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The influence of environmental factors on size-fractionated phytoplankton production and biomass
(chlorophyll a) and community composition was examined in the Hudson Bay system (Hudson Bay, Hudson
Strait, and Foxe Basin; HBS) during August 2004 and September 2005 and 2006. Significant variability in the
vertical structure of the water column and melt season length was observed between years and between
regions of the HBS. Even though there was no year-to-year variability in the phytoplankton production and
biomass, we observed significant differences in the phytoplankton size structure and taxonomic composition
between mid and late summer. For all years, phytoplankton production and biomass were lower in Hudson Bay
(51-1217mg Cm~2d~'; 11-57 mg chl a m~2) than in Hudson Strait (675-2740 mg Cm~2d~'; 28-97 mg
chl a m™—2). Negative correlation between primary production and stratification strength of the upper water
column suggested nutrient limited primary production in Hudson Bay and the south shore of Hudson
Strait. Stratification and nitrate concentration also explained the variability in the physiological state (i.e.,
production:biomass ratio) and size structure of phytoplankton communities between mid and late summer.
Daily estimated summer primary production averaged 0.32 ¢ C m~2 in Hudson Bay and 1.34g C m~ 2 in
Hudson Strait. Phytoplankton production in the HBS was largely dominated by ultraphytoplankton. On
average, only ca. 30% of total production was potentially exported from the euphotic zone. The dominance
of flagellate-dominated community may explain the low export of matter and energy toward deeper waters

and likely toward the upper trophic levels.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Primary production plays a central role in the oceans by supplying
organic matter to higher trophic levels, including invertebrates, fishes,
and marine mammals. Marine ecosystems in polar regions are
particularly sensitive to changes in primary production due to their
low number of trophic links (Grebmeier et al., 2006; Moline et al.,
2008; Post et al., 2009). Phytoplankton also plays a key role in
ocean biogeochemistry since it participates in the transformation of
anthropogenic atmospheric CO, emissions into organic carbon via the
biological pump. Thus any modification in phytoplankton production
or community will greatly influence how the ocean will respond to
climate change.

The Arctic domain is predicted to experience the most severe
climate change (ACIA, 2005; IPCC, 2007; Walsh, 2009). Its sea-ice
cover is shrinking faster than predicted (Comiso and Nishio, 2008;
Johannessen et al., 2004; Kwok et al., 2009; Stroeve et al., 2007) and is
expected to become solely a seasonal feature by mid-century (Wang
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and Overland, 2009). Intensification of the hydrological cycle is also
predicted to occur due to increasing precipitation at high latitudes,
increasing river discharge, and net melting of ice stocks on land and sea
(McClelland et al., 2006; Peterson et al., 2006; Ziegler et al., 2003). The
most striking effects of these changes for arctic primary producers will
be the increase in both summer stratification and light availability.
Light and nutrient availability, to a large extent, dictate the amount
and diversity of primary producers in the oceanic ecosystem (Mann
and Lazier, 1996). Both factors have been found to limit primary
production in the Arctic and sub-Arctic seas (Sakshaug, 2004). In polar
ecosystems, sea-ice coverage limits the length of the productive
season (Arrigo et al., 2008) in controlling the photosynthetic light
requirement. Nonetheless, in coastal regions characterized by high
freshwater discharge, stratification controls the level of primary
production by limiting fluxes from the nutrient-rich deeper waters
(Arrigo et al., 1999; Carmack, 2007; Smetacek and Nicol, 2005). The
Hudson Bay system (HBS) is the largest northern inland sea in the
world and includes three different hydrographic regions (i.e., a strait,
a bay, and a basin) characterized by contrasting ice coverage, water-
column stratification, and water depth (Harvey et al., 2001, 2006;
Saucier et al., 2004). It also receives input from the largest watershed
in North America and Eurasia (Shiklomanov et al., 2000) totaling
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717 km? freshwater per year (Déry et al., 2005). Freshwater stratifi-
cation has already been identified as being perhaps the most
important factor governing ocean climate, nutrient fluxes and
biologigal productivity of the HBS (Drinkwater and Jones, 1987;
Prinsenberg, 1977).

Primary production and its relationships with water mass
characteristics have occasionally been examined in Hudson Bay
(Grainger, 1982; Jones and Anderson, 1994; Legendre and Simard,
1979) but never been studied simultaneously in the three HBS
hydrographic regions. The only phytoplankton production measure-
ments in HBS were conducted near Belcher Island in June-July 1958
and July-September 1959 (Grainger, 1982), in southeastern Hudson
Bay in August-September 1976 (Legendre and Simard, 1979), and in
northern Foxe Basin in August-September 1981 (Smith et al., 1985;
Subba Rao and Platt, 1984). These studies reported low summer
primary production (i.e., <3.5mg C m~ > h™! in the upper 20 m of
the Bay and 0.2 ¢ C m~2 d~ ! in northern Foxe Basin). Based on these
limited data, the annual primary production has been estimated at
35-70 g C m~ 2 (Roff and Legendre, 1986; Sakshaug, 2004) in Hudson
Bay and at 24 g C m~ 2 in northern Foxe Basin (Subba Rao and Platt,
1984). These values are comparable to other oligotrophic Arctic
shelves (20-70g C m~2 yr~!) and much lower than productive
Arctic shelves and the Atlantic sector of the Arctic Ocean (60-400 g C
m~2 yr—'; Sakshaug, 2004). To our knowledge, no primary
production rate has been published for Hudson Strait and southern
Foxe Basin.

In contrast to primary production, surface chlorophyll a (chl a)
distribution has been well studied in Hudson Bay and Hudson Strait
(Anderson and Roff, 1980a; Drinkwater and Jones, 1987; Harvey et al.,
1997). The surface waters of Hudson Bay showed higher chl a
concentrations inshore than offshore (Anderson and Roff, 1980a) and
lower values than in Hudson Strait (Drinkwater and Jones, 1987;
Harvey et al, 1997). These earlier studies suggested enhanced
primary productivity in areas of strong tidal mixing, where nutrient
concentrations are periodically replenished.

