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ARTICLE INFO ABSTRACT

Recent research has focused on the changing ability of oceans to absorb atmospheric CO, and the consequences
for ocean acidification, with Arctic shelf seas being among the most sensitive regions. Hudson Bay is a large shelf
sea in northern Canada whose location at the margin of the cryosphere places it in the vanguard of global climate
change. Here, we develop a four-compartment box-model and carbon budget using published and recently
collected measurements to estimate carbon inputs, transformations, and losses within Hudson Bay. We estimate
the annual effects of terrestrial carbon remineralization on aragonite saturation (Q24,, a proxy for ocean acid-
ification) and on the partial pressure of CO, (pCO,, a proxy for air-sea CO, flux) within each compartment, as
well as the effects of marine primary production, marine organic carbon remineralization, and terrestrial calcium
carbonate dissolution. We find that the remineralization of terrestrial dissolved organic carbon is the main driver
of CO, accumulation and aragonite under-saturation in coastal surface waters, but this is largely offset by marine
primary production. Below the surface mixed layer, marine organic carbon remineralization is the largest
contributor to CO, accumulation and aragonite under-saturation, and is partially offset by terrestrial CaCO3
dissolution. Overall, the annual delivery and processing of carbon reduces Q4. of water flowing through HB by
up to 0.17 units and raises pCO, by up to 165 patm. The similarities between Hudson Bay and other Arctic shelf
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seas suggest these areas are also significantly influenced by terrestrial carbon inputs and transformation.

1. Introduction

Oceans have slowed the accumulation of CO, in the atmosphere by
absorbing an estimated 30% of the total anthropogenic CO, emissions
since 1750 (Ciais et al., 2013). However, dissolved CO, forms a weak
acid in oceans (carbonic acid or H,CO3) leading to “the other CO,
problem”, ocean acidification (OA; Doney et al., 2009). The CO, added
to the ocean has already caused a 30% increase in surface ocean acidity
(0.1 drop in pH; Caldeira and Wickett, 2003), which can be sufficient to
stress calcium carbonate (CaCO3) shell-producing organisms (Azevedo
et al., 2015), alter the speciation of trace metals, and influence the rates
of important metabolic reactions (AMAP, 2013; CliC/AMAP/IASC,
2016). Ocean acidification has significant consequences for microbial
abundance, marine food webs, ecosystem productivity, and commercial
fisheries.

Individual ocean basins display large differences in their ability to
absorb atmospheric CO, and in their vulnerability to OA. Freshwater
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dominated, high latitude, northern shelf seas are relatively prone to OA
and CO, outgassing (AMAP, 2017; Granskog et al., 2009; Guéguen
et al.,, 2011; Mundy et al., 2010), due in part to the remineralization of
terrestrial organic carbon (OC,,) supplied by rivers and coastal ero-
sion. In the well-studied Siberian shelf seas, degradation of terrestrial
organic carbon is a dominant control on acidification and CO, accu-
mulation in surface waters (Semiletov et al., 2016). In the Arctic-out-
flow shelf sea Hudson Bay, in northern Canada (Fig. 1), strong links
between CaCOj; saturation (a measure of the tendency for CaCOj3; to
dissolve; Azetsu-Scott et al., 2014), CO, air-sea flux (Else et al., 2008a,
2008b), and freshwater abundance have prompted speculation that CO5
flux and OA are influenced by terrestrial carbon delivery and re-
mineralization. However, no quantitative assessment of the potential
effects of terrestrial carbon remineralization on CO, flux and OA has
been undertaken to date. This budgeting exercise is complicated be-
cause the effects of terrestrial carbon delivery on OA and CO, flux may
be partially offset by marine primary production and dissolution of
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Fig. 1. Map of Hudson Bay showing bathymetry, circulation, major rivers, wind
velocity, and boundary between coastal conduit and offshore domains as de-
fined by current velocities in the NEMO ocean model. Grey arrows denote
prevailing surface currents. The dashed line denotes the boundary between the
runoff dominated coastal conduit and offshore region used in this study. Black
flag-shaped symbols denote prevailing wind velocities.

terrestrial CaCO3 in some regions, and exacerbated by the reminer-
alization of marine organic carbon in others. Additional factors are also
important, such as the delivery of freshwater from rivers and ice melt,
which lowers the capacity of seawater to resist changes in pH. Under-
standing the key drivers of OA and CO, flux in high-latitude shelf seas is
urgent in view of how rapidly these areas are responding to global
warming, with many effects that potentially impact carbon cycling,
including loss of permafrost, snow, and sea ice (Hochheim et al., 2014;
Hochheim and Barber, 2010; Manizza et al., 2013), and changes in the
magnitude and timing of river runoff (Dai et al., 2009; Déry et al.,
2016). It is the sum total and balance of these changes that will de-
termine the effects of ocean acidification and future air-sea CO, ex-
changes in these high-latitude northern seas.

Here, we take a step toward improving understanding of the key
drivers of OA and CO, exchange in high-latitude Arctic shelf seas by
examining the potential effects of important processes within the
carbon system in the Hudson Bay system (HB). We first briefly review
the main processes affecting air-sea CO, and OA in high-latitude seas.
We then synthesize what is known about carbon cycling in this system,
both organic and inorganic, to develop an integrated carbon budget
that estimates annual supply and loss rates for various forms of carbon
using a box model approach (Gordon et al., 1996). We use the box
model to estimate the potential effects of terrestrial and marine organic
carbon remineralization on OA and CO, flux, and the extent to which
these effects may be enhanced or mitigated by marine primary pro-
duction and CaCOj; cycling. A sensitivity analysis reinforces the ability
of the model (despite the uncertainties in some model assumptions) to
identify key C-cycle-related drivers of OA and CO flux in HB, and how
these might be impacted by future changes (e.g., land-use and climate
change). Finally, our results are used to evaluate potential drivers of OA
and CO, flux in other high-latitude shelf seas.

Carbon cycling in high-latitude coastal oceans is complex because it
involves both oceanic and terrestrial systems and because seasonal sea
ice plays an important role (Fig. 2). River inflow and coastal erosion
deliver organic carbon (OC) in dissolved (DOC) and particulate (POC)
forms, as well as particulate and dissolved inorganic carbon (PIC and
DIC) from the weathering of carbonate rocks and decomposition of
terrestrial organic matter (Couture et al., 2018; Lantuit et al., 2012;
Stein and Macdonald, 2004a; Vonk et al., 2015). Given our
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understanding of carbon cycling in other Arctic shelf seas (Bates, 2006;
Kaltin and Anderson, 2005; McClelland et al., 2012; Shadwick et al.,
2011; Shakhova et al., 2010), we know that seasonal OC,,, production
is related to the dynamics of air-sea CO, flux and ocean acidification.
However, the potential influence of OC,, delivery by rivers and also
PIC formation/dissolution has received limited attention in most high-
latitude shelf seas.

A portion of the imported terrestrial OC (OC,,) is remineralized
biologically (Mann et al., 2012; Wickland et al., 2012), while some
light-sensitive forms (chromophoric dissolved organic matter and
fluorescent dissolved organic matter; CDOM and FDOM) may be pho-
tochemically oxidized, potentially providing a direct source of DIC
(Bianchi, 2011; Granskog et al., 2009), or alternatively producing more
labile (smaller) molecules (Dainard et al., 2015) and thus increasing
bacterial remineralization rates (Amon, 2004). A fraction of the POC e,
discharged by rivers sinks rapidly to the bottom (seabed), where it may
be remineralized to CO, if oxygen or other oxygen-bearing molecules
are present, or to methane (CH,) if sediments are anoxic (usually below
the sediment surface in high-latitude coastal oceans). The remaining
POC,, that is not remineralized is buried, which sequesters carbon
away from the atmosphere for thousands to millions of years.

