuracy (rmse =
0.02) is better than the combination electrode model’s accuracy (rmse = 0.06).

While both pH determination methods provide accurate representations of the total
activity of hydrogen ions within the sample, the spectrophotometer performed consistently
better. High degrees of accuracy and precision are required for accurate carbonate system
calculations; thus, the spectrophotometer is the recommended method for shipboard pH
determination in an estuarian environment as it was able to produce pH values close to those
calculated using DIC and TA. In addition to being more accurate than the combination electrode,
pH measurements provided by the spectrophotometer are accurate to 3 decimal places,
whereas pH readings provided by the combination electrode are only accurate to 2 decimal
places. Due to the lack of data in 2021 and the poor performance of the portable pH Meter in
relation to the calculated pH values in 2022, only the 2023 pH measurements made using the
spectrophotometer were examined.

4.3.3 Data Analysis

All data analyses were done using R (v 4.5.2), RStudio (v 2026.01.0+392), and Ocean
Data View (ODV; v 5.8.1; Schlitzer, 2023). The difference between oxygen saturation
concentration and observed dissolved oxygen, apparent oxygen utilization (AOU), was
calculated in ODV from CTD-derived temperature, salinity, and dissolved oxygen measurements.
Carbonate system calculations were performed using R package ‘seacarb’ (v 3.3.3; Gattuso et al.
2024). Definitions of the first and second dissociations constants of carbonic acid (K1 and K»)
were selected to reflect the temperature and salinity ranges of our bottle samples (Millero,
2010; supplementary table C.1). While K1 and K2 definitions determined by Lueker et al. (2000)
are recommended by Dickson et al., 2007, the K1 and K2 definitions determined by Millero
(2010) perform similarly (Millero, 2010) and were developed specifically for estuary carbonate
system calculations so they are best suited for our lower salinity data set. The R package
“Tidyverse” was used to assist in data formatting and plot creation (Wickham et al., 2019).

Saturation state is calculated as a product of the concentration of calcium (Ca?*) and
carbonate (CO3%) ions in solution divided by KSP, the equilibrium solubility product for a given
carbonate mineral (aragonite or calcite) was determined as (Zeebe & Wolf-Gladrow, 2001):

2+ 2—
Eq. 4.1 0= M
Ksp

Ksp may be estimated as a product of the saturation concentrations of Ca%* and CO3* for
a given temperature, pressure, and salinity (AMAP, 2018):

Eq. 4.2 Ksp = [Ca2+]sat[603%_]sat
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Therefore, when [Ca?] and [CO3*] are at their saturation concentrations
(i.e. [Ca?*][CO3%] = [Ca?*]sat[CO3%)sat), Q = 1. When seawater Q is greater than one (Q > 1), water
is said to be ‘saturated’ with respect to CaCOs. When seawater is ‘undersaturated’ with respect
to CaCOs (Q < 1), calcifers may struggle to form their hard structures. Measurement uncertainty
propagated through the carbonate system calculations indicated a mean uncertainty of 0.04 +
0.01 for aragonite and 0.08 + 0.02 for calcite.

Water mass fractions were estimated using three linear equations in tandem with three
end-members: seawater (SW), meteoric water (MW), and sea ice melt (SIM) as described by
Ostlund & Hut (1984):

Eq. 4.3 fsw + fuw + fam =1
Eq.4.4 fswSsw + fuwSuw + fsimSsim = Sobservea
Eq. 4.5 fsw6'80sy + fuw 680w + fom6'®0sin = 68 0ppservea

Where f denotes the fraction of the associated subscript, S is the salinity, and 6120 is the
stable isotope composition of the sample. Sea ice melt and seawater end-members used here
were published in Ahmed et al., (2020), whereas the meteoric water end-member was altered
to better reflect conditions observed in the Moose River estuary (Table 4.2). A Monte Carlo
simulation was used to determine the sensitivity of the calculated water mass fraction to the
uncertainty of the end-member values (Table 4.2) following Burgers et al., 2024. Coefficient of
variation (CV = standard deviation/mean) may be used to estimate the relative uncertainty in
any particular calculation (Burgers et al., 2024).

Table 4.2: Summary of water mass end-members. Seawater and sea ice
melt end-members are from Ahmed et al., 2020). Meteoric water end-
member determined from samples in the Moose River estuary.

Salinity 5180 (%o)
Seawater (SW) 32.1+0.1 -2.510.2
Sea Ice Melt (SIM) 1.4 40.5 -0.8 +0.2
Meteoric Water (MW) 0 -12.3+0.3
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4.4 Results

4.4.1 Water Mass Fractions

The surface mixed layer extended on average 9.1 + 6m, 7.5 £ 5m, and 7.1 + 4m in 2021,
2022, and 2023, respectively (Bouchard et al., in prog.). Freshwater contributions increased
towards the coasts, with high fsw >0.90 surrounding the Belcher Islands and in Hudson Bay open
waters, decreasing to fuw greater than 0.50 in local estuaries, specifically the Churchill River,
Winisk River, Moose River, and the Eastmain River (Figure 4.2). The high uncertainty associated
with SIM end member (Table 4.2) reduces certainty in determining fs,m, however, MW and SW
end members are better defined (Table 4.2). Calculated CV, an estimate the relative uncertainty,
indicates that fmw estimations have lowest uncertainty within James Bay, where river inputs are
high, however the CV increases northwards of the Belcher Islands (Supplementary Figure C.3).
The CV of fsw displays a slight inverse relationship with the CV of fuw; the CV of fsw increases
with proximity the Winisk, Moose, and Eastmain Rivers. As the uncertainty of the fsm
measurements was high, they were not used for further analysis.
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Figure 4.2: (a) Fraction of seawater within surface water samples,
(b) fraction of meteoric water within surface water samples.