The aims of this study were (1) to describe the variability in the
production and biomass of small (0.7-5um) and large (>5um)
phytoplankton across three contrasted hydrographic regions of the
Hudson Bay system (i.e., northern Hudson Bay, Hudson Strait, and
southern Foxe Basin) during the summers of 2004, 2005, and 2006,
(2) to assess the roles of the various environmental factors, notably
stratification, on the variability of primary production, and (3) to
determine the potential fate of phytoplankton carbon. This study will
allow us to test the hypothesis of Drinkwater and Jones (1987), which
is that primary production in the Hudson Bay system is governed by
the vertical stability of the water column. The hypothesis that highly
stratified, nutrient-poor waters are dominated by small phytoplank-
ton cells exporting a small amount of carbon to deep waters (Legendre
and LeFeévre, 1989) will also be tested.

2. Methods
2.1. Study area

Hudson Bay together with Foxe Basin and Hudson Strait (hereafter
referred to as the Hudson Bay system, HBS) forms the world's largest
inland sea (Prinsenberg, 1984), with an area of 1.24 x 106km? (Saucier
et al., 2004). Both Hudson Bay and Foxe Basin are shallow seas,
averaging, respectively, 125 and 100 m and not exceeding 300 m in
depth. Hudson Bay and Foxe Basin connect with the Labrador Sea
(Atlantic) by way of the dynamic Hudson Strait and with the Arctic
Ocean through Fury and Hecla Strait (Fig. 1). In contrast to the Bay,
Hudson Strait is a deep (ca. 400 m) and wide (ca. 150 km) channel. It is
recognized as an area of intense mixing driven by three major surface
currents (Drinkwater, 1986, 1990): (1) aweaker (10-20 cms™ ') flow
of Labrador Sea (Atlantic) water inflowing northwestward, (2) a more

intense (30-40 cm s~ !) flow of water from Foxe Basin and Hudson
Bay outflowing southeastward, and (3) a strong cross-channel flow
in the eastern half of the Strait. Strong tidal currents enhance the
mixing, affecting vertical stratification of the water column, surface
nutrient concentrations, and biological production processes in the
area (Drinkwater, 1986, 1990).

Climate in the HBS is abnormally cold relative to other oceano-
graphic systems at similar latitudes, such as the Bering and Baltic seas.
The HBS is generally completely ice covered from January until April
with occasional ice leads along the western coast of Hudson Bay and
around the Belcher Islands. From May to mid-August, the ice cover
breaks up starting with the eastern and western coastal areas of
Hudson Bay. Open-water areas then expand so that by August, the
remnant ice cover is found in the southeastern area of Hudson Bay and
in Foxe Basin. The HBS is usually ice-free beginning in early August
and starts to freeze up in mid-October, starting from the northwestern
area of Foxe Basin and around Southampton Island, after which
it generally spreads southwards (Saucier et al., 2004; Canadian Ice
Service, Environment Canada, 2009; Hochheim and Barber, 2010;
Hochheim et al., 2011).

Another striking feature of the HBS is its immense catchment
area (3.1x10%km?), which is one-third of Canada's watershed
(Prinsenberg, 1980). Total river discharge into HBS (717 km? yr—!,
McClelland et al., 2006) is over twice that of either the St. Lawrence or
Mackenzie river systems. Every year, runoff and melting ice create a
64 cm layer of freshwater in Hudson Bay (Steward and Lockhart,
2005), building up strong year-round stratification. This large
freshwater intrusion follows a cyclonic surface circulation of about
5cm s~ ! (Prinsenberg, 1986). The deep water of arctic origin flows in
the same direction but much more slowly. Barber (1967) and
Prinsenberg (1986) measured winter mixing of 50-75 m and 90 m
in depth, respectively. This means that the vertical mixing between
surface and deep-water layers is incomplete throughout the year (Roff
and Legendre, 1986).

2.2. Sampling

Sampling was conducted from 2 to 15 August 2004, from 1 to 10
September 2005, and from 30 August to 10 September 2006 onboard
the icebreaker CCGS Pierre Radisson. Samples were collected at six
stations along a longitudinal transect of ca. 700 km in northern
Hudson Bay (ca. 60°N), at one station in Foxe Basin, and at 4 to 15
stations in Hudson Strait (Fig. 1). At sampling stations, water depths
averaged 156 m in Hudson Bay, 377 m in Foxe Basin and 237 m in
Hudson Strait. These expeditions were part of the MERICA-nord
program (Etude des mers intérieures du Canada/Canadian Inland Sea
study) of the Department of Fisheries and Oceans Canada. The aim
of this project was to detect, understand, and predict climate change
and variability in the HBS (Harvey et al., 2006).

During each expedition, incident downwelling irradiance (photo-
synthetically active radiation, PAR, 400-700 nm) was recorded at
2-10 min intervals on deck with a Li-COR 2 m quantum sensor (LI-190
SA). At each station, sea-ice coverage was estimated visually. A rosette
sampling unit equipped with a CTD (conductivity-temperature—
depth) probe (Sea-Bird Electronics SBE 911+), an underwater PAR
sensor (Biospherical QSP-2200 Scalar), an in situ fluorometer
(WETStar mini fluorometer model 9512008), and 12 ten liter Niskin
bottles were deployed to obtain water temperature, salinity, density
(sigma-t, o), irradiance, and chlorophyll fluorescence down to about
10 m above the bottom. The diffuse light attenuation coefficient (Kg,
m~ 1) in the euphotic zone was determined by the slope of a linear
regression between the natural logarithm of underwater PAR and
depth, and when not possible, from the Secchi disk depth using the
conversion factor of 1.44 (Holmes, 1970). The euphotic zone (Z.,) was
defined as the depth receiving 0.2% of the surface PAR (Knap et al.,
1996). Water samples were collected at 6-7 discrete optical depths
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(Déry et al., 2005). In the upper map, the arrows indicate the summer surface circulation pattern (adapted from Drinkwater, 1986; Prinsenberg, 1986). In the lower map, the circles

show the location of CTD stations where there was no chemical or biological sampling.

(100, 50, 30, 15, 5, 1, and 0.2% of surface PAR), including the depth of
maximum chlorophyll fluorescence (DCM), and at 2-4 depths
between the base of Z., and ca. 120 m. Subsamples for subsequent
analyses were drawn from the Niskin bottles into acid-washed
Nalgene bottles (Knap et al., 1996).