The majority of CO, released by remineralization reacts with water
to form carbonic acid (H,COs3), bicarbonate (HCOs; ) and carbonate
(CO327), as well as hydrogen ions (H*) (Fig. 2). Thus, the CO, pro-
duced during remineralization of OC,,, increases the total dissolved
inorganic carbon (DIC) content of the water column and lowers pH (i.e.,
promotes OA). As CO, and DIC accumulate, surface waters may become
super-saturated in CO, and evade the excess CO, to the atmosphere,
which mitigates OA. DIC and CO, may also be consumed by primary
producers (phytoplankton, algae, and seagrasses) in sunlit waters
during photosynthesis, potentially promoting CO, under-saturation and
uptake of atmospheric CO,.

Much of the organic matter produced by marine primary production
(OM,a,) is recycled within the mixed layer (regenerated production)
and thus only affects OA and CO, flux on seasonal scales. However, the
portion that sinks to deeper waters (i.e., export production) effectively
reduces the CO, concentration and effects on OA in surface waters.
Export production is supported by nutrient delivery to the surface
mixed layer from upwelling of deeper waters, rivers, and reminer-
alization of terrestrial organic matter (Eppley and Peterson, 1979).
Some of the OC,,, exported to deeper waters is remineralized, con-
tributing to OA and CO, accumulation in deep waters, while the re-
mainder is buried in sediments.

Particulate inorganic carbon (PIC; i.e., CaCO3) is a solid mineral that
may be formed through the combination of dissolved calcium (Ca®*)
and HCO3;~ (Fig. 2) by marine organisms (e.g., some phytoplankton,
clams, mussels). In river waters, PIC can also derive from physical
weathering of carbonate-containing rocks, and in the ocean, sea-ice
formation can lead to the production of an abiotic form of CaCOs, ikaite
(Dieckmann et al., 2010). The tendency for calcium carbonate to dis-
solve in seawater is defined by © which depends on the concentration
of calcium and carbonate ions, as well as the temperature, salinity, and
hydrostatic pressure and the mineral structure of solid CaCOj3 (for more
details see AMAP, 2013). PIC is stable in most surface ocean waters
(i.e., Q > 1), but the addition of CO, promotes CaCO3-dissolution (i.e.,
Q < 1), which is a main concern resulting from ocean acidification, as
it may stress shell-producing organisms. Of the two major forms of
marine carbonate used by aquatic organisms, aragonite and calcite, the
former is more soluble and therefore more sensitive to ocean acid-
ification. Calcium-carbonate dissolution consumes CO,, reducing the
potential for CO, outgassing (Fig. 2) and increases the aragonite sa-
turation state (Qa,; AMAP, 2013), potentially offsetting the effects of
organic matter remineralization.

Freshwater has a significant influence on the buffering capacity of
high-latitude shelf waters (i.e., their ability to resist changes in pH re-
sulting from CO, addition or removal). Most river waters have a low
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Fig. 2. Schematic showing major processes related to the carbon cycle in high-latitude shelf seas.

buffering capacity, as indicated by them having a lower total alkalinity
(TA) than seawater. Thus, river-dominated coastal marine waters are
more vulnerable to OA than their more saline offshore counterparts
(AMAP, 2013). Like river water, sea-ice melt has relatively low TA,
further contributing seasonally to the OA vulnerability of high-latitude
seas (Carmack et al., 2016).

Sea ice also affects the carbon cycle in high-latitude seas in other
ways. Drifting sea ice transports particulate organic and inorganic
matter together with sediment. Sea-ice cover impedes direct air-sea CO,
exchange. Brine rejection during ice formation may export salts and
other components including carbon, down and away from the surface
and in some cases to deep waters (Fig. 2; Konig et al., 2018; Moreau
et al., 2016; Rysgaard et al., 2011). In the absence of deep mixing or
bottom-water formation, the DIC in deep waters remains isolated from
the surface layer and atmosphere for decades (as expected for Hudson
Bay) to hundreds of years (for the Arctic Ocean; Ostlund et al., 1987).
The specific carbon cycling processes within sea ice are complicated
and this remains an area of on-going research (e.g. Brown et al., 2015;
Else et al, 2012; Geilfus et al., 2014; Rysgaard et al., 2011;
Vancoppenolle et al., 2013).

Fig. 2 emphasizes that the total inventories and exchanges of carbon
between the various compartments of a high-latitude coastal ocean
system are dynamic and driven by a combination of physical, chemical,
and biological processes, all of which may vary regionally in space, and
seasonally, annually, or on longer time scales. The Arctic already shows
many signs of global change, including warming (AMAP, 2017), re-
duced sea-ice cover (Hochheim et al., 2014; Kwok et al., 2009; Stroeve
and Serreze, 2008), and changing freshwater flux from rivers (Dai et al.,
2009; Déry et al., 2016). It remains to be determined how these changes
will enhance or mitigate rates of air-sea CO, flux and acidification.

2. Methods
2.1. Study area

Hudson Bay (HB) is a large, shallow, semi-enclosed sea, with a
complete cryogenic cycle (ice covered in winter, open water in late
summer). Like the Arctic Ocean, Hudson Bay receives more river water
input per unit area than other ocean regions. Pacific-derived, relatively
fresh Arctic Ocean outflow enters Hudson Bay from the north via both
Hecla and Fury Strait and northern Hudson Strait (Fig. 1), and

circulates cyclonically around the Bay in the so-called ‘coastal conduit’
that is mostly confined to within 100 km of the shoreline (Granskog
et al., 2009). Here, surface marine water is modified by dilution with
river water and biogeochemical processes before eventually exiting
Hudson Bay via southern Hudson Strait and flowing into the Labrador
Sea (Fig. 1). Most of the river water and associated terrestrial carbon
enters along the Bay’s southern coast from the Churchill and Nelson
Rivers in the southwest, to the La Grande and Great Whale Rivers in the
southeast. Significant advances have been made in understanding spe-
cific aspects of the HB carbon cycle during the last 15 years (ArcticNet
research program), including marine primary production, organic
carbon delivery and burial, CO, flux, and aragonite-saturation, but
these findings have not, to date, been integrated into an overall picture
of carbon cycling in Hudson Bay and its implications for OA and CO,
flux.

2.2. Overall model structure

We subdivide HB into a coastal box and an offshore box, each of
which is further divided into a surface box and deep box. The boundary
between surface and deep boxes is assumed to average about 50 m,
consistent with the approximate depth of the HB mixed layer (Granskog
et al., 2009; Saucier et al., 2004). The boundary between the coastal
and offshore domains (dashed line in Fig. 1) is defined based on surface
currents projected from the HYPE model (N. Ridenour, pers. comm.),
giving a coastal surface area of 557,000 km? and an offshore surface
area of 250,000 km? (see Table SI-1). This boundary is also consistent
with the distribution of river water, which dominates within
100-150 km of the HB coast, based on both water-mass tracers
(Granskog et al., 2011, 2009, 2007) and models (St-Laurent et al.,
2011). We use previously published and recent measurements to esti-
mate the carbon fluxes in and out of each box, and transformations
within each box (see Table SI-1). Note that much of the observational
data available from Hudson Bay is biased towards the open water
season (summer and fall), when the absence of ice cover makes field
programs practical. Where suitable data were not available, we used
relevant literature from elsewhere and/or assigned fluxes to balance
inputs and outputs within reasonable error estimates. We also conduct a
sensitivity analysis to determine how uncertainties within the model
affect our results.
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2.3. Effects of C-cycle processes on ocean acidification and air-sea CO flux

We assess the effects of specific C-cycling processes on OA and air-
sea CO, flux in HB by calculating their annual effects on the average
Qa, and pCO, in each compartment using the CO2SYS program (Pierrot
and Wallace, 2006). We are interested in the changes in these proper-
ties brought about by C transformations in HB and thereby imparted to
the outflowing waters (towards the Labrador Sea), relative to Arctic
waters that do not pass through the HB system on their way to the
Labrador Sea. CO2SYS calculates Q4, and pCO, (among several other
parameters, including pH, saturation states for other minerals, etc.)
using a set of water chemistry variables (salinity, temperature, pressure,
total phosphate, total silicate, total alkalinity, and total dissolved in-
organic carbon). We estimate the average set of water chemistry vari-
ables in each of our four compartments based on existing literature to
derive average Qa, and pCO, values using CO2SYS (see Table SI-2). We
then infer the effects of carbon transformations (i.e., remineralization of
POCterr; DOCrerr, and POC,,,, marine primary production, and PIC,,
dissolution) on this set of water chemistry variables, based on our
carbon budget and stoichiometric relationships between carbon and
other variables. This modelling experiment allows us to derive the an-
nual contributions of specific carbon cycle processes to the mean pCO,
and Q,, in each compartment of our box model and thus compare re-
lative contributions and identify key driving and offsetting processes.