Generally speaking, the meteoric fractions of surface water in James Bay were higher
than in southern Hudson Bay (Figure 4.2). Surface waters sampled within the shallow river
deltas of James Bay were largely meteoric in origin and the fraction of meteoric water nears
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100% within the Moose River estuary (Figure 4.3). Within the shallow deltas of the Eastmain, La
Grande, and Moose Rivers, meteoric water concentration decreased rapidly moving from the
coast into the bay along the cruise track (Figure 4.2). For example, moving northwards along the
section in Figure 4.3, the fraction of meteoric water in the surface 35m decreases from 100% in
the Moose River estuary, to about 30% at the centre of James Bay. Meteoric water
concentration continues decreasing northwards to ~10% at the mouth of James Bay.

The presence of an underwater sill (~35m) south of 54°N (Figure 4.3), limits mixing at
depth. South of the sill, the fraction of meteoric water deeper than the sill (below 35m)
decreases from 30% to 20%. North of the sill, meteoric water fractions decrease to 15 — 10%,
indicating that the sill serves to limit deeper water exchanges, retaining more freshwater in the
southern end of James Bay, at least in summer. North of James Bay, meteoric water content of
samples collected from the top 20m remained ~20%, before decreasing to ~13% in the Belcher
Islands (Figure 4.2).
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Figure 4.3: (a) Fraction of seawater along the center James Bay section,
(b) fraction of meteoric water along the center James Bay
section.
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4.4.2 Total Alkalinity and Dissolved Inorganic Carbon

Measured TA ranged from 615 to 2263 umol kg?, increasing with depth and with
seawater fraction (fsw). The lowest measurements of TA were made within the Eastmain River,
while the most alkaline samples were collected from deep water (>60m) near the mouth of the
Winisk River and surrounding the Belcher Islands (Figure 4.4). Measured DIC ranged from 762 to
2228 umol kg! and followed a similar distribution to TA (i.e., increasing with fsw and depth). The
freshwater end-members of DIC and TA within the Moose River were substantially different
from those within the Eastmain River (Supplementary Figure 4.4). Measurements of DIC and TA
made at S = 0.09 in the Moose River correspond with DIC = 1218.0 and TA = 1280.7 umol kg,
whereas in the Eastmain River, low salinity measurements (S = 4.73) were associated with DIC =
762.1 and TA = 614.8 umol kg*. Samples collected at S = 0 in the Eastmain River had a TA value
below the detection limit of our analytical methods (see methods). Across the study region, the
ratio of TA:DIC was consistently >1, except for samples taken from a transect near the Eastmain
River where DIC exceeded TA by 100 to 150 pmol kg (TA:DIC = 1.09).

The distribution of carbonate system variables (DIC and TA) within James Bay follows
that of meteoric water fraction (Figures 4.2 and 4.4), and correspondingly both DIC and TA in
surface waters were generally lower in James Bay relative to southern Hudson Bay. Specifically,
DIC and TA concentrations are lowest within the Eastmain and La Grande River estuaries,
coinciding with meteoric water fractions of 50% or more. The presence of an underwater sill
near 54°N in James Bay impacts observed DIC and TA concentrations at depth. South of the sill,
where meteoric water (¥20%) persists at depth, DIC and TA increase by ~200 pumol kg with
depth, while north of the sill, the influence of seawater is greater and DIC and TA increase by
~400 pumol kg with depth.
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Figure 4.4: (a) Surface water dissolved inorganic carbon concentration, (b) Surface water total
alkalinity, (c) Surface water saturation state of aragonite, (d) Surface water saturation state of
calcite

4.4.3 pH

Calculated pH ranged from 6.7 to 9.0 with a mean pH of 7.9 (+0.2). The most acidic
water samples (pH 6.7 — 7.2) were collected from the Eastmain River estuary, whereas the most
basic water samples (pH 8.7 — 9.0) were collected from the Winisk and Moose River estuaries.
Calculated pH was nearly constant within vertical depth profiles (7.9 £ 0.1; Figures 4.5 and 4.6).
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4.4.4 Saturation State of Carbonate Minerals

The saturation state of aragonite (Qarag) and calcite (Qcal) in surface waters (Figure 4.4c and
4.4d) generally followed the distribution of meteoric water highlighted in Figure 4.2. As such,
both saturation states were generally higher in southern Hudson Bay relative to James Bay. The
saturation state of aragonite (Qarag) ranged from 0.1 to 1.5, with a mean of 0.9 £ 0.3. Like pH,
the lowest observations of Qarag Were found in the Eastmain River estuary; however, unlike pH,
the Qarag Observations from rivers draining the HBL were similar to those from the Eastern rivers
(Figure 4.6). The saturation state of aragonite was observed to be the highest in two places: 1)
in surface water surrounding the Belcher Islands, and 2) in surface water near the Winisk
estuary (Figure 4.4). A clear saturation horizon (i.e., depth where Qarag = 1) does not exist within
James Bay, as the entire water column was observed to be undersaturated with respect to
aragonite during the time of sampling. The saturation state of calcite (Qca) followed a similar
distribution Qarag, however Qcal was notably higher (Figure 4.4). The pattern of undersaturation
(Qcal < 1) near the river mouths of James Bay was also evident (Figures 4.5 and 4.6), however
the gradient over which Q approaches 1 is steeper for Qca. As such, Qca approaches 1 within
river mouths resulting in much of James Bay being saturated with respect to Qcal.
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Figure 4.5:

(a) Saturation state of aragonite along the centre James Bay section,

(b) Saturation state of calcite along the centre James Bay section, 74
(c) pH (calculated using DIC and TA in seacarb) along the centre James Bay section
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4.5 Discussion
4.5.1 River water source drives marine aragonite saturation state in shallow James Bay
estuaries

Within James Bay, the influence of meteoric water on the carbonate system varies by
longitude, as rivers entering eastern James Bay dilute DIC and TA more strongly than the rivers
entering western James Bay. As previously discussed, the minimum TA and DIC were found near
the Eastmain River estuary, while TA and DIC observed in the Moose River estuary were
substantially higher (Figure 4.4). Previous work within Hudson Bay identified two freshwater TA
end-members: a high end-member (1870 umol kg, Burt et al., 2016) and a low end-member
(754 pumol kg, Azetsu-Scott et al., 2014). The higher TA end-member from Burt et al., (2016)
was attributed to features of the Nelson River drainage basin; a combination of alkaline glacial
deposits, alkaline bedrock, and increased weathering of organic rich soils relative to most
tundra rivers (Azetsu-Scott et al., 2014; Burt et al., 2016; Mundy et al., 2010; Tank et al., 2012).
The lower TA river end-member was attributed to the igneous bedrock of eastern Hudson Bay,
where calcium ions are less abundant, lowering the buffering capacity of the rivers (Azetsu-Scott
et al., 2014). Within James Bay, the high alkalinity end-member (1670 umol kg?) is near to that
of Burt et al. (2016) for Hudson Bay, likely due to the Moose river sharing many alkaline
characteristics with the Nelson River. Glacial retreat has left high concentrations of
glaciolacustrine sediment on in the watersheds of the Moose and Nelson Rivers, allowing for

fast paced erosion due to climate warming (Kuzyk & Candlish, 2019).

In previous studies in Hudson Bay, zero salinity (river water) TA end-members were
determined through linear regression, however the range of salinity over which the relationship
was constructed was limited to salinities greater than 20 (Azetsu-Scott et al., 2014; Burt et al.,
2016; Yamamoto-Kawai et al., 2005). In this study, a linear regression was applied to our
Eastmain estuary samples yielding a freshwater TA end-member of 238.8 +1.0 pumol kg?
(Supplementary Figure C.5). Our “low” alkalinity end-member is lower than previous estimates
for Hudson Bay (689, 710 umol kg%, Burt et al., 2016; 754 umol kg, Azetsu-Scott et al. 2014)
and five of the Arctic’s six largest rivers (Cooper et al.,, 2008). The low TA river water end-
member observed within this study is similar to that of the Kolyma River (518 +21 umol kg%;
Cooper et al.,, 2008). The Kolyma River was found to be enriched in rare earth elements
associated with the weathering of acid crystalline magmatic and metamorphic rocks; a unique
feature among rivers of the region (Gordeev et al., 2024). Thus, the low TA observed within the
Kolyma River was attributed in part to basin lithology (Gordeev et al., 2024). Similarly, rare earth
element concentrations within the Eastmain River coincide with metamorphic bedrock from the
superior province of the Canadian Shield (Lafreniere et al., 2025), contributing to its low TA
values.
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The TA from rivers draining into James Bay impact seawater carbonate system to different
degrees. To illustrate this effect, consider two individual systems where the TA end-members
are mixing with seawater. If the mixture is one part seawater (TA = 2262.7 umol kg, S = 32) and
one equal part meteoric water from Eastmain River (238.8 umol kg%, S = 0), the resulting final
composition would be S = 16 and TA = 1251 umol kg. For a second mixture, using river water
from the Moose River (TA = 1670 umol kg, S = 0) a 1:1 final composition of S = 16 and TA =
1966 umol kgt would result. Thus, the dilution of TA caused by eastern James Bay rivers is
greater than that of the western rivers. Assuming similar conservative mixing of DIC, mixing of
seawater (DIC = 2227.8 umol kg!) with meteoric water from the Eastmain River (441 umol kg,
determined through linear regression) yields a DIC value of 1334 umol kg, while mixing with
meteoric water from the Moose River (1661.4 umol kg!) yields a DIC value of 1945 umol kg™ .
As such, these river-ocean mixtures have differing impacts on the buffering (CO; uptake)
capacity of the surface ocean, where surface waters interacting with the Moose River exhibit
greater capacity to buffer against CO; uptake, relative to the waters interacting wit the Eastmain
River.

