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Abstract 

Climate change impacts have brought up the need for a better understanding of the rapidly changing 

ecosystem of the Arctic. Arctic marine ecosystems, such as around Southampton Island in Hudson Bay, are 

supported by phytoplankton production. In turn, phytoplankton production, which is influenced by 

environmental conditions and processes, can impact pelagic and benthic food webs. The goal of this thesis 

was to determine the physical processes driving phytoplankton production around Southampton Island, 

Nunavut during summer. Three subgroups of differing physical characteristics of the water column were 

distinguished: the Northwest Narrows group (well-mixed water connecting Roes Welcome Sound and Frozen 

Strait), the Hudson Bay group (warmer stratified waters to the south of Southampton Island), and the Foxe 

group (colder stratified northeastern waters in Foxe Basin and Foxe Channel). The different physical 

characteristics resulted in contrasting phytoplankton production and stages around the island. In particular, a 

highly productive phytoplankton bloom supported by mixing and high nutrient availability, was observed in 

the Northwest Narrows. Phytoplankton production estimates in the Northwest Narrows group were higher 

than estimates for Hudson Bay and Foxe Basin, and comparable to those in Hudson Strait. The substantial 

variability phytoplankton production around Southampton Island highlights the importance of local processes 

for primary production in the Arctic. This also calls to the necessity for future work to identify similar regions 

that have the potential to support high phytoplankton production in the Arctic. 
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Chapter 1: Introduction 

Motivation 

The importance of oceans and the life within them is often understated. Oceans make up 71% of the 

Earth’s surface, and produce 50-80% of the oxygen in the atmosphere (NOAA a,b, 2021). A majority of this 

oxygen is produced by microscopic free-floating plants, also known as phytoplankton, which account for the 

majority of bottom trophic level production in most marine ecosystems. A large number of marine food webs 

are under “bottom-up” control, in which the quantity of primary production controls the abundance of 

individuals within trophic levels and their biomass. The Arctic marine ecosystem is thought to be under 

bottom-up control, where primary production is largely limited by advective nutrient supply from adjacent 

oceans (Tremblay and Gagnon, 2009; Tremblay et al., 2015).  

The Canadian Arctic marine environment consists of a fringe of the central Arctic Ocean, an archipelago 

containing a complex of basins and constricted water ways, northern Baffin Bay, and the Hudson Bay Complex 

(HBC), which includes: Hudson Bay (HB), James Bay (JB), Hudson Strait (HS), and Foxe Basin (FB). Although 

mostly within subarctic latitudes, the HBC is considered Arctic due to a continental effect (Barbour and 

Billings, 1988). With an exception of JB, the HBC is remarkably cold, undergoing a freeze-melt cycle each year 

(Stewart and Howland, 2009; Hochheim and Barber, 2014). The HBC is also fresher than that of the global 

seawater average of 35, with surface salinities ranging between 4 and 33.5, due to its large riverine catchment 

area and seasonal sea ice melt (Stewart and Howland, 2009; Prinsenberg, 1980). 

The Arctic is currently warming at three times the rate of the rest of the planet, driven largely by the 

ice-albedo feedback mechanism (IPCC, 2021). This warming has already impacted Arctic marine life, with 

observations of increased primary production (Frey 2020), as well as impacts on larger species, such as 

declines in the polar bear populations in Western Hudson Bay (Regehr, 2007). Climate change is also having 

effects on the health and well-being of those living in the Arctic, including impacts on hunting/fishing that 
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result in reduced food security, increase in disease, malnutrition, and other health issues, increased 

infrastructure failures from flooding and melting permafrost, increased risk of invasive species, and increased 

frequency of harmful coastal algal blooms (IPCC, 2019). There are 39 coastal communities around the HBC, 

and most of these growing communities depend on the marine ecosystem in some form for subsistence, 

cultural, and tourism activities (Andrews et al., 2018; Statistics Canada, 2017). Due to their dependence on the 

marine ecosystem and the overall population growth, a better understanding of potential future impacts of 

climate change on HBC ecosystems is critical for these communities. 

Southampton Island is located between 62°N and 66.5°N latitude, in northwestern Hudson Bay, 

Nunavut, Canada. There are three relatively large and growing Arctic communities within the Southampton 

Island region: Coral Harbour, Naujaat, and Chesterfield Inlet (Statistics Canada, 2017, a, b, c). The marine 

region around Southampton Island was identified by Fisheries and Oceans Canada as an Area of Interest in 

2018 (Government of Canada, 2019) after being defined as an Ecologically and Biologically Significant area in 

2011 (DFO, 2011). This region is home to large numbers of marine mammals and seabirds including: Atlantic 

walruses (Odobenus rosmarus), narwhal (Monodon monoceros), killer whales (Orcinus orca), beluga whales 

(Delphinapterus leucas), bowhead whales (Balaena mysticetus), and ringed (Pusa hispida), hooded 

(Cystophora cristata), and bearded seals (Erignathus barbatus) (e.g. Ross, 1974; Cosens and Innes, 2000; 

Stewart and Lockhart, 2005; Ferguson et al., 2010; DFO, 2011; COSEWIC, 2016; DFO, 2018; Yurkowski et al., 

2019; DFO, 2020). While it is hypothesized that high primary production at the base of the ecosystem drives 

the marine mammal presence, we lack both primary production estimates for the region as well as a 

mechanistic understanding of the drivers of this production. To fill the data and knowledge gap near 

Southampton Island, the Southampton Island Marine Ecosystem Project (SIMEP) was initiated in 2018. One 

aspect of SIMEP and the focus of this master’s thesis is the base of the ecosystem, i.e., phytoplankton 
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production. In this thesis, I investigate spatial patterns in primary production around Southampton Island and 

relate these patterns to physico-chemical controls of pelagic primary production. 

Thesis Objectives 

The goal of this thesis is to better understand the factors that influence phytoplankton distribution and 

production around Southampton Island. The specific objectives and associated hypotheses are to: 

Objective 1: Define ecological regions relevant to phytoplankton production around Southampton 

Island based on ocean physical properties. 

Hypothesis 1: The Southampton Island region is not uniform in terms of physical characteristics. 

Objective 2: Evaluate spatial variability in phytoplankton production and biomass between the regions 

identified in Objective 1. 

Hypothesis 2: Phytoplankton production and biomass are not uniform among the regions 

identified around Southampton Island. 

Objective 3: Establish relationships between primary production or biomass and environmental 

forcings for the Southampton Island region. 

Hypothesis 3: High mixing and nutrient concentrations are associated with high primary 

production and biomass in the Southampton Island region. 

Thesis Layout 

My thesis is a sandwich-style thesis with one research chapter to be submitted as a manuscript for 

peer-review in a journal. There are four chapters: 1) Introduction, 2) Background, 3) Manuscript, and 4) 

Conclusions. Chapter 1 explains the importance of the research presented in this thesis, and describes the 

thesis objectives and layout. In Chapter 2, background information on the topics driving the manuscript are 
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provided, including primary production, factors limiting primary production, Arctic seasonality, the HBC and 

Southampton Island, and the climate change context in the Arctic and in the HBC. Chapter 3 presents the 

manuscript with the following citation: 

Kitching, E.H., Michel, C., Matthes L.C., Kuzyk Z., Limoges, A., Ehn, J.K., Papakyriakou, T.N., De La 

Guardia, L.C., and Mundy, C.J. (In preparation). Physical processes driving phytoplankton production 

around Southampton Island, Nunavut in late summer 2018 and 2019. To be submitted to Arctic 

Science. 

I am the primary author of said manuscript, which encompasses the thesis objectives. Chapter 4 provides a 

summary and conclusions of the thesis. 
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Chapter 2: Background 

Primary Production 

Primary production in marine ecosystems 

Primary production is defined as the amount of organic material synthesized from inorganic substances 

by autotrophs in an ecosystem, with photosynthetic production being primary production derived from 

photosynthesis (Falkowski and Raven, 2013). Primary production can be further divided into gross and net 

primary production. The former is the rate of total organic carbon synthesized over a given period of time 

whereas the latter is gross production minus losses from respiration (Codispoti et al., 2012). In marine 

ecosystems, microscopic free-floating plants known as phytoplankton are responsible for the vast majority of 

primary production (Falkowski and Raven, 2013). Phytoplankton biomass is the total organic mass of 

phytoplankton per unit area or volume (Falkowski and Raven, 2013). Due to its presence in nearly all 

phytoplankton, chlorophyll a (chl a) pigments are often used as a proxy for phytoplankton biomass. The size of 

phytoplankton cells can be used to determine the bloom state, or the activity of the phytoplankton cells 

related to differences in primary production, with smaller sized cells being better adapted to low nutrient 

concentrations than larger sized cells (Miller and Wheeler, 2012). 

Photosynthesis-irradiance (P-E) curves are used as a representation of the relationship between 

photosynthesis and solar irradiance (Figure 2.1, Platt et al., 1980),where P is photosynthesis (mg C m-3 h-1), α* 

is the photosynthetic efficiency (mg C h-1 [mg Chl a]-1 µmol photons m-2 s-1 ),  * is a measure of 

photoinhibition (mg C h-1 [mg Chl a]-1 µmol photons m-2 s-1 ), P*max is the light-saturated maximum 

photosynthetic rate (mg C m-3 h-1), and Ek is the photoacclimation parameter, (µmol photons m-2 s-1) (Platt et 

al., 1980). These values are normalized to biomass, as denoted by *. In a typical P-E curve, the rate of 

photosynthesis will increase with irradiance until reaching an asymptote at the P*max. Additional irradiance 

may inhibit the phytoplankton’s photosystem complexes resulting in photoinhibition (Platt et al., 1980). 



8 
 

Photosynthetic parameters (α*, *, P*max) can be then further used in primary production estimation (Chapter 

3, materials and methods section). 

 

Figure 2.1: Typical PE curve with photosynthetic parameters. From Consalvey et al. (2005). 

Primary production limiting factors 

In the Arctic Ocean, the two main factors limiting primary production are the availability of light and of 

major nutrients (e.g., Codispoti et al., 2012, Tremblay et al., 2015). Light is attenuated through the water 

column following the Beer–Lambert law: 

(1) 

𝐼𝑧 = 𝐼0 × 𝑒−𝐾𝑑×𝑧 
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where Iz is Irradiance (µmol photons m-2 s-1) at depth z (m), I0 is irradiance just below the ocean surface, and Kd 

is the diffuse light attenuation coefficient.  Since phytoplankton require light for photosynthesis, primary 

production occurs in the surface ocean (top 100 m), within the euphotic zone. The euphotic zone is 

operationally defined as the depth of light penetration in the water column of a predetermined (based on 

algal physiological limits) percentage of incident photosynthetically active radiation (PAR, 400 – 700 nm) 

(Mann and Lazier, 2013). In this study, as in many other studies in the Arctic Ocean, the euphotic zone is 

operationally defined as the depth receiving 0.2% incident PAR (Knap et al., 1996; Lalli and Parsons, 1997; 

Ardyna et al., 2011). The bottom of the euphotic zone coincides with the compensation depth, where 

light- limited primary production equals respiration (Sverdrup, 1953). Light attenuation in the upper water 

column can also be used to estimate a critical depth where, over a consistently mixed surface layer, integrated 

primary production is equal to integrated losses from respiration, sedimentation, and grazing, i.e., where 

surface integrated net production is zero (Sverdrup, 1953). This theory was developed to help explain the 

initiation of phytoplankton spring blooms within temperate oceans. That is, blooms are predicted to 

commence as the depth of the surface mixed layer shoals above the critical depth in spring due to thermal 

stratification. However, salinity-driven surface stratification in the Arctic (Carmack, 2007) and the presence of 

snow-covered sea ice greatly impact the applicability of this theory to the region. Rather than a shoaling of the 

surface mixed layer depth leading to bloom commencement, it is the melt of snow and sea ice that rapidly 

deepens the euphotic zone, leading to blooms commencing under the sea ice cover (Ardyna et al., 2021). 