We convert DIC from teragrams (Tg = 1 x 10'? g; the units used
throughout the budget) to molar concentrations by dividing the Tg DIC
changes in each box by the total volume of each compartment in our
budget. Compartment volumes were derived from the surface areas of
the coastal (579,000 km?) and offshore (251,000 km?) regions, and
average thicknesses of each compartment (50 m for the two surface
boxes, 50 m for the deep coastal box, and 150 m for the deep offshore
box based on the approximate mean depth of each compartment from
bathymetric maps).

Next, we derive changes in other relevant CO2SYS inputs based on
DIC. The change in DIC due to remineralization/primary production is
related to changes in TA by:

;16 X AI)IC’PP/VeminOMmar

106 (2.3.1)
where delta ATApp/reminommar @0d ADICpp /reminommar are the net change
in total alkalinity and dissolved inorganic carbon, respectively, due to
primary production and remineralization of marine organic matter. The
—16:106 conversion factor is due to the uptake/release of nitrate
(NO3 ™) during primary production/remineralization, which affects TA
(Sarmiento and Gruber, 2006). Thus, for every mole of DIC produced
during remineralization, TA is reduced by a factor of 16:106. However,
based on observations from 15 rivers sampled during August 2011
(Table 1), the carbon to nitrogen (C:N) molar ratio of terrestrial organic
matter (OMqe,,) delivered by Hudson Bay rivers is higher than 106:16
(28.6:1 for dissolved OM,,; and 12.2:1 for particulate OM,,). Thus, for
every mole of DIC produced by DOM;.,, remineralization, TA is reduced
by a factor of 1:28.6, while this ratio would by 1:12.2 for POM,, re-
mineralization.

ATApp/reminommar =

-1
ATIqPP/reminOMterr = m X ADICPP/;’BminDOMlerr (232)
Similarly, the change in TA due to PIC precipitation and dissolution
is related to DIC by:

ATAPICppln/diSSOl =2X ADICPICpp[n/dissaI (2.3.3)

where ATApictorm/dissol ald ADICpictorm /dissol are the net changes in total
alkalinity and DIC from the formation and dissolution of PIC (Sarmiento
and Gruber, 2006). Because TA depends on the total ionic charge of its
constituent ions, whereas DIC does not, the production of CO52~ during
PIC dissolution increases TA by a factor of two, relative to the increase
in DIC (Zeebe and Wolf-Gladrow, 2001).
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A similar approach was used to infer changes in total phosphorus.
We adjusted for different sources of organic matter, assuming the N:P
ratios of OMye,, and OM,,,, were always 16:1 (Loladze and Elser, 2011;
Redfield, 1934). Thus, for every mole of DIC produced by OM,,,, re-
mineralization, PO,>~ increases by 1/106, and for every mole of DIC
from particulate OM,e,y, PO, increases by 1/458 (equivalent to a C:N
of 28.6:1, and N:P = 16:1).

Silicate concentrations may be affected by remineralization and
primary production if silicate forming organisms are present. However,
the lack of published silicate concentration data precludes an accurate
constraint of this factor in HB, so we simply assume Si remains constant
in each box. Salinity, temperature, and pressure were also assumed to
be unaffected by C-cycling.

We then re-calculate the pCO, and aragonite-saturation values for
each compartment after modifying the average DIC, TA, and phos-
phorus values by the amounts inferred from the annual carbon budget
and the stoichiometric relationships discussed above. The difference
between this 25, and pCO, value and the original values is equivalent
to the annual effects of a given C-transformation, while their sum
provides an estimate of the net effect of C-cycling on Q4, and pCO; in
each compartment.

3. Synthesis of Hudson Bay carbon literature and box model
formulation

To formulate our budget, we have drawn on several studies ex-
amining specific aspects of the HB C-system including both the in-
organic C system (Azetsu-Scott et al., 2014; Burt et al., 2016; Else et al.,
2008a, 2008b) and the organic C system (Ferland et al., 2011; Godin
et al., 2017; Granskog et al., 2007; Guéguen et al., 2011; Kuzyk et al.,
2010, 2009, 2008; Lapoussiére et al., 2013, 2009; Mundy et al., 2010).
Below, we show first the terrestrial organic carbon budget (inputs,
losses, and transformations), followed by the marine organic carbon
budget, and finally the inorganic carbon budget.

3.1. Terrestrial POC budget

Rivers are a large source of POC,, to HB, as they are to other river-
dominated shelf seas. For our POC,., budget, we adopt the estimates
made by Kuzyk et al. (2009), who showed that rivers, coastal erosion
and atmospheric dust deposition supply an estimated 0.46 Tg/yr, 0.07
Tg/yr and 0.125 Tg/yr POC,, to the HB system, respectively. We as-
sume river waters and coastal erosion enter directly into the coastal
region. In contrast, dust is deposited evenly across the surface area of
the Bay, implying 0.09 and 0.04 Tg/y to the coastal and offshore wa-
ters, respectively (Fig. 3). The amount of POC,,, delivered to Hudson
Bay on an areal basis (0.6 g m~2) is comparable to the amount esti-
mated for the Arctic Ocean (1.1 g m™ 2 Stein and Macdonald, 2004a,
2004b), with the result that bottom sediments from both areas are
noticeably “terrestrial” in their organic matter (Kuzyk et al., 2009;
Schubert and Calvert, 2001).

The burial rates of POCi,, are estimated from sediment cores
(Kuzyk et al., 2009, 2010), and display marked regional variability
depending on distance from shore. Terrestrial organic matter (OMe.,)
supplied by rivers to HB is generally nitrogen-poor relative to OM,ar,
with a C:N ratio of 28.6:1 for DOC and 12.2:1 for POC (Table 1). The
spatial patterns in C:N ratios of HB bed sediments suggest that OMe,, is
primarily deposited in coastal waters near major rivers (Churchill/
Nelson, James Bay rivers) in the southern part of the Bay (Kuzyk et al.,
2010). Lignin yields from riverine particulate matter and sediment
cores confirm the general pattern of a coastal current transporting fine
sediments and OCq.,, cyclonically around the margin of the Bay, with
the majority of OC, deposited within the coastal zone (Godin et al.,
2017; Kuzyk et al., 2008). Kuzyk et al. (2009) estimated that OCie,
makes up roughly 40% of the total OC in coastal sediments, but only
~7% in offshore sediments, implying total OC,.,, delivery rates of 0.44
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Table 1

Carbon:Nitrogen ratios of POM and DOM measured at the mouth of 15 Hudson Bay rivers during August 2011.
River Latitude Longitude Sampling Date (Day of Year) Drainage Basin Area (km?) Annual Q (km®/yr) Peak Flow (Day of Year) C:N of POC  C:N of DOC
East
Povungnituk  60.05 77.22 191 28,000 11.9 184 13.5 23.4
Kogaluk 59.61 77.48 191 11,300 5.0 171 16.3 26.7
Polemud 59.43 77.30 191 N/A 1.5 170 14.0 29.0
Innuksuak 58.46 78.08 192 11,200 3.3 174 12.8 36.8
Nastapoca 56.92 76.43 193 12,500 8.0 173 13.2 22.6
Little Whale  55.97 76.67 193 11,700 3.7 164 13.7 24.9
Great Whale  55.27 77.57 194 43,200 19.8 153 10.8 37.1
Northwest
Josephine 63.13 90.98 199 N/A 2.5 180 9.2 20.1
Wilson 62.33 93.13 199 N/A 2.6 180 11.0 22.3
Ferguson 62.08 93.35 199 12,400 2.6 181 12.8 31.2
Tha'anne 60.55 94.92 200 29,400 6.3 175 8.7 22.8
Thlewiaza 60.52 95.02 200 27,000 6.9 183 121 29.0
Southwest
Churchill 58.78 94.20 201 288,880 20.6 161 10.2 27.9
Severn 55.87 87.82 209 94,300 21.3 149 11.9 35.0
Winisk 55.15 85.30 209 54,710 14.7 148 12.5 40.4
Average 12.2 28.6

and 0.01 Tg C y ™! to the coastal and offshore sediments, respectively
(Fig. 3). The difference between OC,, supply and burial in sediments
implies water-column remineralization rates of 0.18 (coast) and 0.028
Tg Cy ! (offshore). Lacking detailed measurements about POC sinking
and remineralization rates, we have simply partitioned the reminer-
alization of POC,,, evenly between the mixed layers and deeper waters
of the coastal and offshore regions (Fig. 3).