Patterns observed in surface meteoric water fractions and seawater TA are evident in the
saturation states of both aragonite and calcite. Saturation states were lower in eastern James
Bay in waters that receive low TA river inflow from boreal soils underlain by Precambrian shield.
The response of Qaragonite to river water mixing with seawater was assessed using the previously
established mixtures (Moose River/Seawater; Eastmain River/Seawater) in Seacarb, assuming a
water temperature of 7.5°C (mean observed water temperature). The seawater Qaragonite
decreased from 0.78 to 0.11 in the Eastmain mixture, and from 0.78 to 0.66 in the Moose River
mixture. Using the previously described riverine & marine end-members for DIC, TA, and
salinity, schematic mixing lines were drawn (Figure 4.7) to illustrate the differing impacts of the
freshwater on Qaragonite across a range of sea to freshwater ratios. Despite mixing with the same
seawater, the two seawater mixtures (Moose and Eastmain) result in quite different Qaragonite
values, with the Mooser River mixture potentially resulting in weaker dilution of Qaragonite. The
results suggest that eastern James Bay is more vulnerable to acidification in response to
increased freshwater input, while western James Bay exhibits a degree of resilience towards
acidification given the higher alkalinity of river inflow. Given the combination of the relatively
small volume of James Bay, and large river inflow relative to Hudson Bay, James Bay appears
more vulnerable to acidification relative to Hudson Bay.
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Figure 4.7: Fraction of meteoric water vs saturation state of aragonite. Schematic
mixing lines are drawn for the Moose (Orange) and Eastmain (Green) Rivers. A two-
endmember mixing model was constructed by conservatively mixing TA and DIC
between the fresh and seawater end-members at 1% increments, from 0 to 100%.
Aragonite saturation state was then calculated for each mixture using seacarb.

The thermal influence of these rivers interacting with the ocean should also be
considered. Saturation state is affected by temperature because pH is dependant on
temperature, but DIC and TA are conservative quantities; their absolute concentrations do not
vary with temperature. Thus, freshwater delivery from rivers has an indirect impact on
saturation state as well; warm water increases the amount of carbonate minerals that may be
dissolved in solution, thus the amount of carbonate minerals capable of being dissolved in
seawater may increase through temperature change alone. Our data indicate that Q patterns
are primarily governed by freshwater dilution within James Bay, however, the thermodynamic
control on saturation state remains unclear and potentially significant.
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4.5.2 Aragonite undersaturation persists throughout the water column in James Bay

In deeper waters away from the coastline, local bathymetry impacts the saturation state
of aragonite (Qaragonite). Deep water south of the sill (located near 54°N) had a higher Qaragonite
(~0.8) compared to deep waters north of the sill (~0.6; Figures 4.5 and 4.6). Where aragonite
saturation state decreases in deep water, both apparent oxygen utilization (AOU) and the ratio
of TA:DIC increases (Supplementary Figure C.6), providing evidence of processes that increase
DIC over TA (respiration, remineralization, etc.). Notably, there was no well-defined aragonite
saturation horizon within James Bay. The surface water (0 — 10m) at the centre of James Bay
was intermittently saturated with aragonite, with observations of saturation extending as far
south as 52°N. Surface waters were observed to be saturated in Qaragonite ONCe exiting James Bay;,
near 55°N. North of James Bay, in the Belcher Island shelf sea, Qaragonite remained
undersaturated in bottom water, with a saturation horizon ~20 — 40m deep. Deep waters in
James Bay are undersaturated with respect to aragonite, similar to the remineralized deep
waters from Hudson Bay, which carry elevated DIC and TA relative to surface water (Azetsu-
Scott et al., 2014). Under James Bay’s circulation (Ridenour et al., 2019), these denser, saline
waters flow into the deeper portions of James Bay, contributing to persistent Qaragonite
undersaturation in bottom waters (Figure 4.5 and 4.6; Azetsu-Scott et al., 2014; Burt et al.,
2016).

4.5.3 James Bay as a sub-Arctic estuary

Arctic and sub-Arctic coastal regions influenced by large quantities of river discharge
(e.g. Beaufort and Bering Seas) have been identified as areas where carbonate chemistry is
particularly sensitive to freshwater forcing and atmospheric CO, uptake (Mathis et al., 2015; Qi
et al., 2017). Along the coasts, where terrestrial influence is maximized, sub-Arctic seas such as
the Baltic Sea have been observed to be sensitive to terrestrial weathering, which increases TA
concentration (carbonate dominated catchments), and serves to offset atmospheric CO; driven
acidification (Miiller et al., 2016). These terrestrial inputs contribute to increasing both Q and
the overall CO; storage capacity (Miiller et al., 2016).

The summer cruises in James Bay showed warmer water and lower salinity, TA, pH, and
calcium carbonate saturation states than southern Hudson Bay based both on data reported
here, and the greater Hudson Bay complex (including Fox Basin and Hudson Strait; Azetsu-Scott
et al., 2014; Burt et al., 2016). Both Hudson Bay and James Bay are mediterranean seas, with
the carbonate system in James Bay consistent with a water body more strongly influenced by
river water inflow. Others have reported that sub-Arctic seas are predisposed to lower pH and a
saturation state closer to one due to cold temperatures, enhanced solubility of CO,, and
increased freshwater inputs (Orr et al., 2005; Steinacher et al., 2009).

Similar conditions have been documented within Hudson Bay estuaries, where large
riverine discharge and limited exchange with the open ocean result in naturally low saturation
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state with links to local watershed geology (Azetsu-Scott et al., 2014; Burt et al., 2016). James
Bay has been described as a strongly-stratified, mixed estuary in summer (Prinsenberg, 1978)
which is characterized by stronger terrestrial influence and longer residence times (6.6 yr
Hudson Bay; 10.2 months James Bay; Prinsenberg, 1984) than the Arctic Ocean (4.3 yr; Ekwurzel
et al., 2001), which amplifies the effects of freshwater mixing and biogeochemical processing on
carbonate chemistry (Burt et al., 2016; Carmack et al., 2016).