Limiting Factors – Nutrients 

Nutrients are a key limiting factor for primary production in the Arctic. Phytoplankton use nutrients as 

building blocks necessary for their growth and metabolism. These nutrients can be divided into macro- and 

micro-nutrients depending on the quantity required for function and their availability in the environment. 

Macro-nutrients are required in larger quantities and include dissolved inorganic forms of carbon, nitrogen, 
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silicon (for some taxa), and phosphorus. These macro-nutrients are fixed into phytoplankton biomass at a 

globally averaged ratio of 106C:16N:15Si:1P, otherwise known as the Redfield ratio (Redfield, 1958). Micro-

nutrients include iron and other metals, iron being an important limiting nutrient in high nutrient low 

chlorophyll (HNLC) regions of the global ocean (Pitchford and Brindley, 1999). Nutrients are cycled through 

biogeochemical processes that change their chemical form, which determines their availability to primary 

producers. Nutrient concentrations in surface waters are replenished through physical and biological 

processes. In the Arctic Ocean, the most commonly limiting macro-nutrient is nitrogen (e.g., Codispoti et al., 

2012, Tremblay et al., 2015). Phosphorus, a major limiting macro-nutrient in freshwater ecosystems, is 

relatively replete in the Arctic Ocean (Codispoti et al., 2012, Tremblay et al., 2015). Dissolved inorganic 

nitrogen (DIN) is often distinguished as supporting new production, represented by nitrate input that mostly 

enters the euphotic zone from outside (e.g., via upwelling, mixing, advection, etc.), versus regenerated 

production, supported by ammonium, that is recycled within or outside the euphotic zone.  

Nutrient availability varies throughout the year, variability discussed later in in the section about 

seasonality and phytoplankton phenology in the Arctic. During summer when surface nutrients have been 

depleted by the spring phytoplankton bloom, nutrient access for primary producers in the euphotic zone is 

largely controlled by physical processes that can transport new nutrients to the surface from below (Tremblay 

and Gagnon, 2009). The main physical barrier to this movement is the strength of vertical stratification in the 

water column, primarily controlled by salinity in Arctic regions (Prinsenberg and Ingram, 1991; Carmack, 

2007). The major physical processes that drive nutrient dynamics and distribution in the euphotic zone are 

turbulent mixing, coastal upwelling, runoff from land, and tidal mixing. The scale at which these processes 

move nutrients varies, and each can allow for new nutrients to enter the euphotic zone and support 

phytoplankton production. Turbulent mixing from wind and water currents result in increased nutrient 

availability as nutrients are brought from depth (Mann and Lazier, 2013). Within the Arctic Ocean, turbulent 
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mixing tends to increase nutrient supply in nearshore/shelf regions, but rarely from very deep waters 

(Bourgault et al., 2011; Randelhoff and Guthrie 2016; Randelhoff et al., 2017). On a larger scale, Ekman 

transport driven coastal upwelling moves nutrients from below the euphotic zone into the euphotic zone 

(Mann and Lazier, 2013). This Ekman transport, wind driven movement that moves water 90° clockwise from 

wind direction in the northern hemisphere (Mann and Lazier, 2013), can mix nutrients into surface waters 

along coasts, shelf-breaks, or ice edges in the Arctic Ocean (Williams and Carmack, 2015). Runoff from land 

can contribute new nutrients into surface waters; however, due to the salinity-driven stratification associated 

with freshwater from land, the influence of nutrient supply from runoff is considered to remain local (Fasham, 

2003; Codispoti et al., 2012). Tidal energy dissipated in shallow and constricted straits can mix the water 

column and weaken surface stratification (Hannah et al., 2009; Melling et al., 2014), and thereby replenish 

surface nutrients (Dalman et al., 2019). Surface stratification can also be weakened within polynyas. Polynyas 

are areas of open water kept ice-free by wind and/or water currents and have been classified into two 

categories, namely sensible and latent heat polynyas (Smith and Barber 2007). Sensible heat polynyas form by 

the influx of oceanic heat via advection, mixing, or upwelling that impede the formation of sea ice. Latent heat 

polynyas form by winds or ocean currents that push ice out of a region faster than it can freeze in place. Due 

to preconditioned weak stratification within these latter polynyas, strong winds can further result in periodic 

deep mixing and even Ekman-driven upwelling events (e.g., Mundy et al., 2009; Tremblay et al., 2011; 

Williams and Carmack 2015). 

Arctic seasonality and phytoplankton phenology 

The growing season of phytoplankton when sufficient light is available is short owing to seasonal 

darkness and to the presence of snow-covered sea ice that strongly impedes solar radiation reaching the 

ocean (Perovich 2018). The overall seasonality of primary production in Arctic marine environments is typically 

as follows. Throughout late fall and winter, production is light limited by both the polar darkness and the thick 
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snow-covered sea ice (e.g., Leu et al., 2015). Due to this light limitation, nearing the end of winter, nutrient 

concentrations are replete (Codispoti et al., 2012; Tremblay et al., 2015). During spring, ice algae (algae 

growing within or associated with the ice) bloom within the bottom of the snow-covered sea ice, associated 

with seasonally increasing light availability (Leu et al., 2015; Michel et al., 1993; Michel et al., 1996). As the 

snow and sea ice cover begins to melt, the ice algal bloom terminates and sloughs from the ice bottom, greatly 

increasing under-ice light transmission that can support development of an under-ice phytoplankton bloom 

(Michel et al., 1993, Michel et al., 1996; Fortier et al., 2002; Mundy et al., 2014; Oziel et al., 2019). The under-

ice bloom or a later spring/early summer pelagic bloom can rapidly utilize surface nutrients, leading to the 

development of a subsurface chl a maximum (SCM), which may last throughout the summer and into fall 

(Martin et al., 2010). The location of the SCM tends to represent the depth at which there is a balance 

between light transmission from above and nutrient supply from below (Begeron and Tremblay, 2014), 

optimizing conditions for phytoplankton growth. These SCM’s are a prevalent feature in the Arctic and are 

extensively documented in the Canadian Arctic (Tremblay et al., 2008; Martin et al., 2010; Ferland et al., 

2011). The processes that bring new nutrients into the euphotic zone support these SCM’s, primary 

production, and secondary late summer or fall phytoplankton blooms, as these processes replenish nutrients 

previously used by the under-ice bloom in the late spring (Tremblay et al., 2002; Michel et al., 2006). Wind-

driven turbulent mixing was observed to result in a fall phytoplankton bloom (Back et al., 2021), as well as 

increased primary production in the Arctic Ocean (Codispoti et al., 2012).  

Hudson Bay complex 

 The Hudson Bay complex (HBC) is the world’s largest inland sea, encompassing 1.24 x 103 km² (Figure 

2.2, Stadnyk et al., 2020). Most basins of the HBC, including Hudson Bay (HB), James Bay (JB), and Foxe Basin 

(FB) are relatively shallow, not exceeding 400 m in depth, whereas Hudson Strait (HS) can reach depths of 

1000 m (Stewart and Howland, 2009). 
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Figure 2.2: Major rivers, lakes, reservoirs and non-contributing area (PFRA, 1983) of the Hudson Bay Drainage Basin. From Stadnyk et al. (2020).  

The continental effect results in the HBC being abnormally cold for its latitude, causing nearly 100% sea 

ice cover from January through April (Saucier et al., 2004). Sea ice within HB, HS, and JB goes through a 

complete freeze and melt cycle each year, while some sea ice in FB may remain during the summer to survive 

until the next freeze-up (Hochheim and Barber, 2014). In general terms and not considering landfast ice, sea 

ice typically forms from October to December starting in northwest FB, and moving southeastward into HB 

and HS, and finally into JB (Stewart and Howland, 2009). Approximately 182 km3 of ice in the HBC is produced 

in the latent heat polynya in northwestern HB (Bruneau et al., 2021). The HBC is under a strong tidal influence, 

with the tide originating in the Atlantic Ocean and moving through Hudson Strait semidiurnally (Drinkwater, 

1988). Tidal height can range between 0.5 m near Inukjauk, Quebec on the eastern Hudson Bay coast to the 

World’s largest tidal amplitude of 16.7 m in Leaf Basin within Ungava Bay, in Hudson Strait (Kuzyk et al., 2008). 
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The tidal system drives strong currents in the HBC, ranging from 0.30 – 2.00 m s-1, with the strongest 

measured currents in HS (Prinsenberg, 1986).  

Circulation of water masses and the strength of currents in the HBC changes throughout the year 

(Saucier et al., 2004; Ridenour et al., 2019). Water in the HBC circulates cyclonically in the fall and winter 

(Figure 2.3, Ridenour et al., 2019), with water moving in from HS and FB to HB, moving south along its western 

coast, into JB and back out through HS (Saucier et al., 2004; Ridenour et al., 2019). In the spring and summer, 

water circulation has a cyclonic flow similar to fall and winter, but also small cyclonic flows in southern HB and 

anticyclonic flows within eastern HB that circulates the water internally (Figure 2.3, Ridenour et al., 2019) 

(Saucier et al., 2004; Ridenour et al., 2019).  

  

Figure 2.3: Spring and summer and fall circulation patterns within Hudson Bay. A shows circulation for spring and summer, and B shows circulation 
for fall. From Ridenour et al. (2019). 

Circulation is highly influenced by freshwater dynamics including the freeze-melt cycle of sea ice, and 

in particular the large input from river runoff. Freshwater input into the HBC is high, due to the large drainage 

basin, equating to an estimated 717 km3 yr−1 riverine input (McClelland et al., 2006) and a near equal 
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contribution by the seasonal melt of sea ice (Prinsenberg, 1986; Granskog et al., 2007). The riverine input 

drives a strong coastal boundary current to the right along the coast, particularly along south and eastern 

coasts of the bay where numerous large rivers drain more than 1/3 of North America (St-Laurent et al., 2011).  

The large freshwater input also drives the persistent pycnocline that separates the warmer fresher water layer 

from the colder saltier layer below (Prinsenberg, 1986). Surface stratification has been linked to the 

magnitude and type of primary production in the HBC (Ferland et al., 2011), as well as in other Arctic marine 

regions such as the Beaufort Sea, Laptev Sea, Baffin Bay, and Young Sound (Coupel et al., 2015, Randelhoff et 

al., 2020). Strong stratification in the HBC is often associated with a well-defined SCM (e.g., Harvey et al., 

1997; Martin et al., 2010; Lapoussière et al., 2013).  

Southampton Island 

Southampton Island (Figure 2.4) is a large island at the confluence of three of the four water bodies 

within the HBC, those being HB, HS, and FB. Current speeds in the region surrounding Southampton Island are 

estimated to average up to 0.35 m s-1 (Prinsenberg, 1986; Saucier et al., 2004). Tidal strength is also strong in 

the region, although current resolution of models cannot completely capture the narrow and shallow sills of 

Frozen Strait and Roes Welcome Sound (Saucier et al., 2004). Tidal gauges within the Southampton Island 

region reported tidal amplitudes of up to 3.6 m in Coral Harbour (Salliq) and 6.1 m in Naujaat (Canadian 

Hydrographic Service, 2022). Several polynyas and flaw leads (openings between landfast ice and offshore sea 

ice) have been identified around Southampton Island (Figure 2.4) (Loewen et al., 2020; Roff et al., 2020; 

Bruneau et al., 2021). 
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Figure 2.4: Polynya and flaw lead systems in the Southampton Island region on 17 May 2019 (NASA Worldview, 2022).  

Figure 2.4 shows the polynyas and flaw lead systems in the Southampton Island region, including those 

near Fisher and Evans Straits, within Frozen Strait, and the largest within Roes Welcome Sound, estimated to 

cover 52 km2 in January (Figure 2.4; Hannah et al., 2009; Babb et al., 2022). The polynyas are largely latent 

heat-type polynyas, kept open by strong tidal currents along constricted straits, as well strong offshore wind 

from the northwest (Bruneau et al., 2021). These processes leading to polynya formation are hypothesized to 
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create conditions favorable for high production based on the abundance and diversity of marine mammals 

(Bluhm and Gradinger, 2008).  