Remineralization can also occur within sediments, after deposition.
Based on the difference between OC in surface vs. deeper sediments,
Kuzyk et al. (2009) showed that ~39% of the OC,, reaching the se-
diments is remineralized, which would release 0.18 and 0.004 Tg Cy~*
as DIC to the coastal and offshore bottom waters, respectively (Fig. 3;
Kuzyk et al., 2009). Overall, our budget suggests that only 42% (0.28
Tg) of the total annual POC,, delivered to HB (0.66 Tg) is permanently
buried with the remaining 58% remineralized in the water column and
sediments.

Coast

Dust 0.13

0.09

3.2. Terrestrial DOC budget

Rivers supply HB with even greater amounts of DOC,, than
POC;err,- Thus, we expect that HB surface waters also contain relatively
high concentrations of DOC. The links between river runoff and DOC
distribution in HB have been defined largely through trends in the
chromophoric portion (CDOM) (Mundy et al., 2010; Granskog et al.,
2007; Guéguen et al., 2011). The concentration of CDOM in Hudson
Bay mixed-layer waters is equal to or greater than that in the Beaufort
Sea or Mackenzie River Delta and considerably greater than in the
Greenland Sea or central Arctic Ocean (Pegau, 2002; Stedmon and
Markager, 2001). Delivery of DOC,, and CDOM,, by rivers to HB
varies considerably from low levels in the northern rivers to higher
levels in the southern and western rivers draining the Hudson Bay
Lowlands (peatlands) (Godin et al., 2017). Seasonal fluctuations in DOC
concentrations are significant in some rivers but not others (Kirk and
Louis, 2009; Rosa et al., 2012). However, only a handful of rivers have
been monitored throughout an annual cycle, preventing
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generalizations. Furthermore, the DOC data for the marine waters are
too scarce to resolve potential spatial differences in DOC loading at the
present time beyond an inshore/offshore contrast. The pronounced
inshore-offshore gradients in absorbance at 355 nm (a355) confirm that
the coastal waters are dominated by CDOM;.,rich river waters
(Granskog et al., 2007). The only published estimates suggest that
Hudson Bay receives between 3.6 and 5.5 Tg C y ! as DOCe,, (Kuzyk
et al., 2009; Mundy et al., 2010). Thus, for our box model, we adopt a
mean value of 4.5 Tg Cy~ ! for DOC.,, delivery by rivers to the coastal
surface HB compartment (Fig. 3). This input is nearly an order of
magnitude larger than the estimated input of POCie,, (Fig. 3). There are
presently no published estimates of DOC delivery from coastal erosion
to Hudson Bay, and we assumed this to be of minor importance because
isostatic rebound in Hudson Bay is greater than the rate of sea-level rise
(Hillaire-Marcel and Fairbridge, 1978).

Dissolved organic carbon can be remineralized by photochemical
(Timko et al., 2015) and bacterial processes (Catala et al., 2015;
Guéguen et al., 2014; Walker et al., 2016). The biodegradable fraction
of DOC,.,, varies seasonally, with more labile DOC,, behaviour during
winter (Wickland et al., 2012) or the spring freshet (Holmes et al.,
2008) than during other seasons. The degradability of DOC,, also
depends on its sensitivity to light and chemical structure, which varies
with watershed characteristics (cf., Godin et al., 2017). In general, the
fraction of DOC;.,, that is degraded in marine waters does not exceed
25-30% (Bauer and Bianchi, 2012). Based on generally conservative
relationships between salinity and a355 in Hudson Bay, early studies on
CDOM¢.,; in HB suggested low rates of degradation (Granskog et al.,
2007). However, the optically active fraction of DOC (both absorbing
and fluorescing) is particularly high in Hudson Bay (up to 89%), sug-
gesting DOC may be particularly photolabile (Guéguen et al., 2011).
Rapid DOMy.,, losses of a355 over two-day light exposure experiments
(61-68%, 49-56% and 52% for river, estuarine and offshore samples,
respectively; Guéguen et al., 2016) suggest that much of the DOC from
rivers is photochemically degraded in nearshore waters, which may
increase the lability of DOM.,, and promote microbial degradation
(Bianchi, 2011).

Given the potential variability in DOC;.,, degradability and paucity
of published data, we adopt the formulation devised by Wickland et al.
(2012) for estimating the fraction of DOC4,, that can be remineralized

to DIC in HB. This estimate is based on the ratio of DOC and dissolved
inorganic nitrogen (DIN) of rivers:

In%BDOC = (—0.589 X In(DOC: DIN)) + 5.17 (3.2.1)

where %BDOC is the percentage of the total DOC that is biodegradable
and DIN is the sum of nitrate (NO3 ) and ammonium (NH,). HB rivers
have mean NO3 ™~ concentrations of 3.7 + 2.1 pmol L7! (Kuzyk et al.,
2010), but NH,4 data are more limited. Measurements of NO3;~ and NH,4
from the lower Nelson River (n = 16) spanning multiple seasons
showed a mean NH4:NO3 ™~ ratio of 4:1 (Baker, 1989). We used this ratio
to derive the mean river DIN (18.5 pmol L™ 1Y) from the mean river
NO3 ™. We then applied the Wickland et al. (2012) equation to Hudson
Bay, assuming a mean river DOC concentration of 414 pumol L™, which
we derived by dividing the total DOC supply (4.5 Tg Gy~ ') by the total
annual river discharge (905 km® y~!; SI-Table 1). The result suggests
that ~28% (1.27 Tg) of the DOC.,, delivered by HB rivers is re-
mineralized to DIC in Hudson Bay (Fig. 3). This degree of degradability
is higher than observed for the Kolyma River (0.1-20%; Mann et al.,
2012) or for a temperate estuary (10%; Raymond and Bauer, 2000) but
lies at the upper end of ranges observed for three large Alaskan rivers
(0-33%; Holmes et al., 2008). Given that DOC, is associated with
river water which is mostly confined to the coastal surface waters in HB
(Granskog et al., 2011), and that most DOC,.,, degradation typically
occurs within days to weeks (Herlemann et al., 2014; Kawahigashi
et al.,, 2004) (i.e., before river water would mix with subsurface
(> 50 m deep) and offshore waters) we apply this DOC,, reminer-
alization rate (28%) to the surface coastal compartment of our box
model (Fig. 3).