2.3. Laboratory analyses

Samples for dissolved inorganic nutrients were filtered through
precombusted (450 °C for 5h) Whatman GF/F glass fiber filters
(nominal pore size of 0.7 pm) and the filtrated water collected in 5 ml
acid-washed polycarbonate cryovials. Nutrient samples were then
stored in a —80 °C freezer for later analyses of nitrate plus nitrite
(NO3 + NOy), nitrite (NO,), phosphate (PO,4), and silicic acid (Si(OH)4)
with a Technicon II autoanalyzer (Mitchell et al., 2002).

Samples for the identification and enumeration of phytoplankton
cells >4 um were collected at the DCM. They were preserved in acidic
Lugol's solution (Parsons et al., 1984) and stored in the dark at 4 °C
until analysis. Cells were identified following the inverted microscope
method (Lund et al., 1958).

For size-fractionated chl a determination, two 500 ml subsamples
were filtered through 25 mm Whatman GF/F fiber glass filters (total
phytoplankton biomass: Br, >0.7 pm) and two others through 25 mm
Poretics 5pum polycarbonate membrane filters (biomass of large
phytoplankton: B, >5 pm). Concentrations of chl a were measured on
board the ship with a Turner Designs TD-700 fluorometer after 18 h of
pigment extraction in 90% acetone at 4 °C in the dark (acidification
method of Parsons et al., 1984). The biomass of small phytoplankton
cells (Bs, 0.7-5um) was obtained by subtracting B, from Br.
Pheopigment concentrations were also determined after acidification
of the extracted pigments with 50 ul of 5% HCI (Parsons et al., 1984).

Primary production rates were measured at the 6-7 sampled optical
depths using the 'C assimilation method (Knap et al., 1996; Pommier
et al, 2009). Two light and one dark 500 ml Nalgene polycarbonate

bottles were filled with seawater from each light level and then
inoculated with 20 uCi of NaH!'#COs. The dark bottle containing 200 pl
0f 0.02 mol 1~ ! 3-(3,4-dichlorophenyl-1,1)-dimethylurea (DCMU) was
used to determine *C uptake rates not associated with photosynthetic
processes (Legendre et al, 1983). The total amount of radioisotope
in three randomly selected bottles was determined immediately after
inoculation by pipetting 50 il subsamples into 10 ml of Ecolume
scintillation cocktail (ICN™) containing 50 ul of ethanolamine
(Sigma). Bottles containing the '“C isotope were incubated for 24 h in
a Plexiglas deck incubator set up on a black board and equipped with
tubes wrapped with neutral density screens (LEE Filters) to simulate
irradiance at the seven sample collection depths. Tubes simulating
<30% PAR were wrapped with one layer of blue filter to mimic vertical
changes in spectral quality (Smith et al, 1997). Running seawater
pumped from a depth of about 5 m from the surface circulated through
the incubator to maintain the temperature at that of surface mixed
layer. Incubations were initiated when possible in the morning
(minimal PAR) or at dawn, depending on transits and overall sampling
logistics, in order to reduce variability in '“C accumulation (Mingelbier
et al,, 1994). Water temperature within the incubator was measured
regularly during the incubation. In 2004 and 2005, after incubation, a
4 ml subsample was taken from each bottle and poured into
borosilicate scintillation vials, acidified with 500 ul of 6 N HCl, and
left open on a lab rotator in a fume hood for at least 4 h to release
inorganic carbon prior to the measurement of total organic carbon
production (Proc). The same treatment was also applied to another
4 ml subsample that was filtered through a Millex-DV syringe-driven
filter unit (0.22 um pore size) to measure the release rate of dissolved
organic carbon (Ppoc). Proc and Ppoc samples were then neutralized
with 500 pl of 6 N NaOH before adding 15 ml of scintillation cocktail.
Total particulate organic carbon production (Pr) was measured from a
250 ml subsample filtered on Whatman GF/F filters. The remaining
subsamples were filtered on Poretics 5 pm polycarbonate membrane
filters to measure the fraction of the production by large phytoplankton
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(PL, =5 pm). The filters were rinsed with filtered seawater before being
removed from the filtration system and placed in borosilicate
scintillation vials. Filters were then acidified with 200 0.5 N HCl
and left to evaporate overnight on a lab rotator in a fume hood to
remove any '“C that had not been incorporated (Lean and Burnison,
1979). Once the filter was dried, 10 ml of scintillation cocktail was
added to vials. Vials were stored in a dry and dark room for later
counting (within two months) with a Beckman LS 6500 liquid
scintillation counter. Production rates of particulate and dissolved
organic carbon were calculated according to Parsons et al. (1984) using
a factor of 1.05 to correct for the lower uptake of '“C compared to '*C
(Knap et al., 1996). Values from the dark bottles were subtracted from
corresponding light values based on the premise that the measured
dark fixation of '“C is due solely to bacterial processes occurring
similarly in light and in dark bottles (Li et al., 1993). In 2004, primary
production rates at 0.2% surface irradiance were set to 0 mg Cm™>d ™!
since they were not measured. Production of the small phytoplankton
(Ps, 0.7-5um) was obtained by subtracting P, from Pr. The percent
release of DOC during incubation was calculated as Ppoc:Proc
multiplied by 100. This method provides conservative estimates of
net primary production.

2.4. Calculations

Ice break-up dates (here defined as 80% ice coverage) at each
station were estimated from Nimbus-7 SMMR and DMSP SSM/I
passive microwave data provided by the National Snow and Ice
Data Center (Cavalieri et al., 1996). Ice coverage values were extracted
from the cell (ca. 25 km?) nearest to the geographic coordinates
of the sampling stations. For each sampled year, we calculated the
number of open-water (<80% sea-ice coverage) days prior to sampling
(OWDPS).