Only a few studies investigating primary production have been carried out in the area around 

Southampton Island, with those studies occurring to the southeast, northeast, and southwest of Southampton 

Island (Ferland et al., 2011; Lapoussière et al., 2013; Matthes et al., 2021). Ferland et al. (2011) estimated an 

average phytoplankton production of 370 ± 110 mg C m–2 d–1 to the northeast, and 320 ± 140 mg C m–2 d–1 to 

the south of Southampton Island during late summer (2011). The study found higher stratification in HB which 

reduced nutrient concentrations at the surface and resulted in reduced production when compared to HS, as 

well as resulting in well-defined SCM’s in HB, HS, and FB (Ferland et al., 2011). Lapoussière et al. (2013) 

estimated fall production at 100 mg C m–2 d–1 on average in the southeast, a value lower compared to summer 

estimates (Ferland et al., 2011). High variability was observed in production estimates, related to the physical 

and biogeochemical characteristics of the water column (Lapoussière et al., 2013). Matthes et al. (2021) found 

high variability in late spring phytoplankton production estimates, with stations sampled to the northeast and 

east (Foxe Basin and Foxe Channel) of Southampton Island averaging 98 ± 18 mg C m–2 d–1 while those to the 

southwest (Hudson Bay) averaging 460 ± 70 mg C m–2 d–1. No estimates were reported for Roes Welcome 

Sound, Naujaat, and Frozen Strait.  

Climate change 

Climate change has resulted in major declines in Arctic sea ice extent, resulting in a longer Arctic ice-

free season (Hochheim and Barber, 2014; Barber et al., 2015; IPCC, 2019). There have been observations of 

increased primary production as a function of greater light availability due to increased open water areas (Frey 

et al., 2018, Frey et al., 2020, Lewis et al., 2020). While it is generally assumed that light limitation of primary 

production is decreasing within the warming Arctic Ocean, the maximum potential production is controlled by 

nutrient availability in the euphotic zone (Tremblay and Gagnon, 2009; Kovacs and Michel, 2011). Freshwater 
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input is also increasing in the Arctic, associated with increased ice melt and runoff (Giles et al., 2012; Durocher 

et al., 2019), and is projected to further increase (Haine et al., 2015). Increased freshwater input strengthens 

salinity-driven stratification in the Arctic Ocean (Nummelin et al., 2015; Randelhoff and Guthrie 2016). The 

increase in salinity-driven stratification strength has been linked to reduced summertime nutrient availability 

(Li et al., 2009; Bergeron and Tremblay 2014). Along coastal shelves and shelf-breaks, there is evidence of 

increasing nutrient supply to surface waters, associated with more frequent wind-driven mixing and upwelling 

during a protracted open water season (Ardyna et al., 2014; Tremblay et al., 2015; Williams and Carmack 

2015). The impacts of climate change on stratification and light and nutrient availability presented above 

result in varying impacts on primary production in the Arctic marine environment.  

The length of the open water season in western HB has increased by 3 weeks during the period         

1979-2015 (Castro de la Guardia et al., 2017), and, in FB and HS, it increased by 3.5 and 4.9 weeks, 

respectively, between 1980 and 2010 (Hochheim and Barber, 2014). Average wind speed in the HBC has 

increased between 1970 and 2011 (Environment Canada, 2013). Storm strength and frequency has increased 

in late summer and fall between 1960-2000 (Savard et al., 2014). River discharge in northern Canada increased 

significantly from 1964 to 2013 (Déry et al., 2016). These trends in the HBC are predicted to continue into the 

future. By 2041-2070, freeze up is expected to be 25 and 31 days later than during the 1961-1990 period in HB 

and FB respectively, and ice break-up is expected to be 24 and 22 days earlier than during the 1961-1990 

period in HB and FB respectively (Joly et al., 2011). Sea ice in the HBC is projected to be significantly thinner 

and sea ice volume is projected to decline (Joly et al., 2011). Average wind speed across the HBC is projected 

to increase (Steiner et al., 2013) and cyclones are predicted to be more frequent by 2041-2070 (Savard et al., 

2014). Freshwater discharge in the HBC is projected to increase through 2070, increasing by over 30% and 

under 15% by 2070 in FB and western HB respectively (MacDonald et al., 2018). Primary production has been 

projected to decline in the HBC due to changes in the Arctic Oscillation (Barbedo et al., 2020), although the 
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few studies characterizing primary production in the HBC make it difficult to predict changes due to climate 

change.  
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Abstract 

Located in the northernmost area of Hudson Bay, the marine region surrounding Southampton Island, 

Nunavut, supports relatively large populations of marine mammals and provides ecosystem services to local 

communities. To understand future impacts of climate change to this marine ecosystem, a better 

understanding of the physical and biological processes driving primary production is needed. This study 

investigated phytoplankton production and its physical forcings around Southampton Island during the 

summers of 2018 and 2019. Differences in physical characteristics around the waterways around the island, 

including ice conditions and mixing processes, resulted in differences in phytoplankton bloom stage during the 

study period. Mixing was found to support a productive phytoplankton bloom in the region around Frozen 

Strait, Naujaat, and northern Roes Welcome Sound. Production in this region was higher than estimates for 

Hudson Bay and Foxe Basin and comparable to estimates for Hudson Strait. This work highlights the 

importance of local but climate-sensitive processes in driving regional variability in summertime primary 

production and bloom phenology in Arctic areas. 

Key words: Southampton Island, Phytoplankton production, phytoplankton bloom, Hudson Bay, P-E curve 

Introduction  

Anthropogenic climate change is warming the Arctic at three times the rate of the rest of the planet, 

and this warming is driving changes in the Arctic marine ecosystem (IPCC, 2021). Perhaps the most critical 
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aspect of change in the physical marine Arctic environment is that to the seasonal sea ice cover, which is 

melting earlier and freezing later, causing a lengthening of the open water season (Hochheim and Barber, 

2014; Barber et al., 2015; IPCC, 2019). The presence of snow-covered sea ice greatly attenuates light 

transmission to the underlying ocean while its melt impacts surface stratification. There processes play critical 

roles in the seasonality and production of phytoplankton in the Arctic. Arctic phytoplankton phenology can 

reach a first maximum in the form of an under-ice bloom beneath the melting sea ice cover, following the 

sloughing of earlier ice algal blooms from the bottom of sea ice (Michel et al., 1993; Michel et al., 1996; Fortier 

et al., 2002; Mundy et al., 2014; Oziel et al., 2019; Ardyna et al., 2020). As the season progresses and the open 

water period begins/progresses, nutrient utilization at the surface results in the development of a subsurface 

chlorophyll maximum (SCM) (Martin et al., 2010), at a depth at which there is a balance between light 

transmission from above and nutrient supply from below (Begeron and Tremblay, 2014). These SCMs are a 

prevalent feature in the Canadian Arctic and can make up a considerable portion of primary production 

(Martin et al., 2010; Ferland et al., 2011), and up to 46% of the NO3-based new production (Tremblay et al., 

2008).  

Climate change can have varying impacts on primary production in the Arctic Ocean. Increased open 

water areas have resulted in increased primary production due to greater light availability (Arrigo and van 

Dijken, 2015; Lewis et al., 2020). The lengthening of the open water season can also lead to more frequent 

wind-driven mixing and upwelling, bringing new nutrient supply to support primary production in the surface 

mixed layer (Tremblay et al., 2021; Ardyna et al., 2014). However, strengthening of salinity-driven stratification 

associated with increased sea ice melt and freshwater runoff from rivers and glaciers (Giles et al., 2012; 

Durocher et al., 2019), can also reduce nutrient availability in summer, with a consequent decrease in primary 

production (Li et al., 2009; Bergeron and Tremblay 2014). 
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Although the Hudson Bay Complex (Hudson Bay, Hudson Strait, James Bay, and Foxe Basin) is subarctic, 

it is still considered to be an Arctic marine environment due to its Arctic Ocean-derived source seawaters and 

the continental effect, which result in it being completely covered by sea ice from January through April 

(Saucier et al., 2004). The freshwater budget of the complex (HBC) depends on additions of both sea ice melt 

and river runoff, as well as exchanges with adjacent seas. Driven by strong tides and currents, water from the 

Atlantic Ocean (Baffin Bay) enters HBC via Hudson Strait, while water from the Pacific passes through the 

Canadian Arctic Archipelago into Foxe Basin and hence HBC. Within Hudson Bay, water circulates cyclonically 

and exits into the Labrador Sea via Hudson Strait (Saucier et al., 2004; Ridenour et al., 2019). Exchanges 

among Foxe Basin, Hudson Strait, and Hudson Bay are not well known but likely involve different surface and 

deep-water exchanges and some recirculation of Hudson Bay outflow into southern Foxe Basin (Jones and 

Anderson, 1994; Saucier et al., 2004; Defossez et al., papers). 

Southampton Island is a large island located at the confluence of Foxe Basin, Hudson Strait, and 

Hudson Bay (Figure 3.1). Some water from Foxe Basin flows westward and southward through the narrow 

waterways that separate Southampton Island from the mainland, namely Frozen Strait and Roes Welcome 

Sound (Prinsenberg, 1986). Ice formed in Foxe Basin also is exported southward that way, although an ice 

bridge that forms across Roes Welcome Sound approximately one in four years interrupts those transports 

(Babb et al., 2022). These regions northwest and west of Southampton Island are characterized by strong tides 

and currents that drive polynya formation in the Southampton Island region with the largest being found in 

Roes Welcome Sound, estimated to cover 52 km2 in January (Hannah et al., 2009). The northern shore of 

Southampton Island borders on the deepest part of Foxe Basin, which has its deep bottom waters renewed by 

dense waters formed during sea ice formation in polynyas within the basin rather than warm salty waters 

advected into the area from the Atlantic Ocean (Defossez et al. 2008, 2010). 



29 
 

Pelagic primary production estimates nearby Southampton Island are limited to three studies in spring, 

summer, and fall. Average primary production was found to range between 70 and 460 mg C m−2 d-1 in Hudson 

Bay (Ferland et al., 2011; Lapoussière et al., 2013; Matthes et al., 2021), 370 mg C m−2 d-1 in Foxe Basin 

(1 station) (Ferland et al., 2011), and 1340 g C m−2 d−1 in Hudson Strait (1 station) (Ferland et al., 2011). Lower 

primary production values in Hudson Bay were found in the later summer (Ferland et al., 2011; Lapoussière et 

al., 2013), whereas higher production values were found in the late spring under-ice bloom (Matthes et al., 

2021). Stratification strength and nutrient limitation were found to limit primary production in Hudson Bay 

and the south shore of Hudson Strait in the late summer and early fall (Ferland et al., 2011; Lapoussière et al., 

2013). Nutrient depletion led to the formation of subsurface chlorophyll a maxima (SCMs) in Hudson Bay 

(Ferland et al., 2011; Lapoussière et al., 2013; Matthes et al., 2021) and Hudson Strait (Ferland et al., 2011). It is 

significant to note that no primary production estimates exist for the waters within Roes Welcome Sound, 

Naujaat, and Frozen Strait. Latent heat polynyas can represent biological hot spots due to open water that can 

enhance primary production (Garneau et al., 2007; Smith and Barber, 2007) and access for birds and mammals 

(Stirling 1981), as well as weakened stratification linked to polynya formation mechanisms that can increase 

nutrient availability and therefore production (e.g., Tremblay et al., 2011; Williams and Carmack 2015; Dalman 

et al., 2019). Thus, we suspect that the physical processes in the narrow channels north and west of 

Southampton Island that support polynya formation may host a biological hot spot previously unidentified in 

the scientific literature for the region. 