3.3. Marine POC budget

Hudson Bay has long been considered an oligotrophic system with
low primary production (Anderson and Roff, 1980; Dunbar, 1993;
Ferland et al., 2011; Lapoussiére et al., 2013; Roff and Legendre, 1986),
although the main spring phytoplankton bloom has yet to be assessed.
Estimates of annual primary production in Hudson Bay vary from 10 to
100 g C m~2 yr_l (Anderson and Roff, 1980; Ferland et al., 2011;
Lapoussiére et al., 2013; Roff and Legendre, 1986; Sibert et al., 2011),
but the bulk of the evidence supports the lower end of the range.
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For the marine OC budget (Fig. 4), we require estimates of new
primary production or export production (i.e., the portion of marine
carbon exported from the surface mixed layer). Within Hudson Bay,
field observations consistently show a general decline in productivity
and biomass from the coast to offshore waters, and from northeast to
southwest (Ferland et al., 2011; Lapoussiere et al., 2013). Spatial dif-
ferences in sediment dinoflagellate cyst assemblages (Heikkild et al.,
2016, 2014) display a higher abundance of the spring bloom-associated
Pentapharsodinium dalei in eastern HB where they may be supported by
abundant nutrients associated with strong river inflows (Kuzyk et al.,
2010), whereas the central and western regions are characterized by
slower-growing plankton, both autotrophs and heterotrophic dino-
flagellates, perhaps due to longer periods of sea-ice cover and oligo-
trophy. There is potential for significant primary production contribu-
tions from both ice algae (Cota et al., 1991) and benthic primary
producers (Lalumiére et al., 1994; Welch et al., 1991), but field ob-
servations have so far failed to capture these. In contrast to field ob-
servations, a 3D physical-biogeochemical model showed no indication
of elevated primary production inshore, which was attributed to light
limitation from high particulate and dissolved organic matter loadings
from rivers (Sibert et al., 2011).

Given the uncertainties in primary production estimates from field
observations and models, we chose to estimate export production by
using a geochemical budget for dissolved inorganic nitrogen (DIN).
Export production is the most important component of primary pro-
duction in terms of affecting OA and the air-sea exchange of CO,, be-
cause export production removes CO, from the surface for more than a
season and contributes CO, to deep water through POC,,,, reminer-
alization. The premise here is that export production must be supported
by the import of bioavailable nitrogen to the mixed layer, either by
remineralization of terrestrial organic matter (OMie), direct DIN
supply from rivers, or upwelling of sub-surface seawater.

We estimate the export production supported by OM;.,, reminer-
alization based on the remineralization of POC,, and DOC4,, in the
surface boxes (Fig. 3) and the corresponding release of nutrients based
on the C:N ratios of DOM;e,r and POM,, (Table 1). Note we assume the
C:N ratios of dust and coastal erosion are the same as POM,, in rivers.
Assuming that marine primary producers consume C:N at Redfield ra-
tios (106:16), the nutrients released by DOM,.,, remineralization could
support 0.30 Tg C y ™! export production in the coastal surface box,
which offsets ~25% of the DIC released by DOM,, remineralization. In
contrast, the nitrogen released from POM,.,, remineralization would
support 0.07 Tg C y~ ! export production in the coastal surface box, or
nearly 80% of the DIC from POC,, remineralization (Fig. 4).

To estimate the export production supported by river DIN, we
multiply the mean river DIN concentration (18.5 umol L™!) by the
mean annual river discharge (905 km® y~?'; McCullough et al., 2019,
Table SI-1), which gives a total annual DIN supply of 0.23 Tg N/yr. This
supports 1.33 Tg C y ™! export production (Fig. 4). We assume that the
river DIN is derived from OM. remineralization upstream, and thus
associated with DIC delivery by river water. Assuming a 28.6:1 C:N
ratio as an upper limit for OM.,, (Table 1), river DIN may be associated
with up to 5.83 Tg C y~! as DIC. However, much of this DIC is likely
lost to the atmosphere as CO, before reaching HB, as many Arctic rivers
are strong CO, sources in the upper watershed but become weak
sources or sometimes even CO, sinks in the lower reaches near the river
mouth (Denfeld et al., 2013; Striegl et al., 2012). Many of the large river
systems of HB (Nelson, La Grande) have lakes or reservoirs that support
primary production themselves. Accordingly, we adopt a lower limit for
river DIC:DIN ratios by assuming that the remineralized DIC imported
by rivers is present at the same 106 C:16 N ratio as marine organic
matter, for a total supply of 1.33 Tg C y~'. As a result, the export
production supported by river DIN would consume all associated river
DIC (Fig. 4).

To estimate the export production supported by upwelled nitrogen,
we constructed a salt budget based on mean annual river runoff
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(905 km? y- 1), the salinity of outflowing water to Hudson Strait (30.78;
average salinity of upper 50 m in northeastern HB near Hudson Strait),
and the salinity of water upwelled to the surface of Hudson Bay (32.80;
average salinity of water below 50 m depth). The salinity of outflowing
water suggests that it is composed of 94% upwelled water and 6%
freshwater. Assuming the river-water inflows are balanced by an equal
volume of river water flowing out of HB each year, we infer that
~15,100 km® y~! of upwelling is required to balance the salt budget
(Table SI-1). We multiply this volume flux by the average DIN con-
centrations in upwelled water based on previously collected measure-
ments (10.1 ymol L™%; n = 5), and the DIN in outflowing surface
waters near the mouth of Hudson Bay (2.1 pmol L™1) to infer the total
supply of DIN to the surface and loss in outflowing waters. The total
DIN upwelled in HB could support 12.1 Tg C export production per
year, but 2.7 Tg of this DIN leaves with outflow to Hudson Strait,
producing a net 11.1 Tg Cy~ ! export production term. Given the larger
surface area of the coastal region (~2x larger) and higher rates of
primary production (~2x higher) relative to offshore waters (Ferland
et al., 2011), the export production in the coastal box is assumed to be
roughly 4x higher than the offshore. Accordingly, we apportion 8.69 Tg
C y ! of the net export production from upwelling to the coastal do-
main, along with 2.5 of the 2.7 Tg C lost due to outflow, with the re-
maining export production (2.4 Tg Cy~ ') and outflow losses (0.23 Tg C
y ™1 to the interior (Fig. 4).

Field observations show that export production makes up 30% of
the total annual primary production in HB (Ferland et al., 2011;
Lapoussiére et al., 2013), which we use to estimate total annual primary
production (37.1 Tg Cy~ ') and regenerated production (26.0 Tg Cy 1)
from our export production term (Fig. 4). The average annual primary
production rate (44.7 g C m~2 y~!) falls within the range of published
estimates for Hudson Bay (10-100 ¢ C m ™2 y~%; Anderson and Roff,
1980; Ferland et al., 2011; Lapoussiére et al., 2013; Roff and Legendre,
1986; Sibert et al., 2011).

The remineralization of sinking marine OC in the water column was
derived by subtracting the amount of marine POC reaching sediments
(0.67 and 0.14 Tgy ! in the coastal and offshore domains, respectively;
Kuzyk et al., 2009) from the total export production terms. The dif-
ference implies that 8.02 and 2.26 Tg C y ! of export production are
remineralized in the coastal and offshore water columns, respectively
(Fig. 4). We assume that the recycled primary production consists of a
mixture of POC and DOC, but that no marine DOC is exported below the
mixed layer, since marine DOC is highly labile (Holding et al., 2017;
Retelletti Brogi et al., 2018) and thus rapidly remineralized in the ocean
(within hours to days; Hansell, 2013). Roughly 30% of the OC,,
reaching sediments is remineralized (Kuzyk et al., 2009), releasing an
additional 0.2 and 0.04 Tg DIC to coastal and offshore bottom waters,
respectively (Fig. 4). Overall, this suggests that 10.7 Tg (i.e. > 95%) of
the sinking marine organic matter is remineralized rather than buried,
as compared to ~30% remineralization for DOC,, and ~60% re-
mineralization for POCie,y.

3.4. Particulate inorganic carbon budget

Little is known about production, distribution or dissolution of
particulate inorganic carbon (PIC) in Hudson Bay, despite its potential
effect on pH and pCO, (cf., Azetsu-Scott et al., 2014). Using available
datasets from the Nelson, Hayes, Eastmain and La Grande Rivers
(Table 2), we estimate an annual river PIC delivery of 1.2 Tg C y '
(Fig. 5). The annual contributions of each river are based on their PIC
concentrations and annual discharge, and we assume the PIC con-
centration from all unstudied rivers are equal to the average PIC con-
centration of the measured rivers. Coastal erosion is estimated to supply
an additional 0.2 Tg Cy ' as PIC to the coastal box by assuming 2.5%
inorganic carbon content in the sediment supplied by this source. Given
the absence of information about PIC delivery by dust to HB, and re-
latively insignificant contribution of dust to the POC budget, we assume
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Table 2

River PIC flux data. Annual fluxes were estimated by multiplying concentra-
tions by annual discharge values. We used the average river PIC value for all
other rivers not measured directly, multiplied by the remaining annual dis-
charge from rivers not shown in the table. The Nelson and Hayes Rivers were
measured by Stainton, M. The Eastmain and La Grande Rivers were averaged
over the period 1982-1984.