4.5.3.1 Influence of upstream Hudson Bay conditions

James Bay does not operate as an isolated estuary but rather as a southern extension of
the Hudson Bay marine system, which is also estuary-like in character. Changes occurring
upstream in Hudson Bay, therefore, dictate carbonate chemistry within James Bay, while
changes in James Bay, in turn, alter the carbonate chemistry of Hudson Bay. Observations from
this study indicate that deep waters north of the James Bay sill exhibit lower Qaragonite and
stronger evidence of remineralization-driven DIC accumulation, consistent with carbonate
system processes documented in the Hudson Bay system (Azetsu-Scott et al., 2014; Burt et al.,
2016). If Hudson Bay continues to experience increased stratification, reduced sea ice cover,
enhanced respiration, and shallowing of the saturation horizon in subsurface waters, the
inflowing marine end-member to James Bay will become progressively enriched in CO; and
lower in saturation state (Soriot et al., 2025; Steiner et al., 2015; Terhaar et al., 2021). Lower
saturation state source waters may compound the effects of freshwater dilution within James
Bay, driving widespread undersaturation of Qcaicite throughout the water column. Thus, future
carbonate chemistry within James Bay will reflect the combined influence of James Bay’s local
estuarine processes and basin wide changes in Hudson Bay.

4.5.4 Potential impacts of continued climate change to the inorganic carbon system of
James Bay

Continued climate change is projected to impact both the physical and biogeochemical
processes that control the inorganic carbon system of James Bay. Regional assessments such as
Canada’s Changing Climate Report project continued warming across northern Canada at rates
exceeding the global average (Arctic amplification), resulting in air and surface temperature
increases, reduced sea ice cover, changes in hydrology, and decreases in permafrost extent
throughout the 21st century (Bush & Lemmen, 2019). Within the Hudson Bay and James Bay
region, Arctic amplification manifests as deeper seasonal permafrost thaw, reduced snow and
ice cover, and shifts in the timing and magnitude of freshwater discharge from watersheds
flowing into Hudson and James Bay (Constable et al., 2022; Derksen et al., 2019). Additionally,
warming, permafrost degradation, and increased frequency of forest fires serve to mobilize
reservoirs of terrestrial organic carbon, increasing the delivery of organic matter to rivers, and
ultimately the ocean (Schuur et al.,, 2015). Under these projected changes, James Bay may
experience acidification, whereby the inorganic carbon system is pushed towards more acidic
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conditions (AMAP, 2018; Steiner et al., 2015; Terhaar et al.,, 2021). Warmer waters and
increased freshwater inflow to James Bay are expected to increase the uptake of atmospheric
CO,, lowering pH and reducing Q, particularly in nearshore environments (Ahmed et al., 2020;
Azetsu-Scott et al., 2014). Enhanced delivery of terrestrial organic matter may further increase
microbial respiration and CO; production within coastal waters, contributing to a further
decrease Q due to remineralization (Bauer et al., 2013; Capelle et al., 2020; Vonk et al., 2025).
This combination of drivers may serve to expand regions of Q < 1, increasing the risk of
corrosive conditions for calcifying organisms, with other possible poorly understood ecosystem
impacts.

Generally, when Q is less than 1, the energetic cost of calcification increases, which can
impair shell formation, particularly for organisms that require aragonite (Doney et al., 2009;
Fabry et al., 2008). Aragonite is more soluble than calcite, leading undersaturation with respect
to aragonite to occur at higher carbonate ion concentrations. As a result, the energetic cost of
precipitating CaCOs is generally greater under aragonite undersaturation, making Qaragonite @
more sensitive indicator of biological stress than Qcaicite (AMAP, 2018). Studies of Arctic and sub-
Arctic calcifying organisms (e.g. pteropods, bivalves, or benthic invertebrates) have shown that
they are especially sensitive to prolonged exposure to Q < 1 conditions, affecting their shell
integrity, growth rates, and survival (Comeau et al., 2012; Fabry et al., 2009). Organisms within
James Bay may exhibit a degree of tolerance to future acidification due to naturally low Q
conditions (Figures 4.5, 4.6, and 4.7), however, chronic exposure to waters with Q < 1 may still
pose risks, particularly during early life stages when calcification demands are highest
(Waldbusser et al., 2015; Waldbusser & Salisbury, 2014). Our observations suggest that the
James Bay ecosystem may already be operating near biological thresholds for calcification
stress, particularly for organisms that form aragonite shells.

To track these changes and better predict their trajectory as the Arctic continues to
warm, sustained monitoring of key physical and chemical variables is essential. Long-term
observations of pH, temperature, salinity, TA, DIC, and Q would provide the foundation for
detecting trends and determining the if James Bay is becoming increasingly acidic (decreasing
pH) and corrosive to carbonate. River discharge, terrestrial organic carbon composition, and
permafrost thaw (including active layer depth and soil carbon mobilization) monitoring would
also help link upstream watershed processes to coastal carbonate system dynamics (e.g.,
Capelle et al. 2020; De Melo et al. 2022; Vonk et al. 2025). This study provides only a snapshot
of the ocean conditions in James Bay over three summers, continued studies will need to
incorporate tools such as autonomous sensors, expanded shipboard surveys, and available
remote sensing data to improve spatial and temporal coverage (e.g., Ahmed et al. 2020; Burt et
al. 2016; Nielsen et al. 2024). Furthermore, the incorporation of Indigenous and local
knowledge is crucial to enhancing understanding of ecosystem responses and environmental
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change in the region, particularly where observation records are sparse and rapidly changing
conditions challenge conventional monitoring approaches. These observations will inform
models that predict future states of the carbonate system and associated ecosystem impacts
under different climate scenarios, improving projections of the impacts of climate change in
James Bay while supporting the James Bay communities in preparing for, and adapting to, their
changing land and ocean.
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4.6 Conclusion