Water temperature, salinity, and density (0;) were averaged over
1db intervals (ca. 1 m). The surface mixed layer depth (Z,) was
determined as the depth of the shallowest extreme curvature of the o,
profile (adapted from Lorbacher et al., 2006) whereas the nutricline
depth (Z,ur) Was estimated to be where the vertical gradient in NO3
concentration (dNO3 /dz) was highest. Daily irradiance (E) averaged
over Zey (Eg-zeu) and Zy, (Eg.zm) Was calculated using the equation of
Riley (1957):

E= Eo(l—e*""*z) /K2 1)

where Eg is the incident irradiance (E m~2 d~') and Z is either Z, or
Zeyw (m). The freshwater content (FWC; expressed in meters) was

Table 1

determined as the integrated salinity fraction above 34.8 salinity
(Aagaard and Carmack, 1989; Melling et al., 2008):

FWC = [ . (S—348)/348%dz 2)

where dz is the vertical thickness, i stands for Z,, and S is the mean
salinity for the layer. The strength of the vertical stratification was
estimated using two different indices: (1) the difference in o,
between 80 and 5 m (Ao,) and (2) the Brunt-Viisild frequency (N?)
(Tritton, 1988). There was a strong linear relationship between the
stratification index determined by Ao, and N? (r?=0.97, p<0.0001).
Therefore, only Ao, was considered in further analysis.

Temperature and salinity were averaged over Zey (To_zew So-zeu)
and Zy, (To-zm, So-zm). Concentrations of nutrients and chl a were
integrated over Z., and Z;, and primary production over Zg, using
trapezoidal integration (Knap et al., 1996). Mean integrated values
were obtained by dividing the depth-integrated values by the
integration depth.

2.5. Statistical analyses

Two-way analyses of variance (ANOVA) were used to test the
difference in the mean value of each variable between sampling years
(i.e., 2004, 2005, and 2006) and sampling regions (i.e., Hudson Bay,
Foxe Basin, and Hudson Strait). One-way ANOVAs were then run
to seek differences in the mean values of each variable between
sampling years or sampling regions (Sokal and Rohlf, 1995). Before
undertaking the ANOVAs, each variable's normality of distribution
and homogeneity of variance were tested with Shapiro-Wilk and
Levene tests, respectively. When required, data were log-transformed.
ANOVAs were completed by a multiple comparison test of mean
(Tukey's Honesty Significant Difference test for unequal sample sizes).
A principal component analysis (PCA) was performed to explore the
relationships between environmental factors (i.e., Zy, Zeuw, Znutr A0,
Eo-zeu To-zeu, NO3 4 NO(g_zew), OWDPS) and total particulate phyto-
plankton production (Pr) and total chl a biomass (Bt). Pearson's
correlations and simple regressions (model II, reduced major axis)
were used to determine the linear relationship between two variables
(Sokal and Rohlf, 1995). Statistical tests were performed with the SAS
9.2 software. Contour plots were drawn using the ODV 3.4.1 software
(Schlitzer, 2004).

3. Results

Two-way analyses of variance revealed that several variables
showed significant differences both between regions and sampling

Environmental conditions (mean = standard error) in the three regions of the Hudson Bay system during the summers of 2004 to 2006. Latest ice break-up date; E(g_ze,): mean
irradiance in the euphotic zone (Z.,); Ao-: mean column stratification index; T(o-zeu) and T(o_zm): mean temperature in Ze, and in the surface mixed layer (Z,), respectively; So-zeu)
and S(o-zm): mean salinity in Ze, and in Z,, respectively; FWC: freshwater content in Z, (reference salinity = 34.8).

HBS region Break-up date E(0-zeu) AO: T(0-zew) S(0-zeu) To-zm) S(0-zm) FWC
(<80% sea ice coverage) (Em~—2d 1) (°C) (°C) (m)
2004
Hudson Bay 02 Jul 65+1.5 3.64+1.0 0.7+1.7 31.0+1.2 504128 293416 5641.6
Foxe Basin 29 Jun 23 3.0 —0.7 322 2.8 29.7 5.2
Hudson Strait 15 Jun 6.3+£09 1.8+04 1.5+09 309403 27+£1.1 30.740.5 42405
2005
Hudson Bay 17 Jun 29+14 46+1.1 2.0+06 30.84+0.9 93+£1.2 284413 65+1.3
Foxe Basin 17 Jun 4.0 1.8 0.5 31.8 29 31.0 3.8
Hudson Strait 13 Jun 26+0.7 09+0.5 1.94+0.6 322407 2.8+07 31.6+09 33+1.1
2006
Hudson Bay 07 Jun 3.6+04 32+03 24415 31.14+0.8 82404 299404 50404
Foxe Basin 07 Jun 2.2 0.6 1.9 32.6 29 324 24
Hudson Strait 10 May 36+14 09+0.2 24407 32.240.6 42+07 320405 28405
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Table 2

Key depths (mean + standard error) in the three regions of the Hudson Bay system
during the summers of 2004 to 2006. Z,,: surface mixed layer depth; Z,,: nutricline
depth; Z.,: euphotic zone depth.

HBS region Zm Znutr Zeu
(m) (m) (m)
2004
Hudson Bay 11+4 45+7 48 +11
Foxe Basin 6 49 55
Hudson Strait 8+3 37+13 2843
2005
Hudson Bay 14+2 4549 55+6
Foxe Basin 19 57 56
Hudson Strait 18+3 34413 37+10
2006
Hudson Bay 21+7 51+11 64116
Foxe Basin 35 48 57
Hudson Strait 1843 32+10 48 +9

years (i.e., OWDPS, Ao, FWC, Z, Si(OH)4(0-zeu), and Bs), whereas
some variables showed differences only between regions (i.e., Zey,
Znuto B, BL, P, P, and Ps) or only between sampling years (i.e., Eg_zeu,
NO3 + NO2(0_zeu), NO3 + NO3(0-zm), and PO4(g_zeyw)) (see mean values
in Tables 1, 2, and 3).

3.1. Physical environment

In August 2004 and September 2005 and 2006, all sampling
stations were free of ice except station HS9, where ice coverage was
ca. 30% in 2004. In the different regions of HBS, ice break-up occurred
at different dates during the three studied years (Table 1). In this
study, we defined ice break-up as the earliest date when all stations
of a given region were covered by <80% sea ice. The sea ice always
retreated first from stations sampled in Hudson Strait, then the
melting spread to the Hudson Bay and Foxe Basin stations (Table 1).
For all regions, the earliest break-up occurred in 2006 and the latest in
2004. During this study, the mean duration of day length was ca. 16 h
in 2004 and ca. 14 h in 2005 and 2006.