River Discharge (km® y’l) PIC (mg L™YH  PIC flux (Tg y’l)
Nelson (n = 7) 94.1 1.0 0.09

Hayes 18.6 0.8 0.01

Eastmain (n = 31)" 13 1.7 0.02

La Grande (n = 35)'  80.5 1.7 0.14

All Other Rivers 698.8 1.3 0.90

TOTAL RIVER PIC 1.2

1 From Messier et al. (1986).

no annual PIC delivery by dust.

Sediment cores suggest the PIC burial rate is 0.1 Tg Cy™ " in coastal
sediments and 0.3 Tg y ' in the offshore region (Kuzyk et al., 2009;
Fig. 5). This implies either a significant amount of PIC formation in the
offshore domain by pelagic organisms, or lateral transport of PIC from
the coast to the offshore domain. Coccolithophores are capable of
producing CaCOg, but these organisms have not been found in HB in
any appreciable quantities. Calcareous foraminifera are found in sedi-
ments but show a decline in abundance over time, possibly due to re-
duced preservation of more recent deposits (Griffiths, 2010). CaCOs-
shell forming animals are present in the sediments of HB, but mostly
confined to nearshore sediments. On the other hand, suspension and
lateral transport of sediment from the coast to the offshore region may
be significant in HB (Kuzyk et al., 2009). We therefore assume that all
the PIC in HB sediments is derived from rivers and coastal erosion.
Assuming no PIC dissolution occurs in the deep offshore waters, only
0.3 Tg of the 1.4 Tg PIC delivered to the coast would need to be
transported offshore. However, a lack of PIC dissolution in the offshore
region seems unlikely, given the fact that offshore bottom waters are
relatively corrosive to CaCO5; compared to coastal waters (Azetsu-Scott
et al., 2014; Burt et al., 2016). We therefore adjusted the fraction of PIC
exported from the coastal region until the PIC dissolution as a percen-
tage of the PIC delivered to each compartment was roughly equal for
both the coastal and offshore bottom waters (i.e. ~71% dissolution).
This requires 1.05 Tg of PIC to be resuspended and deposited in

1

Coast
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offshore waters (Fig. 5), and implies PIC dissolution of 0.25 and 0.75 Tg
C y ! (roughly 70% of total PIC delivery) in the coastal and offshore
deep waters, respectively (Fig. 5).

3.5. Dissolved inorganic carbon budget

Most of the DIC sources and sinks in each compartment of our box-
model were derived from the remineralization of OC,, and OC,,, and
from PIC formation/dissolution (Sections 3.1-3.4). Briefly, we estimate
that the production of DIC associated with OCg,, remineralization (both
POC and DOC) within rivers adds 1.33 Tg C y ' to the mixed layer of
the coastal domain. The remineralization of OC.,, within HB releases
1.36 and 0.27 Tg DIC y~ ! to the coastal surface- and bottom-waters,
respectively, and 0.014 Tg and 0.018 Tg DIC y ™! to the offshore sur-
face- and bottom-waters, respectively (Fig. 3). The DIN associated with
OM.,; remineralization supports export production in the mixed layer
boxes, which removes some but not all of this DIC, due to the lower C:N
ratio of OMy,,, relative to OMe,, (Fig. 4). Although upwelling promotes
export production, it has ultimately no net effect on the DIC budget,
since the C:N ratios of upwelled water are assumed to be the same as in
OCphar, although some of the upwelled DIC could promote local CO,
outgassing to the atmosphere. In the deep-water boxes, remineraliza-
tion of sinking OC (terrestrial and marine) produces DIC in both the
water column and sediments. The dissolution of sinking PIC from ter-
restrial sources releases DIC in deep boxes (Fig. 5).

Adding up the DIC accumulation in surface boxes from Fig. 4 sug-
gests that coastal waters could release as much as 1.0 Tg C as CO, per
year, while the limited DIC accumulation in offshore surface waters
would not support any significant CO, evasion on annual time-scales.
This agrees relatively well with the estimated annual CO, emissions of
~1.4 Tg C as CO, per year, primarily from coastal waters (Else et al.,
2008b). However, we intentionally excluded air-sea CO, flux from the
budget because it would remove some of the CO, added by OM re-
mineralization, and thus offset the potential effects on Q,,. Our budget
thus provides an indication of the potential tendency for surface waters
to be sources or sinks for atmospheric CO».

3.6. Contributions of carbon transformations to pCO, and Q4,
The effects of individual carbon transformations on mean Qa,

(Fig. 6a) and pCO, (Fig. 6b) in each box model compartment are dis-
cussed below. We investigate the effects of POCi ., and DOCe
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Fig. 6. Independent effects on Q4, (panel a) and pCO, (panel b) of carbon cycle processes occurring within each model compartment on an annual basis. Processes
include: remineralization of POCe,r and DOCe,; production and/or remineralization of OC,,,; and PIC dissolution. Bar lengths represent the effect of each process on
Qa; and pCO,. Processes that reduce Q. or pCO, are stacked on the left side of the y-axis, and processes that increase them are on the right. The net impact of C-

transformations is indicated by the text label next to each bar.

remineralization, OC,, production and/or remineralization, and
PICe,, dissolution. The bar widths represent the change in Qa, and
pCO-, due to each process, and processes that reduce Q4, or pCO, are
stacked on the left side of the y-axis, while processes that increase them
are on the right. In general, organic carbon remineralization increases
pCO, accumulation and reduces Q4;, while export production and PIC
dissolution reduce pCO, and increase Q4,. The net effect of all processes
is equal the sum of individual effects, and is denoted by the text labels
beside each bar. These values may be considered the degree to which
each process alters the Q,, state and pCO, of water flowing through
each compartment on an annual basis, and provides an indication of the
relative strength of each process. We note that the different residence
times of each compartment would cause waters to be subjected to the
effects of carbon transformations for different amounts of time. Al-
though the residence times of HB waters are uncertain, it is likely that
coastal surface waters have the shortest residence time while offshore
deep waters have the longest.

In the coastal surface box, the mean Q4, value is 1.23, meaning
aragonite is stable in these waters on average, and is consistent with
previous Q,, measurements in HB coastal surface waters which range
from 0.8 to 1.6 (Azetsu-Scott et al., 2014; Burt et al., 2016). Here, the
remineralization of DOC,, reduces Q4. by 0.06 units (—5.2%), making
it the largest contributor to aragonite under-saturation in this com-
partment. POC,,, remineralization had a smaller effect, reducing Qx,
by < 0.01 units, or —0.2%. These OA-promoting processes are nearly
offset by the + 0.05 unit increase (+3.9%) in Qa, from export pro-
duction. The sum of these processes suggest carbon cycling lowers the
Q. of water passing through this compartment by 0.02 units (—1.6%)
on an annual basis. In the coastal deep compartment, mean Q,, values
are below saturation (0.87) consistent with previous measurements
ranging from 0.6 to 1.2 (Azetsu-Scott et al., 2014; Burt et al., 2016).
Here, OC,,, remineralization is the largest contributor to Q4, under-
saturation (—0.17 units, or —19.4%), while POC,, remineralization
contributes an additional decrease of 0.01units (—0.7%). These effects
are moderately offset by PIC dissolution, which increases Q4, by 0.02
units (0.6%), lowering the Qa, of water flowing through this com-
partment by a total of 0.16 units per year. The Q4. in the offshore
surface compartment (mean Q,, = 1.21) is similar to the reported
range (1.0-1.7; Azetsu-Scott et al., 2014; Burt et al., 2016) and is barely
affected by carbon cycling processes within the Bay, with a —0.01%
effect from POC,.,, remineralization offset by the +0.1% effect of ex-
port production. Offshore deep waters are strongly undersaturated with
respect to aragonite (25, = 0.83) as compared to the 0.5-1.0 reported
previously (Azetsu-Scott et al., 2014; Burt et al., 2016), and are strongly
influenced by OC,,, remineralization (-0.04 units) and PIC dissolution
(+0.01 units). The residence time of water in each compartment, which

is an important variable affecting the spatial distributions of Q,,, is not
accounted for by our model. The long residence times of deep waters
may help explain why they are so strongly Q, under-saturated relative
to coastal surface waters.