A better understanding of processes driving primary production in the Southampton Island region and 

its sensitivity to climate-sensitive (e.g. polynya) processes, is needed as the region is one of the largest 

aggregates of marine mammals in Canada. This is particularly true for the waters within Naujaat, Frozen Strait, 

and Roes Welcome Sound, which support large populations of marine mammals including: whales (bowhead, 

narwal, and beluga) and seals (ringed, hooded, and bearded) (e.g. Stewart and Lockhart, 2005; Ferguson et al., 
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2010; COSEWIC, 2016; DFO, 2018; DFO, 2020). Some marine mammal populations are found in the vicinity of 

the Roes Welcome Sound polynya in late winter and spring while others occupy the area during the summer 

(e.g. Stewart and Lockhart, 2005; Ferguson et al., 2010; COSEWIC, 2016; DFO, 2018; DFO, 2020). The large 

populations of marine mammals found north of Southampton Island are hypothesized be linked to high 

pelagic production in this region. There are three growing communities on or near Southampton Island, 

namely Salliq (Coral Harbour), Naujaat, and Chesterfield inlet (Statistics Canada a, b, c, 2017). These 

communities and others to the south have depended on the region’s marine ecosystem services for a 

generations (Collins, 1956; McGhee, 1970; Clark, 1980) and continue to do so into the present. In this context, 

understanding the Southampton Island marine ecosystem is important to predict climate change impacts to 

the ecosystem and those who depend on it.  

The goal of this study is to investigate biological characteristics (i.e., cell counts, pigment 

concentrations, pelagic primary production) and controls of pelagic primary production around Southampton 

Island. We set out to identify ecological regions around Southampton Island based on ocean physical 

properties relevant to phytoplankton production. From these regions, we evaluate the spatial variability in 

phytoplankton production and biomass. Finally, we assess differences in primary production or biomass in 

ecological regions observed around Southampton Island in relation to environmental forcings. Our study 

shows that primary production is highest along the northwest narrows between the island and the mainland, 

as a result of enhanced mixing. This result allows for an upward extension of primary production estimates for 

the region. 
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Materials and Methods 

Study Area 

During August of 2018 and 2019, 33 stations were visited in the Southampton Island region as part of 

the Southampton Island Marine Ecosystem Project (SIMEP) aboard the RV William Kennedy. Figure 3.1 shows 

the locations of the sampling stations along with key geographic names within the Southampton Island region.  

Figure 3.1: Locations of rosette stations and key geographic markers in the Southampton Island region, Hudson Bay. Stations sampled in 2018 in 
red, stations sampled in 2019 in black. Inset shows the larger Hudson Bay region. 

Sampling 

The field expeditions took place between 8-23 August 2018 and 5-29 August 2019. Water sampling was 

carried out using a Seabird SBE 32 Carousel Water Sampler (rosette) equipped with twelve (12) 5-L Niskin 

bottles, as well as a Kemmerer bottle during the 2018 expedition to collect surface samples. Conductivity, 

temperature, and depth (CTD) and fluorescence water column profiles, from the surface to approximately 5 m 
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above the bottom, were performed at each station using a Seabird 19plus V2 SeaCAT Profiler CTD mounted on 

the rosette. PAR was measured using the scalar PAR sensor (Biospherical model QSP2350) attachment 

mounted to the rosette. Rosette sampling took place 1-2 times a day, generally during daylight hours. 

Additional CTD profiles were carried out at stations in addition to rosette stations along sampling transects. 

The accuracies of the Seabird 19plus V2 SeaCAT Profiler CTD results as stated by the manufacturer are ± 

0.005°C for temperature and ± 0.1 for salinity. 

Additional variables were derived from the CTD data as described here. The stratification index was 

calculated as the change in density from 45 m (regional average depth that is below the pycnocline) and 11 m 

(regional average depth of top of the pycnocline or when present). The mixed layer depth (Zm) was estimated 

using the maximum value of the Brunt–Väisälä frequency (N2) following Carvalho et al. (2017). Average 

temperature and salinity in the upper 20m of the water column were represented by T20 and S20, respectively. 

Additionally, ice breakup dates were derived from sea ice data obtained from a passive microwave sensor 

AMSR2 (Advanced Microwave Scanning Radiometer 2). The ice breakup date was defined as the day of the 

year in which the sea ice concentration decreased below 30% after the winter maximum and did not increase 

again until the next autumn.   

Twelve stations were sampled during the 2018 expedition (Figure 3.1, highlighted in red). At each 

sampling station ten (10) litres of water were collected at pre-selected light depths of 100, 55, 28, 17, 8, and 

2% surface PAR, the SCM depth estimated from the fluorescence profile obtained from the CTD, and the 

bottom depth if not already collected from the preselected light depths. Samples for nutrients and 

phytoplankton cell counts were immediately collected from the Niskin bottles. The remainder of the water 

samples was transferred into acid washed and sample-rinsed tinfoil covered polypropylene containers for 

subsampling for pigment concentrations (fluorometric determination), and particulate organic carbon (POC) 

concentrations onboard the ship. Additional derived variables were estimated from the collected variables. 
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Integrated average nutrient, chl a, POC concentrations over the euphotic zone were calculated by dividing 

depth-integrated nutrient (chl a, POC) concentrations over the euphotic zone by its depth. The SCM 

(subsurface chl a maximum) depth (m) presented in the manuscript was estimated from chl a profiles. Finally, 

the percentage of nanoeukaryotes (relative to the sum of pico- and nanoeukaryotes) was derived from cell 

count data. 

Twenty-one stations were visited during the 2019 expedition (Figure 3.1). At each sampling station ten 

(10) litres of water were collected at discrete depths of 0, 10, 20, 30, 40, 60, 100, 200, and 300 m, the SCM 

depth estimated from the fluorescence profile, and the bottom depths if not already collected under the 

preselected depths. Water samples were collected into acid washed and sample-rinsed tinfoil covered 

polypropylene containers for further subsampling for nutrients, phytoplankton cell counts, chl a 

concentrations (fluorometric determination), primary production and POC concentrations. Derived variables 

were estimated similarly to 2018 with the addition of the daily integrated phytoplankton production within 

the euphotic zone (mg C m-2 d-1) and PB or chl a normalized production (mg C [mg Chl a]- 1 d- 1). 

Analyses 

Duplicate samples for the determination of nutrient concentrations (phosphate (PO4), silicic acid 

(Si(OH)4), nitrite (NO2), and nitrate plus nitrite (NO3 + NO2)) were collected at all sampling depths. Samples 

were filtered through pre-combusted (450°C for 5 h) 25-mm Whatman GF/F glass fiber filters using an acid-

washed and sample-rinsed syringe and Swinnex filter holder and collected into 15-ml acid-washed and sample 

rinsed vials. The samples were stored in a -20°C freezer until later analysis. All samples were analyzed at the 

Maurice Lamontagne Institute (Fisheries and Oceans Canada) using a Seal Analytical segmented flow analyzer 

(model AA3) with dual channel high resolution colorimeters. Standards and rinse water used were at a pre-set 

salinity of 31.  
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Duplicate flow cytometry samples were collected at all sampling depth for pico and nano-sized 

phytoplankton counts. Samples were collected in 4-ml cryovials and preserved using 20-µl (0.1% final 

concentration) glutaraldehyde. Following collection, samples were placed in the dark for 15 minutes before 

being stored in the -80°C freezer. Samples were analyzed at Université du Québec à Rimouski following the 

protocol by Belzile et al., (2008). Analyses were performed with a CytoFLEX Flow Cytometer (Beckman Coulter 

Inc.) fitted with blue laser (488 nm) and red laser (638 nm) and the results were analysed with CytExpert v2.3 

software (Beckman Coulter). Polystyrene microspheres of 2-µm diameter (Fluoresbrite YG, Polysciences) were 

added to each sample as an internal standard, with forward scatter calibration to discriminate between pico- 

(<2 µm) and nano-autotrophs (2-20 µm) (Kirk, 1994). 

At all sampling depths, duplicate subsamples of 300 – 1400 ml of water were filtered onto 25-mm 

Whatman GF/F filters for chl a determination, following extraction in 90% acetone for 18-24 h at 4°C in the 

dark. Fluorescence was measured on a Turner Designs Model 10-AU fluorometer calibrated using chl a from 

spinach (Sigma) using the acidification method (a (Parson et al., 1984). In 2018, filtration and analysis were 

completed immediately following sampling onboard the ship. In 2019 samples were filtered and then frozen in 

a -80°C freezer, and then analysed using the same acidification method used in 2018 upon return to University 

of Manitoba (Parson et al., 1984). Calculations for chl a concentrations (mg m-3) used the equation by Holm-

Hansen et al. (1965). Chl a concentrations were integrated to the euphotic depth using trapezoidal integration. 

Concentrations of POC were collected at all sampling depths and stations, except for two stations in 

2018. Duplicate samples (400 to 1600 ml) were filtered onto pre-combusted (450°C for 5 h) 25-mm Whatman 

GF/F, placed into pre-combusted tinfoil sleeves and frozen at -80°C. The frozen filter was placed into an acid 

washed and pre-combusted 25-ml scintillation vial and then defrosted and dried overnight at 65°C. The vial 

was fumed in a desiccator filled with concentrated HCl (approximately 20-ml HCl 37%) overnight to remove 
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inorganic carbon. The filters were dried overnight again at 65°C before being packed into capsules and 

analysed using a micro elemental analyzer with a wheat flour standard (Vario MICRO cube). 

Primary production was measured only during the 2019 campaign, using the radioactive carbon-14 

(C- 14) assimilation method (Nielsen 1952, Knap et al., 1996). Water samples (800 ml) were collected at three 

water depths (10 m, 40 m, and SCM depth). Each sample was spiked with 200 µCi of C-14 (aqueous sodium 

bicarbonate) and gently mixed. A time zero (T0) sample of 50 µL was extracted from each spiked sample, 

placed into a 20-mL scintillation vial and added with 50 µL ethanolamine and 7 ml scintillation liquid 

(Ecolume). Spiked samples were split into twelve “light” and one “dark” 50-ml acid washed culture flasks and 

incubated under a light gradient (three 7/9/15W EIKO LED light bulbs) ranging from 

0 – 700 µmol photons m- 2 s-1 for 3 hours in an incubation chamber following of Babin et al. (1994). The choice 

of a 3-h incubation period was to minimize light acclimation (Lewis and Smith, 1983). The temperature of each 

incubation chamber was maintained at 4°C using a circulating bath with 15% ethylene glycol to avoid ice 

build- up on the cooling coil. After each incubation, scalar PAR was measured using a US-SQS/L Sensor (WALZ) 

at each bottle location using a separate culture flask filled with water to quantify light exposure during the 

incubation. At the end of the incubation period, each sample was filtered onto 25-mm pre-combusted (450°C 

for 5 h) Whatman GF/F filters, then placed into a 20-ml scintillation vial with 200 µl of 0.5N HCL for 

evaporation during 6-24 hours, after which 10 ml of scintillation fluid was added. The samples were stored in 

the dark and were counted using a Beckman scintillation counter at Fisheries and Oceans Canada (Marine 

Productivity Laboratory, Freshwater Institute). Sample counts were corrected for background radiation and for 

respiration. Photosynthesis (mg C m-3 h-1) was estimated using the equation by Knap et al. (1996): 

(2) 

Photosynthesis (mg C 𝑚𝑔−3ℎ−1 ) = [
(DPMs)

V
×

DIC × ConvL

DPMs of T0
] × [

14Cconv

time
] 
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Where DPMs are the disintegrations per minute for each sample, V is the volume of water filtered (m-3), DIC is 

an assumed dissolved inorganic carbon concentration (mg C m-3; see equation 3), ConvL is the unit conversion 

factor for pipette volume 200 µL to L, DPMs of T0 are the disintegrations per minute for the T0 sample, 

14Cconv is the Carbon-14 correction to represent the proportionally 6% slower uptake than for Carbon 12 

uptake (Urey, 1948; Norman and Brown, 1952), and time is incubation time in hours. DIC concentrations were 

estimated using salinity at each of the three depths selected, using the equation by Parsons et al. (1984). 