This study provides the first high-resolution characterization of the southern Hudson Bay
and James Bay inorganic carbon system. We found widespread undersaturation of aragonite
within James Bay, while calcite was undersaturated only in proximity to river mouths. Saturation
state of carbonate minerals was dictated primarily by freshwater (river) input, however, the
watershed from which the freshwater originated strongly impacted the state of the carbonate
system. Rivers draining the Hudon Bay Lowlands in western James Bay had higher total alkalinity
and more basic conditions (pH > 7), whereas rivers draining into eastern James Bay were more
acidic (pH < 7), with considerably lower total alkalinity. The difference in river water properties
can be attributed to the differing watershed geology along eastern and western James Bay. In
western James Bay, the HBL are situated over carbonate bedrock (high TA), whereas in eastern
James Bay rivers are more influenced by silicate bedrock (lower TA).

Carbonate chemistry in James Bay strongly reflects the interaction of freshwater forcing. The
large inflow of river water relative to the basin size causes the surface water in James Bay to be
warmer and exhibiting lower salinity, TA, pH, and saturation states relative to southern Hudson
Bay. The James Bay surface waters in river-influenced regions exhibited reduced buffering
capacity and carbonate mineral undersaturation, while deeper waters display evidence of
remineralization-driven CO; accumulation associated with Hudson Bay deep water. River water
influenced surface waters persist northward into parts of southern Hudson Bay and the Belcher
Islands shelf region, indicating that processes occurring within James Bay influence carbonate
chemistry in the downstream marine environment. The observed east—west asymmetry in river
chemistry establishes a spatial sensitivity within James Bay surface water. Freshwater inputs
from eastern watersheds produced stronger dilution of alkalinity and more pronounced
reductions in saturation state, whereas western river input partially offset dilution through
enhanced alkalinity supply. The eastern and western freshwater plumes mix, resulting in the
water reaching the Belcher Island shelf being less corrosive than it would be if eastern rivers
dominated the input in James Bay. Consequently, changes in freshwater discharge, river
chemistry, and marine end-member composition will not affect James Bay uniformly but will
instead amplify existing spatial gradients in carbonate chemistry and will go on to impact
Southern Hudson Bay.

Projected climate-driven changes across the Hudson Bay watershed (altered runoff,
enhanced stratification, or evolving upstream conditions in Hudson Bay) are expected to
reinforce the mechanisms that presently drive low saturation state in James Bay. Increased
freshwater delivery will strengthen surface water dilution and stratification, while changes in
riverine carbon and alkalinity export may further reduce buffering capacity. Enhanced
stratification in Hudson Bay will further reduce the saturation state of carbonate minerals of the
marine source water flowing into James Bay in both surface and deep water. Under these
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conditions, carbonate mineral undersaturation may become more spatially extensive, in both
local ecosystems and waters exported to southern Hudson Bay. This work highlights the
sensitivity of James Bay’s carbonate system to future ocean acidification. Continued monitoring
of James Bays carbonate system is essential not only to understand how estuarine processes
interact to drive changes in saturation state, but to understand changes impactful to local
fisheries and coastal communities that rely on marine resources.
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Chapter 5: Summary and Conclusions

Hudson Bay and James Bay are at the forefront of climate change with the global rise in
atmospheric CO; concentrations having led to increased water temperatures, permafrost thaw,
and increased rates of coastal erosion. Motivated by our lack of understanding of the James Bay
carbonate system, this thesis sought to identify the dominant physical and biogeochemical
controls of carbon cycling within this sub-Arctic sea. This thesis provides new insights into how
freshwater inputs, carbon cycling, and air—sea gas exchange shapes the carbonate system of
James Bay and Southern Hudson Bay by combining existing Hudson Bay carbonate system data
with three years of new data collected across James Bay.

5.1. Summary of Major Contributions

The first research paper titled CO, evasion from a shallow sub-arctic sea during August
(2021 — 2023) (chapter 3), focused on the distribution of surface water pCO; across southern
Hudson Bay and James Bay, and the region’s net air-sea CO; exchange (flux) budget. Our surface
water pCO; observations demonstrated strong spatial variability in surface pCO; driven by local
processes. While freshwater input and biological processes (respiration, primary production)
were responsible for considerable variation in surface water pCO;, the physical conditions
(temperature) contributed to the bulk of the pCO; variability in James Bay and Southern Hudson
Bay. Additionally, biological process and tidal mixing were identified as important drivers of
surface water pCO; surrounding the Belcher Islands in Southern Hudson Bay. Air—sea CO;
exchange calculations revealed that during the late summer study period, the region was a net
source of CO; to the atmosphere in all three years visited, contrasting with what was observed
in central Hudson Bay. Due to the regional, seasonal, and inter-annual variation in discharge
from large rivers locally draining into southern Hudson Bay and James Bay and associated
variation in the delivery of terrestrial carbon, continued monitoring of pCO; is necessary to
adequately capture the impacts of on-going climate change on pCO; and the systems CO;
source (or sink) status. This work highlights the importance of including seasonally and
regionally extensive observations when assessing the role of coastal seas in the global carbon
cycle.