The impacts on pCO, mirrored those on Q4,. In the coastal surface
box, we estimate a mean pCO-, of 406 patm, or slightly super-saturated,
based on the annual average temperature, salinity, DIC, TA and nutrient
concentration in the compartment, consistent with net CO, emission
estimates in coastal HB waters (340-460 patm; Else et al., 2008a,
2008b). Here, the remineralization of DOC,,, increases pCO, by 27
patm y~! (+20%), while POC,, remineralization only adds 1.0 patm
to pCO,. Marine export production offsets this by 18 patm (—4.4%) per
year, for a net +8 patm pCO, y ! in this compartment. The deep
coastal box has relatively high average pCO, (568 patm), which is
supported by a +155 patm pCO, y~ ! primarily from remineralization
of OCpar (+154 patm) and POCe, (+4.2 patm), which are offset
slightly by PIC dissolution (-3.1 patm). In the offshore surface box,
waters are CO, under-saturated (pCO, = 357 patm), consistent with
280-440 patm pCO, estimates by Else et al. (2008a, 2008b). Here, the
very slight supply of CO, from POC;,, remineralization (+0.3 patm
pCO,) was virtually offset by CO, consumed during export production
(—0.2 patm pCO,), suggesting carbon conversions have no effect on
pCO,, in this part of HB. This implies the under-saturation observed here
must be due to other factors beyond the scope of our model (e.g.,
carbon uptake prior to entering HB, brine rejection). Nevertheless,
there is evidence for net CO, uptake in offshore HB waters (Else et al.,
2008a, 2008b), which is consistent with pCO, under-saturation. In the
deep offshore box, mean pCO, concentrations are very high (596 patm),
supported by OCp,,, remineralization (+31 patm pCO, y~ ') and offset
slightly by PIC dissolution (—7.4 patm pCO, y ). Although we did not
explicitly include air-sea flux in our budget, Fig. 4 shows that the excess
DIC from OC,, remineralization could support up to 1.0 Tg C flux to
the atmosphere as CO,, mostly from the coastal surface box. This is
somewhat lower than the 1.6 Tg mean annual CO, flux estimated by
Else et al. (2008b), but still within a reasonable error range.

4. Discussion

From our budget (Figs. 3-5), we infer that the remineralization of
POC;err, DOCierr, and POC,,,, contribute to ocean acidification and CO,
flux in HB, while export production and PIC,.,, dissolution offset these
effects to some extent. As Fig. 6 shows, POC.,, remineralization has a
negligible impact in Hudson Bay due to the relatively small POCe,,
inputs relative to DOCte,,. Although OC.,, remineralization makes a
significant contribution to CO, accumulation and aragonite under-sa-
turation in coastal surface waters, it is greatly exceeded by OCar
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Fig. 7. Delivery rates of terrestrial organic carbon from rivers and coastal
erosion to major Arctic shelf seas. Devliery rates were calculated by dividing to
total annual inputs by continental shelf sea surface areas (the coastal surface
area was used for Hudson Bay). See Table SI-4 for details (Stein et al., 2004;
Vonk et al., 2012).

remineralization in deeper waters. Higher annual POC,, inputs would
make OC,, remineralization a more significant driver of aragonite
under-saturation and CO, accumulation in deep waters. Thus, the re-
lative importance of OC,, delivery depends not only on its magnitude,
but also on the relative contributions from DOC and POC.

In comparison to other major Arctic shelf seas, the coastal zone of
HB receives a moderate DOC;,, delivery rate (i.e., DOCq,, delivery per
unit sea surface area; Fig. 7). This suggests that DOC;,, remineraliza-
tion is likely to be a more important contributor to OA and net CO,
evasion in other major Arctic shelf seas, particularly in the Beaufort,
Kara, and Laptev Seas, which receive 1.5-3.0 X greater DOCy, de-
livery rates than HB (see Stein and Macdonald, 2004a). The higher
POC;.,, delivery rates for other Arctic shelves (2-40 X higher than HB;
except for the Barents Sea; Fig. 7) implies that POC,.,, remineralization
will be a more significant driver of OA and CO, for these seas. The high
POC,,, delivery rates for the Siberian Shelves receive large contribu-
tions from coastal erosion, which is relatively minor in HB, perhaps due
to high rates of isostatic rebound reducing relative sea-level rise and
thus mitigating shoreline erosion. The relatively high total OCi,, de-
livery rates in shelf waters of the Laptev, Kara, Beaufort, and East Si-
berian Seas suggest these areas may be more vulnerable to OA and
pCO, accumulation than HB, whereas OC.,, remineralization may not
be as significant in the Barents and Chukchi, due to their lower total
OCie,, delivery rates.

A key implication of the budget is that export production offsets CO,
accumulation (70-100%) and aragonite under-saturation (65-100%) in
nearshore surface waters. However, this offset strongly depends on the
C:N ratios of OMe, given that export production is fueled by nutrients
released during OM;,, remineralization. The effect of OM,, reminer-
alization decreases as the C:N ratio of OM;.,, approaches that of OM,,,,
(i.e., 106:16). In HB, the C:N ratio of POM,,, is lower than DOM;e,r,
with the consequence that an increase in POM,,,, delivery rates would
not affect pCO, and Q,, as much as an equal increase in DOC,, de-
livery rates. The C:N estimates for Hudson Bay POM and DOM are si-
milar to those observed for other major arctic rivers (Holmes et al.,
2012; Mcclelland et al., 2016), suggesting that higher POC,, delivery
rates for other major Arctic shelf seas may not significantly increase
their susceptibility to CO, evasion and OA, except perhaps on seasonal
time-scales. Rather, the amount of DOC,, they receive (and its de-
gradability) would be the more important factors.

The budget and model also show that CaCO; dissolution offsets
aragonite under-saturation in the Bay’s bottom waters by 2-30%. The
offsetting role of PIC dissolution appears to be more pronounced in
offshore deep waters (Fig. 6). Measurements of river and coastal erosion
contributions to PIC.., and PIC sediment burial rates are limited both
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for HB and the Arctic Ocean basins (AMAP, 2013), but these sources are
likely related to watershed geology with CaCOs-rich basins supplying
more CaCO; than silicate-dominated watersheds (Alkire et al., 2017;
AMAP, 2013). The ability of CaCO3 inputs to offset CO, produced by OC
metabolism and reduce CO, evasion will be important for the carbo-
nate-rich watersheds throughout the Western Canadian Arctic, in-
cluding the Beaufort Sea and much of the Canadian Arctic Archipelago
(Alkire et al., 2017). The potential significance of PIC to polar marine
systems warrants additional research attention specifically on inputs
and dissolution rates of terrestrial and marine PIC.