During the three sampling years, sea-surface temperature (SST)
and salinity (SSS) varied spatially in the HBS (Figs. 2-4, Table 1). SST
averaged 8.14+0.4°C in Hudson Bay, with a minimum of 3 °C in
August 2004. SST in Hudson Strait was colder, averaging 3.44-0.4 °C,
with a minimum of 1.1 °C in 2004. The lowest SST was recorded in
Foxe Basin, with a mean of 2.7 £ 0.2 °C. For all sampling years, Hudson
Bay had the freshest surface water (mean SSS of 29 + 0.3) compared
to Hudson Strait (mean SSS of 31.5 4 0.2) and Foxe Basin (mean SSS of

Table 3

31+0.8). Fresher and warmer waters were particularly found on the
eastern side of Hudson Bay and on the south shore of the Strait
(Figs. 2-4). In Hudson Bay, the surface mixed layer was shallower and
cooler by an average of 3.7 °C in 2004 compared to 2005 and 2006
(Tables 1 and 2). In Hudson Strait, Z,, was also shallower and cooler in
2004 than in 2006, by an average of 1.5 °C. As a whole, the HBS was
more stratified in 2004 and 2005 than in 2006 (mean Aoy of 3.0, 3.3,
and 2.1, respectively). The upper water column was more stratified in
Hudson Bay than in Foxe Basin and Hudson Strait (mean Ao, of 3.8,
1.8, and 1.2, respectively). The euphotic zone was deeper in Hudson
Bay and Foxe Basin than in Hudson Strait (mean Z., of 55, 56, and
38 m, respectively; Table 2). For all stations, the surface mixed layer
was always shallower (<22 m) than the euphotic zone (>24 m)
during the study period (Figs. 2-4).

3.2. Nutrients

In the summers of 2004, 2005, and 2006, mean integrated NOs +
NO, concentrations in Z., (volumetric) ranged from 0.1 to 12.3 mmol
m~2 in the HBS (weighted average of 1.09 mmol m~3; Table 3,
Figs. 2-4). Above the chl a maximum (Figs. 2-4), NO3+ NO,
concentrations were almost depleted (usually <1 mmol m~3) at
all stations. In the HBS, mean integrated PO, concentrations in Ze,
varied between 0.35 and 2.25 mmol m™> (weighted average of
0.66 mmol m~3; Table 3). In the HBS, Si(OH), was the most abundant
nutrient in the water during the study period, with mean integrated
concentrations in Ze, ranging from 0.1 to 24.4 mmol m~ 3 (weighted
average of 3.3 mmol m~3; Table 3). There was no consistent regional
pattern in NOs + NO, and PO4 concentrations, but the Bay showed
higher Si(OH)4 concentrations than Foxe Basin and Hudson Strait
(Table 3). In contrast, the HBS showed year-to-year differences in
nutrient inventories. The mean integrated NO3 4+ NO,, PO,4, and Si
(OH)4 concentrations in Z., were higher in 2004 than in 2006
(Table 3). The mean (NOs-+NO;):Si(OH), and (NOs;+ NO;):PO4
atomic ratios in Z., were respectively 0.43 and 2.29 in Hudson Bay,
0.75 and 2.21 in Hudson Strait, and 1 and 1.53 in Foxe Basin. These
values are lower than the Redfield ratios of 1:1 and 16:1 (Redfield
et al, 1963), suggesting that dissolved inorganic nitrogen was the
macronutrient in lowest supply for phytoplankton growth in the HBS.

The surface-to-bottom difference in nutrient inventory is generally
recognized to be related to the strength of the water column strati-
fication, which reduces vertical exchange processes (Mann and Lazier,
1996). Below 100 m, inorganic nutrient (NOs+ NO,, Si(OH)4, and
PO4) concentrations remained high in Hudson Bay (data not shown).
For the years sampled, the bottom water of Hudson Bay contained
NO; + NO, concentrations ranging from 7 to 15 mmol m~3, Si(OH),4
from 16 to 46 mmol m~ 3, and PO, from 1.3 to 2.1 mmol m 3.

Nutrient concentrations in the three regions of the Hudson Bay system during the summers of 2004 to 2006. Mean integrated values (+ standard error) over the euphotic zone (Ze,)
and the surface mixed layer (Z,,) are given for nitrate plus nitrite (NO3 4+ NO,), nitrite (NO,), phosphate (PO,), and silicic acid (Si(OH)4) concentrations.

HBS region NO3 +NO;3 (0-zeu) NO2 (0-zeu) PO4 (0-zeu) Si(OH)4 (0-zeu) NO3 +NO3 (0-zm) NO3 (0-zm) PO4 (0-zm) Si(OH)4 (0-zm)
(mmol m~3) (mmol m~3) (mmol m~3) (mmol m~3) (mmol m~?) (mmol m~3) (mmol m~3) (mmol m~3)

2004

Hudson Bay 1.224+1.00 0.08 +0.02 0.69+0.09 3.82+0.70 0.25+0.14 0.06 +0.01 0.56 +0.06 3.67+1.14

Foxe Basin 1.36 0.08 0.63 0.59 0.22 0.05 047 0.52

Hudson Strait 0.5840.32 0.0740.01 0.524-0.04 2.3840.75 0.2040.05 0.0640.01 0.454-0.05 1.3040.62

2005

Hudson Bay 2.174+1.88 0.0940.01 0.7340.16 4.8843.33 0.2240.03 0.0640.01 0.4140.03 2.6140.49

Foxe Basin 0.49 0.08 0.50 0.86 0.23 0.06 0.41 0.98

Hudson Strait 2.04+0.79 0.08 +0.02 0.61+0.09 2.50+1.04 0.53+0.30 0.06 £0.01 0.47 £0.04 1.1240.63

2006

Hudson Bay 2.65+1.41 0.09£0.01 1.054+0.25 4.63+2.17 0.59+0.10 0.07 +0.00 0.81+0.22 1.154+0.81

Foxe Basin 2.24 0.13 0.92 3.28 1.09 0.08 0.72 0.76

Hudson Strait 1.90 4+ 0.60 0.104+0.01 0.99+0.26 1.794+0.21 0.74+0.15 0.07 £0.01 0.824+0.41 0.80+0.79
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Fig. 2. Spatial distribution of (A) water temperature, (B) salinity, (C) NO3; + NO, concentration, and (D) in vivo chlorophyll fluorescence in northern Hudson Bay, Hudson Strait, and
Foxe Basin on 2-15 August 2004. Thin gray lines and dashed lines: surface mixed layer depth (Z,,); thick white lines and dotted lines: euphotic zone depth (Z,). Station locations are

shown at the top of the figure.