The second research paper titled Riverine controls on widespread carbonate mineral
undersaturation in James Bay (Chapter 4), examined the distribution and controls on key
carbonate system variables including pH, total alkalinity (TA), dissolved inorganic carbon (DIC),
and the saturation state (Q) of carbonate minerals aragonite and calcite (Qarag and Qcal). Using
TA and DIC to calculate other ocean carbonate system variables, this study documented low
ocean pH (< 7.9) and low saturation state for aragonite and calcite, particularly aragonite, which
was observed to be largely undersaturated (mean Qarsg of 0.88). Notably, this work presents the
first observations of surface water aragonite undersaturation in James Bay during late summer.
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The prevalence of Qarg < 1 in surface waters in James Bay was greater than observed in
southern Hudson Bay; this is an important indicator of ecosystem health for calcifying
organisms who use aragonite (and calcite) to form their hard structures. These potentially
corrosive conditions were attributed to significant inputs of low alkalinity river water relative to
the James Bay basin size, which reduced the capacity of seawater to buffer against the impacts
of rising CO; concentrations. The watershed from which the freshwater originates strongly
impacted the state of the carbonate system. Rivers draining the Hudon Bay Lowlands in western
James Bay had higher total alkalinity and more basic pH (> 7), whereas rivers draining into
eastern James Bay were more acidic pH (< 7), with considerably lower total alkalinity. The
differences in calcium carbonate saturation state may result in differences in biological
communities of calcifying organisms between the two bays. A potential consequence of
observed carbonate undersaturation (Q < 1) is further enhanced corrosive conditions as
warming and CO. uptake continues. Future increases in temperature, river discharge, and
accompanied load of terrestrial carbon from the peatland dominated surrounding watersheds
may further decrease the saturation state, endangering the local ecosystems. This study extends
observations of carbonate system parameters to new sub-Arctic coastal environments; as
climate change progresses, these sub-arctic ecosystems will be the bellwethers of change
informing predictions for regions even further north. Therefore, a detailed understanding of the
James Bay carbonate system will also provide valuable insight into future change across the
Arctic Ocean.

5.2. Limitations and Recommendations for future work

While this thesis provided novel and useful insights into carbon cycling in sub-Arctic
seas, it was not without limitations. Foremost, as sampling was conducted by ship, observations
were only collected in August in each of the three years, limiting insights to the summer (ice
free) conditions only. Although the three-year dataset provides a robust estimation of southern
Hudson Bay and James Bay’s carbonate system in the summer, seasonal processes such as sea
ice formation and retreat, brine rejection, and the influence of peak runoff in the early spring
are not captured in this dataset. As these processes are known to influence carbon sources and
sinks in marine systems, an examination is incomplete without a complete open water season
study. Another limitation of this study was due to the shallow nature of the region. Near-shore
oceanographic sampling poses significant challenges; in particular, access to the shallow waters
of James Bay is limited. For vessels as large as the RV William Kennedy, observations in the
shallow shelf are impossible, particularly the western shore of James Bay. Additionally, the ‘best
practices’ for carbonate system oceanography were developed for open ocean research. As
previously stated, standard methodology for the determination of DIC and TA are intended to
suit higher inorganic carbon concentrations. While these operating procedures have been used
for Arctic research in the past, the low salinity of James Bay estuaries posed challenges for TA
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determination. Additionally, the low temperature and salinity observed in James Bay also
impacts the stoichiometric equilibrium constants, thus selecting the proper Ki* and K’
definitions is imperative for accurate calculations. Millero (2010)’s equilibrium constant
definitions were used within this study to best represent the range and salinity of the dataset.
While this formulation is applicable for most of the dataset, our least saline samples were
fresher than the salinity limit of the Millero (2010) constants. Thus, the use of the Dickson et al.
(2007) standard operating procedures in estuarian environments introduces uncertainty to our
results.

Overall, future studies examining the carbonate system of southern Hudson Bay and
James Bay should seek to build on this work by prioritizing year-round observations to capture
the full variability of the carbonate system’s seasonal patterns. Additionally, future studies
should seek to connect the marine carbonate system with biological impacts spatially across the
nearshore and off-shore environments providing a land-ocean carbon cycle assessment,
complete with implications on ecosystem processes including food web structure. With respect
to the carbonate system, future work should seek to develop a set of standard methodologies
for estuary carbonate system sampling and calculation. Finally, integrating observational
datasets with regional biogeochemical models will enable improved projections of how
continued climate warming and hydrological change will affect the region’s carbonate system.

5.3. Closing Comments

This thesis provides the first comprehensive, multi-year, late-summer assessment of the
carbonate system and carbonate mineral saturation state in southern Hudson Bay and James
Bay. Through documenting air-sea CO; exchange and freshwater-driven carbonate mineral
undersaturation, this work underscores the vulnerability of sub-Arctic coastal waters to ongoing
environmental change. These findings fill a critical regional knowledge gap and also contribute
to a broader understanding of how high-latitude coastal systems respond to increasing
atmospheric anthropogenic CO;, with implications for both marine ecosystems and global
carbon cycling.
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Appendix A: Contributions of Collaborating Authors

Chapters 3 and 4 have the same authorship, with identical contributions to the respective
chapters. All work was analyzed, written, and edited by N. Decker under the supervision of Drs.
K. Brown and T. Papakyriakou. The original draft of both manuscripts was conceptualized by N.
Decker and refined by Drs. K. Brown and T. Papakyriakou. Data collection for both chapters was
performed by K. Yezhova in 2021 and both K. Yezhova and N. Decker in 2022 and 2023. 2021
sample analysis was performed by K. Yezhova under the supervision of Dr. K. Azetsu-Scott at
Fisheries and Oceans Canada Bedford Institute of Oceanography. 2022 and 2023 sample
analysis was performed by N. Decker under the supervision of Dr. D. Capelle. Conceptualization,
project design, and initial funding requests were performed by Drs. Z. Kuzyk, C.J. Mundy, and T.
Papakyriakou. All authors have read and contributed comments to this thesis.
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Appendix B: Supplemental Figures for CO; evasion from a shallow sub-arctic sea during
August (2021-2023)

Table B.1: Total Uncertainty associated with pCO; measurements. Sources of uncertainty
include instrument error and the error associated with the TSG’s temperature correction.
Note: mean pCO; values deviate from results table as TSG data was synced with CTD data.