Its geographical location at the margin of the cryosphere places
Hudson Bay in the vanguard of global climate change. Over recent
decades, sea-surface temperature has increased by roughly 3 °C (Brand
et al., 2014; Galbraith and Larouche, 2011), and the Bay now experi-
ences a shorter ice-covered season (Hochheim et al., 2014; Hochheim
and Barber, 2010). While warming water temperatures may accelerate
microbial activity and remineralization rates (Mazuecos et al., 2015)
and decrease CO, solubility, the shortened sea-ice season will increase
wind-driven upwelling of CO,-rich (and aragonite-under-saturated)
water to the surface (Carmack and Chapman, 2003; Mathis et al.,
2012), lead to greater photo-remineralization of DOCi,, (Bélanger
et al., 2006), and facilitate exchange of CO, between the atmosphere
and the surface ocean (AMAP, 2013; Bates, 2006). On the other hand, a
prolonged open-water season would increase pelagic primary produc-
tion (Arrigo et al., 2010), assuming sufficient availability of nutrients.
There are many factors identified through this budget exercise that
require better understanding before we can project the consequences of
ongoing physical changes to the Arctic.

Hudson Bay’s coasts and drainage basins contain massive peat de-
posits, especially along the southern coast of Hudson and James Bays
where lowlands stabilized by permafrost (Gorham, 1991; Gorham et al.,
2012) are undergoing thaw. Models suggest that climate warming could
degrade 50% or more of this permafrost by 2050 (Gough and Leung,
2002), potentially releasing vast quantities of labile OCy,, to Hudson
Bay (Frey and McClelland, 2009; Lawrence and Slater, 2005; Letscher
et al., 2011). Recent work suggests high-latitude rivers are already
becoming richer in DOC,,, (Monteith et al., 2007), and this will be
further exacerbated by a wetter, as well as warmer, climate (De Wit
et al., 2016). Variations in the volume of river discharge entering
Hudson Bay occurring on decadal and multi-decadal timescales (Déry
et al., 2011) will alter the rate of OM,,, delivery to HB. A slower de-
livery rate would allow more time for remineralization and CO,, evasion
within rivers, reducing the supply of labile OM., to HB, whereas
higher discharge, and especially increased flooding events, would
promote rapid flushing and high rates of labile OM,, delivery to HB,
which would promote OA. Global climate model simulations con-
sistently project increasing pan-Arctic river discharge for the 21st
century (Arnell, 2005; Holland et al., 2007; Milly et al., 2005), although
in Hudson Bay both hydroelectric development and climate change will
significantly impact hydrology, making it more difficult to predict fu-
ture discharge trends.

We emphasize that whereas we have produced a plausible, balanced
budget for both organic and inorganic carbon in HB, errors inherent in
individual budget terms may significantly affect the results. We have,
accordingly, performed an analysis of sensitivity to errors in our budget
components. We explored the effects (Table SI-3) of variation in river
discharge, the salinity of outflowing water to Hudson Strait, the nitrate
concentration of upwelled waters, the DOC and POC delivery by rivers,
DOC degradability, the C:N ratio of DOC4e,, and PIC delivery. The C:N
ratio for OM,.,, had a significant impact on Q,, and pCO, in coastal
surface waters. For example, lowering the C:N ratio of DOC,, from
28.4 to 12.2 (the same C:N ratio as POC;,,, in Hudson Bay) reduces the
effects of OM,,, remineralization such that they are more than offset by
export production in coastal surface waters, giving these waters a slight
tendency towards CO, uptake from the atmosphere and increasing Qx,
values. Similarly, reducing the degradability of DOC,, from 30% to
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10% almost completely eliminates the tendency towards aragonite
under-saturation and CO, accumulation in coastal surface waters.
Additional uncertainty in our estimates arises from the seasonal limits
of sampling in Hudson Bay, which under-represents winter and spring
when sea-ice cover, river freshet, and primary production exhibit their
strongest temporal gradients. Ice and benthic primary production could
mitigate CO, accumulation and aragonite under-saturation, but little is
known about their rates and distributions in HB. In summary, our
sensitivity analysis indicates that better understanding of the variability
in the C:N ratio and lability of terrestrial DOM is most critical to un-
derstanding future ocean acidification and the CO, source-sink balance
of Hudson Bay, and possibly other Arctic coastal regions.

Here, we have focused our efforts directly on the components of the
carbon cycle that influence CO, flux and ocean acidification. To these
may be added sea-ice formation and melt, and river runoff, which in-
directly affect the system response through driving convection (brine),
reducing air-sea exchange (ice-cover, stratification), or reducing surface
ocean buffer capacity (sea-ice melt, runoff). The significant freshwater
inputs from both rivers and ice melt make HB particularly sensitive to
ocean acidification, while brine rejection during ice formation re-
presents a potentially significant pathway to transfer DIC from the
surface to deep waters.

5. Conclusions and recommendations for future research

We have assembled here for the first time a budget that accounts for
both inorganic and organic components of the carbon cycle and their
interactions within Hudson Bay. To do this, we have drawn our data
from numerous disparate research results published in the literature.
These independent studies, most of which were conducted within the
past 15 years, were not designed specifically to produce such a budget.
We were therefore surprised and very much encouraged by the co-
herent picture these disparate data produce when quantitatively used to
construct our box model (Fig. 6). Although there are clearly many
uncertainties within individual components, which we have discussed,
we infer that the final synthesis has a greater strength than any in-
dividual component because it incorporates so many independent parts.

Our review of existing Hudson Bay carbon studies shows that ter-
restrial organic carbon remineralization is an important driver of CO,
evasion and ocean acidification, primarily in coastal surface waters.
Marine primary production, on the other hand, removes CO, from
surface water and decrease OA, but it does so by adding to these in deep
waters. Overall, carbon cycling within the Bay promotes aragonite
under-saturation and increasing pCO, everywhere except in offshore
surface waters, with the largest impacts in deep coastal waters.
Seawater entering Hudson Bay is already in a state of low pH/high CO,
(Azetsu-Scott et al., 2010); these waters are further modified within
Hudson Bay, which, in consequence, contribute corrosive water to
Hudson Strait and the Labrador Sea.

The effects of OM,.,, remineralization in coastal surface waters are
significantly offset by export production and CaCOs dissolution. Since
export production is partially fuelled by nutrients released during
OM,,, remineralization, the offset inherent in OM,, depends strongly
on its C:N ratio, which is higher for DOM,, relative to POM;e,,
(Table 1). Furthermore, the lability of OM is related to its C:N ratio;
DOM,e,, is least labile (C:N = 28.6, 30% remineralized), followed by
POMy,, (C:N = 8.2, ~60% remineralized), and POM,,,,; (C:N = 6.6, >
95% remineralized). The dissolution of terrestrial CaCO5 also counters
the effects of OC remineralization on pCO, and OA, but this is likely
restricted to deep waters where CaCO3 is under-saturated.

Hydrological change (damming/diversion) and climate change over
the past century have already altered the Hudson Bay’s fresh water and
carbon cycle, with more pronounced changes projected for the next
century. Our synthesis implies that ocean acidification will increase in
Hudson Bay, and time-series studies should be put in place to follow its
progress. Greater research emphasis needs to be placed especially on
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spring and autumn freeze-up. River geochemistry is particularly under-
sampled during freshet, despite the importance of this time period for
carbon transport. The contribution of ice-algae, macroalgae, seagrasses,
and benthos to the Bay’s primary productivity remains a glaring data
gap, despite its likely importance to remove CO, (e.g., see Glud et al.,
2009) and therefore modify pH, pCO,, and Q (Duarte et al., 2013).
Permafrost in the southern Hudson Bay and James Bay Lowlands con-
tains large inventories of OM,, at risk from thaw, and old permafrost
carbon is already being released (AMAP, 2017; Feng et al., 2013). There
is evidence that ancient carbon is being mobilized as DOC in some
Hudson Bay river basins (Godin et al., 2017). Further investigation of
the age and composition of OC,, entering HB is needed to determine
the present rate of supply of ancient OC to the Bay and set a baseline
against which to measure change.

Our findings imply that higher OC.,, delivery rates in other major
Arctic shelf seas, especially POC;.,;, may promote more intense rates of
CO,, efflux and acidification relative to HB, especially if POC,, is re-
mineralized under light-limitation when primary production is sup-
pressed. Like Hudson Bay, the C:N ratios of OM.,, entering the Arctic
Ocean and its degradability, as well as the supply and dissolution of
terrestrial CaCO3 need greater sampling emphasis.
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