3.3. Phytoplankton production and biomass

Mean values of phytoplankton production and chl a biomass in
Zey Were significantly lower in Hudson Bay (0.324+0.14gCm~2d !
and 30 & 10 mg chl am™2) than in Hudson Strait (1.154+0.03 gCm™?
d™' and 60+30mg chl am™2) during the three sampling years
(Fig. 5). In Foxe Basin, primary production (0.374+0.11gCm~2d~ 1)
was also significantly lower than the Strait and its phytoplankton
biomass (70 + 30 mg chl am ™~ 2) was significantly higher than the Bay.
Daily estimated summer primary production averaged 0.32 g C m~?
in Hudson Bay and 1.34 g C m~2 in Hudson Strait. No year-to-year
variability in phytoplankton production or biomass was detected in
the HBS during the study period. However, the mean Pr:Br ratio in the
HBS was significantly lower in 2004 (10.5mg C (mg Chla)~'d~1)
and in 2005 (11.3 mg C (mg Chl )~ d~!) than in 2006 (22.3 mg C
(mg Chla)~'d™ ') (ANOVA, p<0.05).

Along the longitudinal transect in Hudson Bay, the maximum
phytoplankton production was observed on the western coast in 2004,
on the eastern coast in 2005, and on both coasts in 2006 (Fig. 5A-C).

In contrast, the chl a concentration in Z., did not show a definite
horizontal pattern. Along the north-south transect of Hudson Strait,
maximum production rates were recorded at the southern stations in
2005 and 2006 (Fig. 5B, C).

During all sampling periods in Hudson Bay, a DCM was found
between 25 and 60 m, usually below the surface mixed layer and at an
optical depth of 0.2% of surface irradiance (Figs. 2-4). Maximum
phytoplankton production and chl a biomass always occurred at
shallower depths in the Strait than in the Bay. In the HBS, peaks of
primary production occurred above or at the DCM at 61% and 39% of
the stations, respectively. In addition, peaks of primary production
and chl a biomass occurred at Z,, at 19% and 52% of the stations,
respectively. Total phytoplankton abundance at the DCM was
statistically higher in 2004 (mean 4635 cells ml~!) than in 2005
(mean 1950 cells ml~!) and 2006 (mean 1508 cells ml~ ') in the HBS
(ANOVA, p<0.05; data not shown).

The percent DOC released during photosynthesis was measured
in 2004 and 2005. No year-to-year difference in the percent Ppoc
contribution to Proc was detected within Hudson Bay (2004: range
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Fig. 3. Spatial distribution of (A) water temperature, (B) salinity, (C) NO3 4+ NO, concentration, and (D) in vivo chlorophyll fluorescence in northern Hudson Bay, Hudson Strait, and
Foxe Basin on 1-13 September 2005. Thin gray lines and dashed lines: surface mixed layer depth (Z,); thick white lines and dotted lines: euphotic zone depth (Z.,). Station locations

are shown at the top of the figure.

6.7-18.9%, mean 13.3%; 2005: range 5.6-24.4%, mean 15.3%; t-test,
p>0.05). In contrast, a significantly lower Ppoc contribution to Proc
was observed in Hudson Strait in 2004 (range 3.3-6.3%, mean 4.9%)
than in 2005 (range 9.3-16.1%, mean 12.1%). A one-way ANOVA
showed significant (p<0.05) regional differences in 2004, with a
higher Ppoc contribution to Proc in Hudson Bay than in Hudson Strait
or Foxe Basin.

3.4. Potential fate of primary production and biomass (size fraction)

In the HBS, production was dominated by ultraphytoplankton
(0.7-5 um) except in Hudson Strait and Foxe Basin in 2004 (Fig. 5A-C).
However, the chl a biomass was dominated by large cells (>5 um)
except for most of Hudson Bay in 2005 (Fig. 5D-E). To illustrate the
observed discrepancy between the relative contribution of large-sized
phytoplankton biomass to total production in the HBS, we show the

variability of the photic-integrated B, :By and Py :Py ratios measured
during the summers of 2004, 2005, and 2006 in Fig. 6. This figure
shows that the contribution of large cells to Py was smaller than its
contribution to Br, except at stations HB2, HB3, and HB5 in Hudson
Bay. In 2004, both small and large cells contributed to the primary
production, but large cells dominated the standing stock.

Averaged over the study, diatoms made up more than 40% of the
total phytoplankton abundance in the HBS at DCM, except in the central
area of the Bay and the northern region of the Strait in 2005 (Fig. 7).
Nevertheless, diatoms in the HBS showed a drastic decrease from a
relative abundance of 90% in 2004 to 34% in 2005 and 52% in 2006
(Fig. 7). In contrast, the relative and total abundance of dinoflagellates,
prymnesiophytes, chrysophytes, cryptophytes and other flagellates
all increased from 2004 to 2005-2006 at DCM. This supports the
unbalanced contribution of large phytoplankton cells to total production
and biomass previously observed in the P:B diagram (Fig. 6).
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3.5. Environmental control

The two first principal components of the PCA were related to
primary production and environmental variables (Fig. 8) and
explained 55.8% of the total variance. Principal component 1 (PC1)
explained 30.2% of the total variability, and Aoy, Znytr, Zew Pr, and By
contributed the most to this axis. PC2 explained 25.6% of the variance,
and this axis was highly correlated with OWDPS, To_zeu, Zm, and Eqg_ey.
PC1 seems to reproduce the observed spatial pattern in the HBS's
phytoplankton production, associating elevated total primary produc-
tion (Pr) with a low stratification index and shallow Z,,. Therefore,
stations of Hudson Bay and Hudson Strait could be regrouped
following their regional trends. PC2 seems to highlight the year-to-
year differences by regrouping stations of earlier sampling in 2004

Zey). Station

that had higher OWDPS, deeper Z,,, warmer Ty_,ey, higher nutrient
inventories, and lower light availability in Z.,. As expected from the
PCA, a significant negative linear relationship was observed between
Pr and the stratification index as well as between Pt and Z,, for the
summers of 2004, 2005, and 2006 (Fig. 9A and B). A statistically
significant linear regression also confirmed the positive relationship
between Prand OWDPS in the Bay and in Foxe Basin (Fig. 9C). It should
be noted that there were no significant correlations between Pr
and the day of the year in the Bay (r>=0.17, p=0.06). The euphotic
zone depth was negatively correlated with the mean integrated
phytoplankton biomass in Ze, (r> = 0.45, p<0.01), as shown in the PCA
results (Fig. 8).