(3) 

𝐷𝐼𝐶 (𝑚𝑔 𝑚−3) = ((𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦 ∗ 0.067) − 0.05) ∗ 0.96 ∗ 12000 

The photosynthetic rate was then divided by the chl a concentration at the depth to estimate PB. Estimates of 

PB were then plotted against PAR to estimate photosynthetic-irradiance (PE) parameters from the equation 

presented in Platt et al. (1980):  

(4) 

𝑃𝐵 (mg C [mg chl a]−1ℎ−1 ) = 𝑃𝐵𝑠 × (1 −  𝑒
−𝛼𝐵𝐼

𝑃𝐵𝑠 ) × 𝑒
𝛽 𝐵𝐼

𝑃𝐵𝑠  

 

where all variables are chl a-specific and αB is the photosynthetic efficiency 

(mg C h- 1 [mg chl a]- 1 µmol photons m-2 s-1 ),  B is a measure of photoinhibition 

(mg C [mg chl a]- 1 h- 1 µmol photons m-2 s-1 ), PB
s is the light- saturated maximum photosynthetic rate 

(mg C [mg chl a]-1 h-1). Best fits for the for PE relationships were estimated using fitPGH in the phytotools 

package in R. Photoinhibition was not reached during sampling (i.e. B = 0) and therefore, PB
s equates to the 

maximum chl a-specific photosynthetic rate, PB
m and the photoacclimation parameter, Ek (mg C m-3 h-1), was 

calculated as PB
m/ αB. Daily light profiles (Appendix A1) were estimated using the downwelling diffuse 

attenuation coefficient, Kd (m-1) and the PAR just below the surface (PAR0)), estimated from rosette profiles. Kd 
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was calculated using the slope of the log-linear regression of transmitted PAR versus depth, using a depth 

interval constricted from 10 m to the bottom of the euphotic zone depth. PAR just below the surface (PAR0), 

µmol photons m-2 s-1) at the time of the rosette cast was estimated using Beer–Lambert law: 

(5) 

𝑃𝐴𝑅𝑧 = 𝐼0 × 𝑒−𝐾𝑑×𝑧 

where PARz is PAR Irradiance at depth z (m), I0 is irradiance just below the surface, and Kd is the diffuse light 

attenuation coefficient. The solar position was estimated for the latitude and longitude of the rosette station 

for the time of the year, and along with Kd and the PAR0), was used to construct a matrix of PAR estimates for 

every hour of the day at 1-m intervals throughout the euphotic zone, defined as the depth receiving 0.2% 

incident surface PAR (Ferland et al., 2011). The euphotic zone was split into three sections corresponding to 

three PE parameter sets based on the depth closest to sample depth, e.g., for a station with samples selected 

at 10 m, 30 m (SCM), and 40 m, the depth grouping was 0-20 m, 21-35 m, 36 m-euphotic zone depth. Eq.4 was 

then used to create a matrix of PB estimates using the PAR matrix. The matrix of PB estimates were then 

multiplied by chl a concentrations interpolated for each meter before summing over time and depth to 

produce a daily phytoplankton production value over the euphotic zone (mg C m-2 d-1). Due to the limitation of 

our incubator’s light source range (light bulbs used in the incubation being unable to reach the surface 

irradiance readings by the CTD), surface irradiance levels higher than 600 µmol m-2 d-1 that could have 

experienced photoinhibition were provided a zero value to produce a conservative estimate of daily 

production. A comparison of these conservative estimates was made against extrapolated estimates and it 

was found that on average conservative estimates were 3.28 ± 3.82% SD lower than the extrapolated 

estimates with a maximum percent difference being -9.26% (Appendix A2). It is significant to note that 8 of the 

19 phytoplankton production stations had no change in phytoplankton production from using these 

conservative estimates, due to low daily irradiance at these stations. 
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Statistical analysis 

Data analysis was completed using R, Ocean Data View (ODV), and MS Excel.  One-way analysis of 

variance (ANOVA) tests were used to investigate differences in physical (temperature, salinity, and nutrient 

concentrations) and biological variables (chl a, POC, and cell concentrations, and primary production) in 

different defined groups of stations around the island as well as for differences within these groups. A Tukey’s 

post hoc was applied to test for differences between groups. 

Results 

Groupings and physical characteristics 

In order to meet objective one, three sample groups were identified around Southampton Island based 

on their proximity, temperature of the water column and salinity properties of the water column (Figure 3.2). 

The three groups  included: (i) well-mixed northwestern waters connecting Roes Welcome Sound and Frozen 

Strait (Northwest Narrows group; 2019 stations 10, 11, 12, 13, 14), (ii) warmer stratified southern waters in 

northern Hudson Bay (Hudson Bay group, 2018 stations 1, 3, 4, 5, 7, 9, 10, 12, 22, 25, 27, 28 and 2019 stations 

3, 5, 6, 7, 8, 9, 21, 22, 23, 26), and (iii) colder northeastern waters in Foxe Basin and Foxe Channel (Foxe group, 

stations 15, 16, 17, 18, 19, 20). Differences in stratification strength and physical characteristics can be 

observed in the temperature and salinity plots (Figure 3.2) as well as in variables including stratification index, 

mixed layer depth (Zm), and average temperature (T20) and salinity (S20) of the upper 20 m water column 

(Table 3.1). Due to sampling limitations in 2018, the groups were chosen based on characteristics at stations 

sampled in 2019 and results from 2018 are described separately from the results presented below. 
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Table 3.7: Averages and standard deviations of physical and environmental variables for each group (NWN – Northwest Narrows, HB – Hudson Bay, 
and Foxe). Parameters discussed in Materials and Methods section. ANOVA results with F statistics and p-values for differences between groupings 
as well as Tukey’s post hoc p-values for differences between pair of groups are presented. An asterisk identifies a significant difference (p < 0.05). 
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Figure 3.2: Temperature (°C) and salinity transects for the three selected groups of stations in 2019, with A and D for the Northwest Narrows, B and 
E for Hudson Bay, and C and F for Foxe, respectively. G shows the transect lines for the three selected groups. Arrows indicate the direction of the 
transects in in plots A-F. Black symbols indicate the locations of the 2019 sampling stations. Station numbers are indicated above each transect in 
A - F. 

Significant differences were found between the three groups for all physical variables, except water 

column salinity (S20) which was slightly higher in the Northwest Narrows in comparison to the other groups 

(ANOVA results, Table 3.1). Tukey’s post-HOC analysis revealed that both the Northwest Narrows and Foxe 

groups had significantly shallower mixed layer depths, weaker stratification, and lower temperatures (T20) 
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relative to those of Hudson Bay. Although no significant difference was evident between physical variables of 

the Northwest Narrows and Foxe groups, the upper 20 m water column of the Foxe group had lower 

temperatures as well as the lowest salinity of the three groups.  

Weather and sea ice conditions varied during station sampling in 2019 (Appendix A3). Hourly-averaged 

wind speed during the sampling period was 22.6 ± 11.5 km h-1 with a maximum wind speed of 64.6 km h-1. The 

Hudson Bay group was sampled under windier conditions with an averaged daily wind speed of 

25.5 ± 8.7 km h-1 (F2,17 = 10.14, p < 0.05) compared to the Northwest Narrows group at 12.8 ± 3.9 km h-1 

(Tukey’s post hoc p < 0.01) and the Foxe group at 11.6 ± 1.3 km h-1 (Tukey’s post hoc p < 0.01). All but three 

sampling stations were considered to be ice-free during the cruise. Stations 14, 15, and 16 (Northwest 

Narrows and Foxe groups) had 1/10 to 3/10 ice, or very open ice during the sampling period (CIS web archive, 

2020). Sporadic brash ice was observed on the R/V William Kennedy in Foxe Basin and Frozen Strait. Average 

ice breakup date defined as the day of the year (DOY) in which the sea ice concentration decreased below 30% 

after the winter maximum and did not increase again until the next autumn in the Southampton Island region 

was 161 (10 June) ± 19 DOY in 2019. The Hudson Bay and Northwest Narrows groups averaged earlier, yet not 

significant, ice breakup dates of 159 (8 June) ± 17 DOY and 152 (1 June) ± 28 DOY, respectively, compared to 

the Foxe group that averaged 180 (29 June) ± 6 DOY. It is significant to note that a large portion of Roes 

Welcome Sound and Frozen Strait were open from 15 and 10 May onward, respectively, while ice in Repulse 

Bay (Naujaat) did not break-up until 12 July. In terms of overall sea ice conditions in 2019, satellite imagery 

(Figure 3.3) shows that the Northwest Narrows opened up in early July whereas the Hudson Bay group opened 

up by the end of June, with nearshore landfast ice still present at most stations visited. The stations in the 

Northwest Narrows and Hudson Bay groups were free of ice by the first week of July. The Foxe group was the 

last to open up, and was still under the influence of drifting sea ice by mid-August. 
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Figure 3.3 Sea ice cover surrounding Southampton Island in late spring and summer 2019 (NASA Worldview, 2022). 

Station depths in the Northwest Narrows were variable, ranging from 86 m in the center of Roes 

Welcome sound, to 280 m in Frozen Strait. Foxe stations sampled were the deepest on average (238 ± 87 m), 

ranging from 147 – 326 m. Hudson Bay stations were the shallowest (93 ± 61 m), ranging from 45 – 98 m. The 

average depth of the euphotic zone in the region was 44.1 m (± 13.5 m), and ranged from 24 m – 68 m. The 

average Kd in the region was 0.12 ± 0.03 m-1 and ranged between 0.09 m-1 and 0.22 m-1. Average water 

column attenuation values were similar and not significantly different between the three groups, with the 

highest values occurring in Foxe (0.14 ± 0.02), followed by the Northwest Narrows (0.13 ± 0.05), then finally 

Hudson Bay (0.12 ± 0.03). The euphotic depth was not significantly different among the three station groups 

(Northwest Narrows: 47.0 ± 17.2, Hudson Bay: 43.9 ± 12.1, Foxe: 42.5 ± 3.0). 

 



43 
 

Nutrient concentrations 

Figure 3.4 shows sectional views of each of the three groups for NO3, PO4, and Si(OH)4 concentrations 

and the nutrient molar ratio of NO3:PO4. In general, nutrient concentrations in the euphotic zone and the 

NO3:PO4 ratio were low at all sampling locations. There was no significant difference in average nutrient 

concentrations over the euphotic zone between the three station groups, except for PO4, which was 

significantly higher in the Northwest Narrows than in Hudson Bay (Table 3.2).  

 

Figure 3.4: Water column nutrient concentrations (NO3, PO4, and Si(OH)4) (µmol L-1) and the molar nutrient ratio (NO3:PO4) in 2019. A,D,G,J are 
Northwest Narrows, B,E,H,K are Hudson Bay, and C,F,I,L are Foxe. Refer to Figure 3.2 for transect map. 
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Table 3.8: Averages and standard deviations for depth-weighted mean nutrient concentrations within the euphotic zone (mean euphotic zone 
depth listed with group) for NO3, PO4, and Si(OH)4 (mmol m−3) for each group (NWN – Northwest Narrows, HB – Hudson Bay, and Foxe). ANOVA 
results with F statistics and p-values for differences between groupings as well as Tukey’s post hoc p-values for differences between pair of groups 
are presented. An asterisk identifies a significant difference (p < 0.05). 

 

At 30 m, NO3 and PO4 concentrations as well as the NO3:PO4 ratio were significantly higher in the 

Northwest Narrows than in Hudson Bay (Table 3.3). Higher surface nutrient concentrations are visible within 

Frozen Strait (station 14) when compared to the other stations within Northwest Narrows (Figure 3.4). 

Nutrient concentrations and the NO3:PO4 ratio at 30 m were not significantly different between the Northwest 

Narrows and Foxe groups, and between the Hudson Bay and Foxe groups. Nutrient concentrations below the 

euphotic zone (60 m depth) were not significantly different between station groups (Table 3.3).  