Year Mean pCO; | Instrument | Temperature | Temperature | Total Error | Total
(natm) Error Correction Correction (natm) Relative
(natm) Error (uatm) | Error (%) Error (%)
2021 471.20 5 491 1.04 7.01 1.49
2022 446.99 5 15.86 3.55 16.63 3.72
2023 470.26 5 3.25 0.69 5.96 1.27

Table B.2: Interpretation of PPMCC results, per Asuero et al. (2006).

Strength of Correlation

r Interpretation
0.00to 0.29 Little to no correlation
0.30t0 0.49 Low correlation
0.50 to 0.69 Moderate correlation
0.70t0 0.89 High correlation
0.90to 1.00 Very high to perfect correlation
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Figure B.1: Estimated surface water composition using a three end-member mixing model. Endmembers used are summarized within

Table 1.
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Table B.3: ANOVA Post Hoc test (Tukey HSD) results. Bold rows are statistically different differences.

Tukey HSD Post-hoc Comparisons for CO,
95% Confidence Interval

Comparison Mean Difference (patm) Lower Cl UpperCl Ad).p

Region (all years) SHB-JB -38.6 —-40.5 -36.8 0.00
JB-BI 31.3 29.5 33.0 0.00

SHB-BI -73 -93 -5.4 0.00

Within Region over Years Bl 2022-2023 -50.9 -54.4 -47.4 0.00
SHB 2022-2023 -47.6 -52.0 -43.1 0.00

JB 2021-2023 -33.4 -38.2 -28.5 0.00

SHB 2021-2023 -30.9 -35.6 -26.3 0.00

JB 2022-2023 -18.2 -22.6 -13.9 0.00

SHB 2021-2022 16.7 11.8 21.5 0.00

JB 2021-2022 -15.2 -18.8 -11.5 0.00

Within Year across Regions 2022 SHE-JB -63.2 -67.1 -59.3 0.00
2022 JB-BI 62.5 59.1 66.0 0.00

2023 SHB-JB -33.8 -38.7 -28.9 0.00

2021 SHB-JB -31.3 -36.0 -26.7 0.00

2023 JB-BI 29.9 25.4 34.3 0.00

2023 SHB-BI -39 -1.7 -0.2 0.03

2022 S5HE-BI -0.6 -49 3.6 1.00

Year (all regions) 2023-2022 34.6 33.0 36.3 0.00
2023-2021 32.5 30.4 34.7 0.00

2022-2021 -2.1 -4.1 0.0 0.05

Bold = significant (p < 0.03).



2022 Wind Speed and Direction (m/s)
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Figure B.2: Wind speed and direction during the 2022 cruise, in m/s. Arrow direction indicates
wind direction, arrow size indicates wind speed, and arrow colour is pCOzratio. Upwelling

occurs 90 degrees from wind direction.
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2023 Wind Speed and Direction (m/s)
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Figure B.3: Wind speed and direction during the 2023 cruise, in m/s. Arrow direction indicates
wind direction, arrow size indicates wind speed, and arrow colour is pCOzgatio. Upwelling
occurs 90 degrees from wind direction.
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Mixed Layer Depth (m)
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Figure B.4: Mixed layer depth in meters. Mixed layer depth was estimated in ODV. The depth
of the maximum Brunt-Visala frequency was used as the bottom of the mixed layer.
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Appendix C: Supplemental Figures for Riverine controls on widespread carbonate mineral

undersaturation in James Bay
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Supplemental Figure C.1: (a) Calculated pH vs measured pH, all points; (b)
Calculated pH vs measured pH, outliers removed; (c) Calculated pH vs
measured pH using the electrode and reference cell, 2022 (d) Calculated
pH vs measured pH using the spectrophotometer, 2023
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Supplemental Figure C.2: Standard deviations (o) of surface water mass
fractions from Monte Carlo uncertainty analysis. Standard deviations
represent the absolute uncertainty of a given water mass fraction (means:
Osw=0.01; 0mw = 0.02; Osim= 0.02).
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Supplemental Figure C.3: Coefficient of variation (CV = o/mean) of surface
water mass fractions from Monte Carlo uncertainty analysis. CV
represents the relative uncertainty of a calculated water mass fraction
(means: CV Fsy=0.01; CV Fnw=0.10; CV Fsim= 0.90).
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Supplemental Figure C.4:

(a) relationship between salinity and total alkalinity,

(b) relationship between salinity and dissolved inorganic carbon.

Both plots are coloured based on latitude.
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DIC/TA Ratio
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Apparent Oxygen Utilization (umol kg™')
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Supplemental Figure C.6: Apparent Oxygen Utilization as determined from CTD casts in 2021 & 2023.
Data from JBE 2022 is excluded. Note, the transect begins (0 km) at the Moose River.
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