In Hudson Bay, the Py:By ratio was positively correlated with the
mean integrated NOs + NO, concentration in Z., during the three
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Fig. 5. Spatial variations of (A-C) particulate primary production and (D-F) chlorophyll a (chl a) biomass for two size fractions (small phytoplankton, 0.7-5 pm; large phytoplankton,
>5 um), and (G-I) ratio of particulate primary production to total chl a biomass (Pr:Br) in three regions of the Hudson Bay system in the summers of (A, D, G) 2004, (B, E, H) 2005,
and (C, F, I) 2006. Values were depth-integrated from the surface to 0.2% of surface irradiance. In (A-F), bars represent the standard deviations of Py and By. FB: Foxe Basin; nd: no

data available.

sampling years (r?=0.48, p<0.01). In Hudson Strait, the nitrogen
inventory in Z., was negatively correlated to the strength of the
stratification (Fig. 10A); the minimum and maximum stratification

100
® Hudson Bay & Foxe Basin 2004
A Hudson Bay & Foxe Basin 2005
W Hudson Bay & Foxe Basin 2006
80~ 0 Hudson Strait 2004
A Hudson Strait 2005
O Hudson Strait 2006
—_ o ®
R 60 R
= o
[ - °
o A0
240 %o
o I~ A n o
|} Ag
-
A . 0O o
20 - " g
A
A
0 Il Il Il Il
0 20 40 60 80 100
BL:BT (%)

Fig. 6. Production-biomass (P-B) diagram for 31 stations sampled in the Hudson Bay
system during the summers of 2004 to 2006. Abscissa: ratio of chlorophyll a (chl a)
biomass of large cells (>5 pm, B, ) to total chl a biomass (>0.7 um, Br); ordinate: ratio of
production of large cells (>5pm, P) to total particulate production (>0.7 um, Pr).
Values were depth-integrated from the surface to 0.2% of surface irradiance. The main
diagonal (P,/Pr=By/Br) corresponds to a balance between production and export for
the two size fractions (Tremblay and Legendre, 1994).

indices were observed on the north and south shore, respectively. In
addition, Py, B;, and the By :By ratio were also negatively correlated
with the nitrogen inventory in Z.,, (Fig. 10B-D), and the minimum and
maximum NOs + NO, concentrations were always observed on the
south and north shores, respectively. These results showed that the
maximum values of Py, B;, and the B :By ratio occurred in the depleted
nitrogen waters of the south shore.

4. Discussion

It should be pointed out that this study was conducted in summer,
a period characterized by the lightest winds (Maxwell, 1986;
Prinsenberg, 1982), the lowest surface layer salinity, and the highest
heat flux (Prinsenberg, 1982) of the year in Hudson Bay, as well as
a low variability in total freshwater discharge (Déry et al., 2005;
Prinsenberg, 1986).

4.1. Spatial variability

In the HBS, two regions were easily distinguished based on
phytoplankton production and biomass data: Hudson Bay and Hudson
Strait (Figs. 5 and 8). The warmer, less-saline, strongly stratified
waters of Hudson Bay were clearly less productive and contained less
chl a biomass than the colder, saltier, weakly stratified waters of
Hudson Strait, as reported previously (Anderson and Roff, 1980a;
Drinkwater and Jones, 1987; Harvey et al., 1997). During the three
sampling years, phytoplankton production was, on average, 3.6 times
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lower in Hudson Bay than in Hudson Strait (Fig. 5, Table 4). The Foxe
Basin station, located in the southern part of the Basin, showed
production rates similar to Hudson Bay but chl a biomass similar to
Hudson Strait (Figs. 5A, B and 8). Daily primary production rates in
Hudson Bay and Foxe Basin were comparable to those of the Beaufort
Sea and to the lower range of values reported in the Gulf of St.
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Fig. 8. Principal component analysis of 31 stations sampled in the Hudson Bay system
during the summers of 2004 to 2006. The environmental and biological variables are
depths of the surface mixed layer (Z,, m), of the euphotic zone (Z.,, m), and of the
nutricline (Zyuy, m); stratification index (Ao.); mean irradiance in Ze, (Eg.zey mol
photons m~2 d~!); mean temperature over Ze, (To-zey °C); Open-water days prior to
sampling (OWDPS, d); NO, +NO3 concentration integrated over Ze, (No-zey mmol
m~2); chlorophyll a biomass (Br, mg m~ 2) and particulate primary production (Pr, mg
Cm~2d~") integrated over Z.,. The dashed lines distinguish stations in Hudson Strait
(HS and HSS) from those in Hudson Bay (HB) and Foxe Basin (FB). The numbers 4, 5,
and 6 at the end of station abbreviations indicate the sampling year (summers of 2004,
2005, and 2006).

Lawrence and the Bothnian area of the Baltic Sea (Table 4), two semi-
enclosed subarctic seas completely ice covered in winter and ice free
in summer (Gagnon and Gough, 2005). In contrast, the higher daily
production rates in Hudson Strait were comparable to values of
the Chukchi Sea and the North Water area (northern Baffin Bay) in
summer (Table 4).

Patterns in phytoplankton production were also observed within
Hudson Bay and Hudson Strait. In Hudson Bay, phytoplankton
production was generally higher at inshore stations, where diatoms
were relatively abundant compared to other phytoplankton groups
(Figs. 5 and 7). This general pattern of maximum production rates
associated with a diatom-dominated community was also observed in
the Northeast Water polynya (northeast Greenland) in spring (Pesant
et al.,, 1996), in the North Water area in spring and fall (Klein et al.,
2002), and in the Arctic Ocean in summer (Gosselin et al., 1997).