Table 3.9: Averages and standard deviations of nutrient concentrations for each group (NWN – Northwest Narrows, HB – Hudson Bay, and Foxe) for 
30m depth (below the mixed layer) and at 60m depth. ANOVA results with F statistics and p-values for differences between groupings as well as 
Tukey’s post hoc p-values for differences between pair of groups are presented. An asterisk identifies a significant difference (p < 0.05). 

 

 

 



45 
 

Phytoplankton Biomass and Production  

There was no significant difference between groups in chl a concentrations integrated over the 

euphotic zone (Chl aeu; Table 3.4). Integrated chl a concentrations (Chl aeu) ranged from 18.2 to 

75.7 mg Chl a m−2 across the Southampton Island region and averaged 37.4 ± 16.2 mg Chl a m−2
, 

38.9 ± 15.4 mg Chl a m−2, and 35.5 ± 17.0 mg Chl a m−2 for Northwest Narrows, Foxe, and Hudson Bay groups, 

respectively. Most areas displayed a distinct SCM, with the exception of some stations in Roes Welcome 

Sound (stations 10, 12) and shallow stations along the south coast of Southampton Island in the Hudson Bay 

group (stations 5, 26) (Figure 3.5). Across the region, the SCM depth averaged 26.8 ± 10.7 m, ranging from 

10 to 40 m. The SCM was significantly deeper in the Foxe group at 37.6 ± 3.8 m, than in the Northwest 

Narrows at 20.0 ± 7.1 m and Hudson Bay at 24.2 ± 10.8 m (F2, 17 = 5.465, p < 0.05). The latter were not 

significantly different. 

Table 3.10: Averages and standard deviations for biological variables for the groups (NWN – Northwest Narrows, HB – Hudson Bay, and Foxe), 
variables discussed in Materials and Methods section. ANOVA results with F statistics and p-values for differences between groupings and Tukey’s 
post-HOC p-values for differences between pair of groups are presented. Significant results (p < 0.05) are highlighted with an asterisk. 
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Figure 3.5: Chl a (µg L-1) and POC (µg L-1) concentrations, and autotroph cell counts (nanoeukaryotes and picoeukaryotes (x103 cells ml-1)) in 2019. 
A,D,G,J are Northwest Narrows, B,E,H,K are Hudson Bay, and C,F,I,L are Foxe. Refer to Figure 3.2 for transect map. 

Concentrations of suspended POC closely followed those of chl a (Figure 3.5). The highest POC 

concentrations were observed along the southeast coast of Southampton Island in Hudson Bay, referred to as 

Bell Island (maximum observation was 508 µg L-1) (Figure 3.5). Depth-weighted average particulate organic 

carbon over the euphotic zone (POCeu; Table 3.4) ranged between 70.3 and 212 mg C m-3, with an average of 

118 ± 42.7 mg C m-3. However, there was no significant difference in the POCeu concentrations among the 

different groups (Table 3.4).  

Phytoplankton community composition, presented as percent nanoeukaryotes relative to the sum of 

pico- and nanoeukaryotes, at the surface, 20 m, and 40 m was significantly different between the groups 

(Table 3.4). At the surface, there was a significantly higher proportion of nanoeukaryotes in the Northwest 

Narrows than in the Hudson Bay group (Table 3.4; Figure 3.5). At 40 m, there was a significantly higher 
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proportion of nanoeukaryotes in the Foxe group than in the Hudson Bay group (Table 3.4) (Figure 3.5). 

However, there was no significant difference in the proportion of nano- and picoeukaryotes between the 

Northwest Narrows and Foxe groups at the three depths sampled. 

Phytoplankton production in the euphotic zone was spatially variable in the Southampton Island region 

(Figure 3.6), where it averaged 697 mg C m-2 d-1 (± 520 mg C m-2 d-1) and ranged from 165 to 

2240 mg C m- 2 d- 1. Phytoplankton production was significantly higher in the Northwest Narrows than in the 

other two groups, averaging 1430 ± 707 mg C m-2 d-1 (F2, 18 = 10.35, p < 0.001) with the region’s maximum 

production observed in Naujaat (station 13) at 2240 mg C m-2 d-1 (Table 3.4). Averaged phytoplankton 

production in the Hudson Bay group was lowest of the three groups at 466 ± 205 mg C m-2 d-1, while 

phytoplankton production in the Foxe group averaged 573 ± 249 mg C m-2 d-1. A comparison of phytoplankton 

production estimates is presented in Figure 3.7 to compare estimates from this study with others in the HBC. 

Chl a-normalized production (PB) in the Southampton Island region averaged 18.9 ± 10.2 mg C (mg Chl a)-1 d-1, 

with a maximum of 39.2 mg C (mg Chl a)-1 d-1 and a minimum of 4.50 mg C (mg Chl a)-1 d-1. PB was significantly 

higher in the Northwest Narrows at 32.7 ± 8.07 mg C (mg Chl a)–1d-1 relative to that of Foxe and Hudson Bay 

groups, which averaged 15.8 ± 6.5 mg C (mg Chl a)-1 d-1 and 15.0 ± 7.9 mg C (mg Chl a)-1 d-1, respectively 

(F2,16 = 8.655, p < 0.01). The percent contribution of the SCM was not significantly different between the three 

groups, but was greatest in the Northwest Narrows where the SCM contributed 36% ± 14% of the total 

production, relative to 24% ± 12% and 21% ± 12% observed in the Hudson Bay and Foxe groups respectively 

(Table 3.4). 
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Figure 3.6: Phytoplankton production estimates (mg C m-2 d-1) around Southampton Island in 2019. 
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Figure 3.7 Primary production estimates in the HBC (Ferland et al., 2011; Bélanger et al., 2013; Lapoussière et al., 2013; Matthes et al., 2021). 
Asterisk (*) indicates estimate from ocean colour satellite imagery.  

There was no significant difference in the photosynthetic parameters between the three station groups 

(Table 3.5). Average photosynthetic efficiency, αB, was 0.06 ± 0.05, 0.08 ± 0.02, and 

0.07 ± 0.02 mg C h-
 
1 [mg Chl a]-1 [mol photons m–2 s –1]–1 in the Hudson Bay, Northwest Narrows, and Foxe 

groups, respectively. Average maximum Chl a-normalized production, PB
m, was 3.21 ± 1.95, 5.27 ± 0.95, and 

4.00 ± 1.08 mg C mg Chl a–1 h-1 in the Hudson Bay, Northwest Narrows, and Foxe groups, respectively. The 

averages for the photoacclimation parameter, Ek, ranged between 59.39 and 69.48 µmol photons m-2 s-1. 
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Table 3.11: Averages and standard deviations of photosynthetic parameters variables for the groups (NWN – Northwest Narrows, HB – Hudson Bay, 
and Foxe), including:  Maximum photosynthetic rate (PB

m, mg C [mg Chl a] h–1), photosynthetic efficiency (αB, mg C h– 1 [mg 
Chl a] (µmol photons m– 2 s–1)–1) and photoacclimation parameter (Ek, µmol photons m–2 s–1). . ANOVA results with F statistics and p-values for 
differences between groupings and Tukey’s post-HOC p-values for differences between pair of groups are presented. Significant results (p < 0.05) 
are highlighted with an asterisk. 

 

 Interannual comparison 2018 vs 2019 

 Data collection in 2018 was limited to within what was defined, based on the more comprehensive 

sampling in 2019, as the Hudson Bay group. The stratification index was significantly lower in 2018 than 2019, 

averaging 1.03 ± 0.21 (F1, 13 = 8.973, p- value = 0.010) (Table 3.6). The average Zm in 2018 was deeper than in 

2019, with an average of 34.8 ± 23.8 m. Furthermore, 2018 was significantly cooler and saltier than 2019, with 

temperature and salinity in the upper 20 m water column averaging 3.89 ± 1.71°C and 31.69 ± 0.367, 

respectively (F1, 20 = 8.762, p- value = 0.008 and F1, 20 = 77.420, p-value < 0.001, respectively).  
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Table 3.12: Averages and standard deviations of physical and environmental variables for 2018 and 2019 Hudson Bay. Physical variables discussed 
in Materials and Methods section. Average and standard deviations of nutrient concentrations for each 2018 and 2019 Hudson Bay for 30 m depth 
(below the mixed layer) and at 60 m depth. Chl a integrated in the euphotic zone (mg m-2). ANOVA results with F statistics and p-values for 
differences between years are presented. Significant results (p < 0.05) are highlighted with an asterisk. 

 

Averaged hourly wind speed during 1-27 August in 2018 was of 27.8 ± 8.4 km h-1 (maximum of 

80.8 km h-1), which was not significantly higher than that of 2019 at 25.5 ± 8.7 km h-1. The number of days 

during the 1-27 August period with average wind speeds higher than 40 km h-1 was 4 during 2018, whereas in 

2019 it was only 1, demonstrating that storms were more intense during August 2018 (Appendix A3). Depth-

weighted averaged nutrient concentrations over the euphotic zone were 1.07 ± 0.61, 0.52 ± 0.09, 

2.78 ± 1.23 µmol L-1 for NO3, PO4, and Si(OH)4, respectively. Concentrations of NO3 and the NO3:PO4 ratio at 

30 m were significantly higher in 2018 than that in 2019 (F1,16 = 16.910, p-value = 0.001; F1, 16 = 11.650, 

p- value = 0.004; respectively; Table 3.6). However, concentrations of Chl aeu averaged 

38.6 ± 17.9 mg Chl a m−2 and were not significantly different from those in 2019 (Table 3.6). Average 

proportion of nanoeukaryotes in 2018 were 38% ± 15%, 45% ± 13%, and 61% ± 19% for the surface, 20 m, and 

40 m respectively, which were also not significantly different from 2019.  

 



52 
 

Discussion 

This study provides novel production estimates for Hudson Bay, specifically for the Southampton Island 

region, and shows regional-scale spatial variability in characteristics and rates of primary production driven by 

physical forcings. During August, the Southampton Island region was variable oceanographically, providing a 

basis to identify three distinct ecological regions. The three regions, namely Hudson Bay, Foxe, and Northwest 

Narrows showed different primary production patterns for which forcings are discussed below. 

Primary Production near Southampton Island 

The depth-integrated chl a concentrations reported in our study (36 – 39 mg chl a m-2) were similar to 

those measured in central Hudson Bay (30 – 34 mg chl a m-2; Ferland et al., 2011; Matthes et. al., 2021), and 

lower than those observed in Foxe Basin (61 mg chl a m-2, Ferland et al., 2011). Correspondingly, POC 

concentrations in the water column were also similar across the studies. However, photosynthetic parameters 

in our study were found to be higher than those estimated for the Hudson Bay region for late June for α and 

PB
max, which averaged 0.02 mg C h- 1 [mg– 1 Chl a]– 1 and 1.74 mg C mg–1 Chl a h–1, respectively but lower for Ek 

at 81 µmol photons m– 2 s–1 (Matthes et al., 2021). Overall, these differences imply greater low-light 

acclimation and productivity potential in August versus late June for the entire Southampton Island region. 

The higher low-light acclimation can be mostly explained by the deeper SCM observed in our study. In fact Ek 

values in our study were similar to those reported for under-ice phytoplankton in Matthes et al. (2021). 

Furthermore, the lower PB
max of Matthes et al. could be a function of the earlier bloom state that was 

acclimating from significantly lower production values below the ice cover versus those in the much more 

productive open water bloom adjacent to the ice. Although there were clear differences in photophysiological 

parameters, our averaged production estimate of 466 ± 205 mg C m-2 d-1 for Hudson Bay was in the same 

range as early summer estimates by Matthes et al. (2021), but higher than late summer/fall values by other 

workers (Ferland et al., 2011; Lapoussière et al., 2013). Our estimate of primary production within the Foxe 
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group was higher than the previous estimate for the region by Ferland et al. (2011). Notably was primary 

production in the Northwest Narrows was significantly higher than that in the other groups, with an average 

of 1430 ± 707 mg C m-2 d-1, which was comparable to previously reported production values in Hudson Strait 

(Figure 3.7, Ferland et al., 2011). However, the average depth-integrated chl a value in the Northwest Narrows 

was half that previously reported for Hudson Strait (Ferland et al., 2011), possibly indicating that high 

production could be overlooked when only comparing biomass in Canadian Arctic regions. For example, within 

this study, the high production region within the Northwest Narrows would have been overlooked when only 

comparing the depth-integrated chl a values between the groups (Table 3.4). 

On the wider Arctic scale, summer primary production estimates measured in our study in Hudson Bay 

and Foxe groups were found to be in range of summer, late summer, and early fall estimates within Baffin Bay 

and the Pikialasorsuaq region (North Water Polynya) (227 – 845 mg C m-2 d-1, Harrison et al., 1982; Klein et al., 

2002). Baffin Bay and the Pikialasorsuaq region (North Water Polynya) have similar characteristics to those 

observed in the Southampton Island region with strong currents and wind mixing that contribute to polynya 

formation showing a warmer and fresher upper mixed layer overtop the colder and saltier layers below 

(Barber et al., 2001; Zweng and Münchow 2006). To the north of HBC, few estimates exist for the Canadian 

Arctic Archipelago (CAA), including a summer estimate of 300 mg C m-2 d-1 (Welch and Kalff 1975). Overall 

production within the CAA is found to have contribute significantly to Arctic shelf production (Michel et al., 

2006). Michel et al., (2006) argue that the physical marine environment in the CAA supports the formation of 

many polynyas and, that the processes in the CAA may lead to hot spots of primary production. 

It is noted that differences in methodology between studies can contribute to observed differences in 

primary production estimates. Ferland et al. (2011) and Lapoussière et al. (2013) respectively performed 24- 

and 10-h incubations in an on-deck incubation chamber with neutral density screen to mimic differing pre-

selected light depths. Matthes et al. (2021) used similar methods as presented in this study by extracting P-E 
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parameters from 2–4-hour incubations under simulated in situ irradiances. Since short-term incubations do 

not account for respiration, it is not unlikely that derived primary production values would be higher than 

those from 24-h incubations considering all other factors comparable. Comparing the average production in 

short incubations (this study and Matthes et al., 2021) and longer incubations (Ferland et al., 2011 and 

Lapoussière et al., 2013), the percent difference of production was higher than the known increase due to 

DOC production, here set at 30%, with a 42% higher production observed in short-term incubations in Hudson 

Bay estimations. This indicates that DOC production was not the only factor increasing production in the short-

term incubations. Instead, a combination of DOC production, sampling time, and location within the Hudson 

Bay complex may have led to the observed differences.  

Remote sensing estimates by Bélanger et al. (2013) were lower than those estimated by both short- 

and long-term incubations. This can be attributed to remote sensing estimates failing to capture two 

important features: the under-ice bloom and the SCM. The latter’s contribution to primary production 

estimates has been found to be significant in the Canadian Arctic (Martin et al., 2010; Marin et al., 2012; 

Martin et al., 2013). The SCM contributed an average of 26% ± 13% of the primary production estimates for 

the investigated region. A higher contribution was observed in the Northwest Narrows (36% ± 14%) than that 

of the other groups with a maximum in Naujaat, where the SCM contributed 53% of the primary production 

estimate. This difference was, in part, a function of the more shoaled location of the SCM (Table 3.4) and 

nutrients (Table 3.3) in the Northwest Narrows relative to those of the other groups.   

Besides differences in methods and presence of the SCM, differences in the magnitude of primary 

production could also be related to seasonality. The study by Matthes et al. (2021) took place in June and July; 

during the sea ice break-up with varying ice conditions, from thick first year sea ice to open water, and 

captured an under-ice phytoplankton bloom in the surface mixed layer. The studies by Ferland et al. (2011) 

and Lapoussière et al. (2013) took place in August – October, when nutrients were highly depleted in surface 
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waters. Our data collection occurred in August, but there was a distinct variability in ice break-up around the 

island that influenced bloom phenology (Figure 3.3, Ardyna et al., 2020; Matthes et al., 2021).  

Sea ice and hydrographic forcings (or spatial vs seasonal patterns) 

Hudson Bay Complex is influenced by a seasonal sea ice cover, with ice formation starting in late 

October in northwest FB, and moving southeastward into HB and HS, and finally into JB, and is nearly 100% 

sea ice cover from January through April (Saucier et al., 2004; Hochheim and Barber, 2010). Later ice 

formation and earlier ice break-up over the past decades have resulted in a longer open water season 

(Hochheim and Barber, 2014; Castro de la Guardia et al., 2017). During our study, the Hudson Bay group 

opened up after the Northwest Narrows and became ice-free by late June. However, landfast sea ice remained 

for another week at nearshore stations. The beginning of the open-water period one to two months (stations 

3, 5, 6, 7, 8, and 9 sampled one month, stations 21, 22, 23, and 26 sampled two months following the 

beginning of the open water period) before our study allowed for the development of pronounced surface 

stratification (Figure 3.2). Solar heating of the surface layer and summer storms resulted in a deep upper 

mixed layer that was warmer and fresher than the cooler and saltier layer below. Significantly lower 

integrated nutrient concentrations at 30 m in the Hudson Bay group compared to the Northwest Narrows 

(Table 3.3) indicated limited nutrient availability and suggested a later stage of phytoplankton succession in 

this region when compared to the Northwest Narrows. Strong stratification and nutrient depletion in the 

surface layer are frequently observed features in Hudson Bay during the summer (Harvey et al., 1997; Martin 

et al., 2010; Ferland et al., 2011; Lapoussière et al., 2013). We hypothesize that, due to early ice break-up, a 

surface phytoplankton bloom had likely formed earlier in Hudson Bay than that in the other groups. The high 

proportion of picoeukaryotes in the Hudson Bay group as compared to the other groups supports a post-

bloom stage, as the smaller sized and potentially mixotrophic picoeukaryotes are better adapted to lower 

nutrient concentrations that the larger nanoeukaryotes (Li et al, 2009). In fact, nutrient depletion in Hudson 



56 
 

Bay during the late summer was previously observed to result in higher proportions of picoeukaryotes (Harvey 

et al., 2006; Tremblay et al., 2009). These conditions also indicate that phytoplankton production is limited to 

regenerated production rather than new production. Lower production and chl a normalized production 

estimates compared to the other groups further support a post-bloom state in Hudson Bay. 

In contrast to the Hudson Bay group, sea ice was present in the Foxe region until August, including the 

sampling period in 2019. The late ice break-up and observed weaker surface winds resulted in a shallower 

upper mixed layer compared to the mixed layer found in Hudson Bay. The T20 of the Foxe group was 

significantly lower due to later ice break-up and the presence of a cool and fresh sea ice melt surface water 

layer. These results point to the regional importance of sea ice melt for the development of a stronger salinity-

driven stratification and the seasonal progression of the phytoplankton bloom, as observed in other studies 

(Mundy et al., 2010; Ferland et al., 2011; Mundy et al., 2011). This pronounced salinity stratification limited 

nutrient concentrations within the euphotic zone in the Foxe group to a similar extent as in the Hudson Bay 

group, with primary production estimates of similar magnitude. However, the higher salinity and 

corresponding density range across the upper pycnocline (Appendix A4) highlights the rapid and strong 

stratifying role of ice melt on Foxe Basin versus the much longer-exposed and thus warmer surface waters 

observed in the Hudson Bay group in ours (Figure 3.2, Table 3.1) and earlier studies (Prinsenberg and Ingram, 

1991; Carmack, 2007). These results also highlight how sea ice dynamics at local/regional scale can set the 

stage for contrasting environmental conditions and phases in phytoplankton phenology. Interestingly, the 

SCM was found at significantly deeper water depths in comparison to the other groups (Figure 3.5, Table 3.4). 

Considering the recent ice melt, it is possible the deep SCM is a remnant of a previous under-ice bloom, which 

is observed frequently in the Arctic (Ardyna et al., 2020), or a remnant of an ice algal bloom that sloughed off 

from the ice bottom (Leu et al., 2015). However, the higher proportion of nanoeukaryotes than 

picoeukaryotes in the Foxe group euphotic zone compared to Hudson Bay suggests at least a slightly earlier 
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bloom stage. Overall, our results alongside those of Ferland et al. (2011) demonstrate that annual production 

in the Foxe Basin area is strongly limited by the late ice break up and the influence of melt on surface 

stratification. 

Stations visited in the Northwest Narrows were extremely variable in terms of hydrography and sea ice 

conditions (Figures 3.2, 3.3). The presence of a latent heat polynya is a dominant feature within Roes 

Welcome Sound (Hannah et al., 2009; Babb et al., 2022) and the hydrodynamic conditions contributing to its 

formation have a strong influence on conditions in this region (stations 10 and 11 during our study). During 

the winter and early spring period, the polynya stays open due to the strong tides and associated currents 

along the constricted waterway of Roes Welcome Sound combined with strong offshore winds from 

northwest Hudson Bay (Hannah et al., 2009). Frozen Strait (station 14), to the north of the Northwest 

Narrows, is also a region influenced by strong tidal currents (Prinsenberg, 1986; Saucier et al., 2004). 

Furthermore, tidal amplitudes can reach 6.1 m near Naujaat (Canadian Hydrographic Service, 2022). Overall, 

the tidal and wind mixing along the shallow sills and constricted waterways in Frozen Strait and Roes Welcome 

Sound reduced stratification within the Northwest Narrows, making this region notably different from other 

regions around Southampton Island and central Hudson Bay (Figures 3.2, 3.4; Ferland et al., 2011; Lapoussière 

et al., 2013; Matthes et al., 2021). Mixing and reduced stratification also led to increased nutrient 

concentrations within the euphotic zone of the Northwest Narrows when compared to the Hudson Bay 

complex (Figure 3.2, Figure 3.4, Table 3.2, Table 3.3). However, as water moved westward through Frozen 

Strait into Naujaat, and south through Roes Welcome Sound, stratification strength increased (stations 10, 11, 

Figure 3.2). Mixing followed by stratification downstream in Naujaat and south in Roes Welcome Sound is 

surmised to set up a tidally-enhanced phytoplankton bloom, leading to the significantly higher production 

observed in the Northwest Narrows (Table 3.4). Furthermore, phytoplankton in the Northwest Narrows were 

in an active bloom state, supported by the doubled assimilation rate (PB), low POC to chl a ratio, and higher 
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proportion of nanoeukaryotes at the SCM. As the assimilation number (PB
M) and other photosynthetic 

parameters were not significantly different between groups, it can be concluded that the higher assimilation 

rate was mainly a function of the shallow SCM within the upper half of the euphotic zone, where contributions 

by the SCM to primary production were particularly high (Table 3.4).  

Results of this study also highlight an interannual variability of the physical characteristics observed in 

the Hudson Bay group. There was increased mixing in the water column as evident by the reduced 

stratification strength, cooler T20, and saltier S20 in 2018 compared to 2019. The increased mixing and 

frequency of days with average wind speeds higher than 40 km h-1 led to higher nutrient availability in 2018 

relative to 2019. Castro de la Guardia et al. (2017) demonstrated with a model that wind-driven mixing along 

Hudson Bay coasts can greatly enhance localized primary production. It is likely that increased primary 

production followed the wind mixing in 2018; however, observations occurred during and not after the wind 

events and therefore only provided evidence of increased mixing of nutrients into the euphotic zone and not 

the enhanced response of primary production. The Hudson Bay group was again in a post bloom state during 

the 2018 study period, as evidenced by similar values observed for chl a and similar proportion of 

picoeukaryotes as that in 2019. The post bloom state in 2018 is possibly related to the timing of the sampling, 

and that a different bloom state may have been observed if sampling had occurred after rather than during 

the wind mixing events. 

Regional impacts and possible future 

The schematic presented below shows a hypothetical for the dynamics in the Northwest Narrows 

(Figure 3.8). We propose that cold and nutrient rich water from Foxe Basin enters the constricted Frozen 

Strait. According to this scheme, although ice coverage (1/10 – 3/10) is present in the strait, mixing prevents 

formation of a strong ice melt freshwater layer (Figure 3.2) and, instead, contributes to the mixing of nutrients 

into the euphotic zone from deeper depths (Figure 3.4). This strong mixing also dilutes chl a (Figure 3.5) and 
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results in the lower production estimates at station 14 relative to the rest of the Northwest Narrows (Figure 

3.6). As waters spread out across the Naujaat embayment and its deeper water, turbulent mixing subsides, 

permitting insolation and likely local riverine input to re-establish relatively shallow stratification with an 

enhanced nutrient supply (Figure 3.2). Ultimately, this tidal-mixing mechanism resulting in nutrient availability 

and stratification, produces in an active surface bloom with a high assimilation rate and thus high primary 

production at the 20-m SCM during summer (Figure 3.5). As water moves into Roes Welcome sound, 

stratification weakens as it is funneled again through a constrained waterway at the entrance to Roes 

Welcome Sound (Figures 3.2, 3.4). Consequently, the enhanced mixing dilutes chl a, and production estimates 

are lower than in Naujaat (Figures 3.5, 3.6). As the water moves south into the middle of Roes Welcome 

Sound, stronger stratification re-establishes (Figures 3.2, 3.4). This enables phytoplankton to accumulate at 

the SCM and increases production to values higher than observed in the entrance to Roes Welcome Sound 

(Figures 3.5, 3.6).  

Our observations highlight that wind and tidal mixing play an important role in creating hot spots of 

summer primary production in the Southampton Island region. Mixing disrupts summer stratification in the 

Northwest Narrows, which can be well established in the Hudson Bay Complex by August, and increases 

nutrient availability when compared to regions without this mixing. Furthermore, the substantial contribution 

of SCMs to depth-integrated production across the region and specifically in the Northwest Narrows shows 

that SCMs are important seasonal features in these regions. The high production observed in the Northwest 

Narrows supports the hypothesis that the large populations of whales (bowhead, narwhal, and beluga whales) 

and seals (ringed, hooded, and bearded seals) in the Northwest Narrows are likely in part a function of higher 

pelagic production. In contrast, the prevalence of walrus, seabirds, and seals along the southern coast of 

Southampton Island supports the notion of a more shallow benthic-driven ecosystem, with likely lower 

dependence on pelagic primary production for energy flow.   



60 
 

 

Figure 3.8: Schematic highlighting the processes occurring in the Northwest Narrows. The solid line with the 0.2% marks the euphotic zone depth.  

With the observed and projected earlier ice break-up in the Arctic Ocean, some potential changes to 

the physical environment and ecosystems in the Southampton Island region can be predicted (Barber et al., 

2015; Castro de la Guardia et al., 2017; IPCC, 2019). Earlier ice break-up within the Hudson Bay and Foxe 

groups would lead to an increased open water period. This lengthening would result in stronger stratification 

as radiative heating would occur to a greater extent, while storms, ice melt, and increased run off from land 

also contribute to a deeper warm and fresh upper mixed layer. Phytoplankton production could decrease in 
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late summer due to the reduced nutrient availability associated with a more stable upper water column. 

Alternatively, earlier ice break-up would lower light limitation and permit deepening of the upper mixed layer 

in the Foxe group, likely leading to increased production in the area, although nutrient availability would still 

limit the magnitude of production. Similarly, earlier ice break-up in the Northwest Narrows would increase 

annual primary production. Essentially, mixing followed by re-established stratification in Naujaat and 

downstream in Roes Welcome Sound provides a process to regularly pump nutrients into the surface mixed 

layer regardless of ice cover. Therefore, a longer open water period would result in increased annual 

production as light limitation by snow-covered sea ice is reduced. Supported by our observations of an 

increased nutrient supply in the Hudson Bay group in 2018, it is possible that projected increased wind speeds 

and cyclone strength will result in increased primary production in this region (Steiner et al., 2013; Savard et 

al., 2014; Castro de la Guardia et al., 2017; Barbedo et al., 2020). 

Conclusions 

This study shows high spatial variability in the timing and magnitude of primary production around 

Southampton Island, which is linked to hydrodynamic processes, and the seasonal influence of ice cover 

dynamics. Primary production was measured for the first time in the Northwest Narrows, a region covering 

Roes Welcome Sound and Frozen Strait, revealing a hot spot for primary production with values comparable 

to those in Hudson Strait. Both Hudson Strait and the Northwest Narrows are characterized by strong mixing. 

It can be surmised that wind mixing also plays a key role in primary production in the Southampton Island 

region and the HBC during the summer months (Ferland et al., 2011; Williams and Carmack, 2015; Fujiwara et 

al., 2018; Back et al., 2021). Tidal mixing, although not measured, is hypothesized to play a strong role in the 

Northwest Narrows, similarly to Hudson Strait (Ferland et al., 2011). Tidal modelling shows that many of the 

channels of the CAA are influenced by high tidal amplitudes and currents. Based on our results, high mixing in 

these areas make them susceptible to create highly productive biological hot spots, similar to what was 
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observed in the Northwest Passage (Michel et al., 2006; Ardyna et al., 2011). Marine mammal aggregations, as 

reported by Stirling et al. (1981, 1997), have been identified at many small polynyas across the CAA as well as 

the Roes Welcome Sound and Frozen Strait polynya region (Yurkowski et al., 2019), further supporting the 

existence of these biological hot spots. Identifying and producing production estimates for these areas serves 

to update current knowledge on the productivity of the marine Arctic ecosystem, which are likely 

underestimated without the inclusion of regionally focused hotspots. 
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Chapter 4: Summary and Conclusions 

Summary 

Chapter one presented the introduction, stated the importance and reasoning behind the study, as 

well as the thesis objectives and thesis layout. Chapter two provided the background for the study, starting 

with an introduction on primary production and specifically phytoplankton production. The two major limiting 

factors controlling this production, being light and nutrient availability, are considered. The processes that 

make nutrients available for phytoplankton production are discussed. It also provides background on the 

seasonality of primary production within the Arctic. The study region of the HBC and specifically Southampton 

Island is described, looking into the past work. Finally, observed and predicted impacts from climate change 

on the Arctic and specifically HBC are considered.  

Chapter three presented the manuscript titled “Physical processes driving phytoplankton production 

around Southampton Island Nunavut in late summer 2018 and 2019”. The research examined the spatial and 

temporal variability in physical processes influencing production as well as the spatial and temporal variability 

in production and biomass around Southampton Island. This study provided first estimates of summer 

phytoplankton production within waters north and west of Southampton Island, including Naujaat and Roes 

Welcome Sound, and contributed to existing estimates of phytoplankton production in Foxe Basin and Hudson 

Bay. Large variability in physical variables around the Southampton Island region led to the separation of three 

groups: Foxe, Hudson Bay, and the Northwest Narrows. Variability was also observed in the biological 

variables collected, with variability attributed to the differences in ice coverage and the strength of 

stratification and mixing processes, which controlled the nutrient availability to phytoplankton. Although 

Southampton Island lies at the confluence of three different water masses, the physical and biological 

differences were locally produced by vertical mixing and melt addition inducing stratification.  These 

differences are explained in terms of variability in bloom state in each of the three groups. Hudson Bay was 
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found to be in a post-bloom state, resulting from early ice break-up and strong stratification reducing 

nutrients availability. Foxe was in a later, but not quite post-bloom state, as evidenced by larger cells at the 

SCM, because of the influence of a much later ice break-up and strong salinity-driven stratification. An active 

phytoplankton bloom was observed within the Northwest Narrows, with production estimates similar to those 

previously estimated in the well-mixed Hudson Strait. This bloom was attributed to the mixing processes 

within the constricted straits in the Northwest Narrows, which resulted in higher nutrient availability as 

compared to the other groups. The importance of the SCM was discussed, as well as the potential impacts on 

primary production estimates if this feature is missed in satellite-based estimations. Climate changes and 

resulting impacts on the strength of stratification and mixing processes were considered with respect to the 

groups identified. 

Conclusions and Recommendations 

 The government of Canada identified Southampton Island as an Area of Interest in 2019, and this 

distinction marked the first step for the region becoming a Marine Protected Area (DFO, 2019; DFO, 2020). 

Nearby communities of Chesterfield Inlet, Coral Harbour (Salliq), and Naujaat support the protection of this 

region, as many within the communities rely on services the marine ecosystem around Southampton Island 

provides, both for subsistence and cultural uses. As with many regions in the Arctic, changes due to climate 

warming are expected, and a better understanding of the region is necessary to predict the impacts on the 

ecosystem and the people who rely on it. Such changes include earlier ice break-up/later ice freeze-up, and 

increases in ship traffic which are expected to impact those within the nearby communities (Andrews et al, 

2018). Accordingly, future work in this region should be undertaken with the goal of conservation and 

protection of the ecological integrity of the area in the face of increasing direct and indirect anthropogenic 

pressures. 

To expand on the work completed by this thesis, future work could include the following: 
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1) Setting up a long-term monitoring project within the Southampton Island region to support the 

designation of the region as a Marine Protected Area. Such a project could be carried out using 

oceanographic moorings with CTD and in vivo chl a fluorometer attachments to collect data year 

long to better capture the changes to the water column. A mooring measuring tidal height and 

current speed would also be useful in better quantifying the source of the mixing processes around 

the island. Particular focus for the determination of the location of the moorings would be on the 

region defined as the Northwest Narrows around Frozen Strait, the Naujaat embayment, and Roes 

Welcome Sound.  

2) Monitoring projects could also be conducted with the support of community members through 

small boat sampling. These projects could collect key variables such as temperature and salinity 

profiles, nutrient concentrations, and chl a concentrations, that can provide valuable information 

about mixing and other potential phytoplankton blooms throughout the summer months. Sampling 

in early spring would also be useful for better understanding of the spring ice algae bloom in the 

region, particularly in the Northwest Narrows. 

3) The HBC as a whole still lacks a robust collection of primary production estimates. Repeated 

primary production estimations of the Southampton Island region would allow for a better 

understanding of the interannual variability within the region. This is also important as depth-

integrated chl a values may not fully describe the state of the bloom, similarly to what was 

observed in the Northwest Narrows. This research could be conducted in a similar fashion to what 

was done in this project, aboard a small research vessel that can maneuver within Roes Welcome 

Sound.  

4) Finally looking at a wider impact of this project, the hot spot of production within the Northwest 

Narrows highlights the importance of local processes on primary production. Accordingly, the 

identification of other potential hot spots within the Arctic would be beneficial for the planning of 
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future scientific projects. In particular the Canadian Arctic Archipelago would be of interest, as the 

region has strong tides and recurring polynyas, resulting in high year to year variability in physical 

and biological characteristics (Michel et al., 2006; Hannah et al., 2009).  
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Appendix 

 

Appendix A1 Daily light profiles showing the variability in daily irradiance (µmol photons m-2 s-1), A showing an example low irradiance profile from 
station 11 in the Northwest Narrows group and B shows an example of a high irradiance profile from station 23 in the Hudson Bay group. 
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Appendix A2 Percent difference between nonconservative phytoplankton production values and conservative values (mg C m-2 d-1). Conservative 
values were calculated by setting PB values with surface irradiance levels greater than 600 µmol m-2 d-1 that could have experienced photoinhibition 
as a null value. 
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Appendix A3: Average daily wind speed for each station sampled in 2018 and 2019. Bars represent the daily average for the Hudson Bay group, 
while lines represent daily wind averages at individual stations. 
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Appendix A4: T-S diagrams for the for the three selected groups (Northwest Narrows, Hudson Bay, and Foxe) from CTD casts during 2019. 