In Hudson Strait, phytoplankton production was always lower in
the cooler, saltier, deeper waters of the north shore compared to the
south shore (2005-2006 transect). The lower Pr:Br and By :Br ratios
and the lower phytoplankton production and biomass from large cells
in Ze, indicated that the north shore waters did not satisfy bloom
conditions, even though nitrogen inventories were higher in these
more mixed waters (Drinkwater and Jones, 1987). In contrast to
Hudson Bay, the stronger stratification of the south shore stations,
generated by higher horizontal advection of fresher water from
Hudson Bay and Foxe Basin (Straneo and Saucier, 2008), favored
earlier blooms. This follows the classical pattern of a phytoplankton
population build-up (Miller, 2004), i.e., a bloom will be initiated only
when enriched surface waters are stratified enough to maintain
phytoplankton cells in the well-lighted surface water.

Patterns in surface phytoplankton biomass were also highlighted
within Hudson Bay and Hudson Strait. In Hudson Bay, surface waters
presented a clear inshore-offshore difference in chl a concentrations,
with values ranging from 0.11 t0 0.30 mg m™ > (mean 0.20 mgm ™ 3) at
inshore stations and from 0.08 to 0.20 mg m~ > (mean 0.11 mg m~?3)
at offshore stations. In Hudson Strait, surface chl a concentrations
varied between 0.24 and 3.00 mg m~> (mean 1.12 mg m~>) with
higher values on the south shore of the Strait (data not shown). Similar
concentrations were previously reported for Hudson Bay (Anderson
and Roff, 1980a) and Hudson Strait (Drinkwater and Jones, 1987).
However, the low surface chl a concentrations did not reflect the
importance of the phytoplankton biomass present at the bottom of
the euphotic zone where summer deep chlorophyll maxima (DCM)
consistently formed.
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Table 4

Mean or range of phytoplankton chlorophyll a biomass and production in subarctic and arctic seas during summer and fall. nd: no data available.
Location Lat. (°N) Chlorophyll a Primary production Season Reference

(mg m~2) (mgCm~2d~ 1)

Arctic
Beaufort Sea 71 nd 280 Summer Alexander (1977)?
Beaufort Sea 69-71 nd 200 Late July Carmack et al. (2004)
Beaufort Sea 69-71 nd 40-100 August Carmack et al. (2004)
Beaufort Sea (Mackenzie shelf) 69-72 16 15-119 Early fall Brugel et al. (2009)
Beaufort Sea (Amundsen Gulf) 69-72 11 92-105 Late fall Brugel et al. (2009)
Chukchi/Beaufort Seas (Shelves) 65-75 nd 709 July-August Walsh et al. (2005)
Chukchi/Beaufort Seas (Shelves) 65-75 nd 578 September-October Walsh et al. (2005)
Chukchi Sea 70 128 990 Summer Hameedi (1978)?
Chukchi Sea 70-75 25-445 980 July Gosselin et al. (1997)
Chukchi Sea (Shelf) 70-74 76 783 Summer Hill and Cota (2005)
Chukchi Sea (Edge Can. Basin) 70-74 35 324 Summer Hill and Cota (2005)
Deep Canadian Basin 72-77 nd 106 Summer Lee and Whitledge (2005)
Deep Canadian Basin 76-90 1-25 52 Summer Gosselin et al. (1997)
Barents Sea (Coastal) 70 31 304 Summer Yedernikiv and Solov'yeva (1972)*
Northern Barents Sea (No bloom) 78-82 nd 43-120 Summer Hegseth (1998)
Northern Barents Sea (Bloom) 78-82 nd 187-360 Summer Hegseth (1998)
Pacific
Mid-subarctic 45-55 nd 150-250 Summer Koblenz-Mishke (1965)?
Mid-subarctic 45-55 21 400 Summer Larrance (1971)?
Bering Sea (Coastal) 55-65 nd 460 Summer Taguchi (1972)?
Bering Sea (Open water) 55-65 nd 330 Summer Taguchi (1972)?
Bering Sea 55-65 nd 340-630 Summer Taniguchi (1969)*
Bering Sea 55-65 76 240 Summer McRoy et al. (1972)*
Atlantic
Norwegian Sea (Coastal) 69 nd 1120 Summer Thorndsen and Heimdal (1976)?
Baltic Sea (The Sound) 55-56 nd 420-520 Summer Lassig et al. (1978)
Baltic Proper (Gotland Sea) 54-60 nd 510 Summer Lassig et al. (1978)
Gulf Finland 59-60 nd 310-680 Summer Lassig et al. (1978)
Bothnian Sea 61-64 nd 220-280 Summer Lassig et al. (1978)
Bothnian Bay 64-66 nd 76-140 Summer Lassig et al. (1978)
E. Greenland (Coastal) 55-70 nd >350 Summer Steeman-Nielsen (1958)?
E. Greenland (Open water) 55-70 nd 100-200 Summer Steeman-Nielsen (1958)?
Northeast Water polynia 77-81 8-23 212-544 Late Spring-Summer Pesant et al. (1996)
Gulf of St. Lawrence 46-50 <22 180-504 Summer-Fall Tremblay et al. (2000)
Gulf of St. Lawrence 46-50 18 357 Summer-Fall Savenkoff et al. (2000)
Davis Strait 60 20 21 Summer MacLaren-Marex, Inc. (1979)?
Frobisher Bay 64 100 450 Summer Grainger (1975)?
Baffin Bay 60-76 57 227 Summer Harrison et al. (1982)*
North Water (northern Baffin Bay) 75-79 36-117 845 Late summer Klein et al. (2002)
North Water (northern Baffin Bay) 75-79 28-47 354 Early fall Klein et al. (2002)
North Water (northern Baffin Bay) 75-79 57-88 550 Late summer-Early fall Garneau et al. (2007)
Arctic Canadian Archipelago 75 25 300 Summer Welch and Kalff (1975)*
Hudson Bay system
Hudson Bay 60 30 (26-38) 320 (236-486) Summer This study
Hudson Strait 62 76 (56-87) 1340 (1132-1549) Summer This study
Foxe Basin 64 61 (35-87) 370 (279-489) Summer This study

2 Review in Harrison et al. (1982).

Summer DCMs (30-60 m, mean 42 m; Figs. 2-4D) were ubiquitous
in the HBS, as reported previously (Anderson and Roff, 1980b; Mundy
etal., 2010). In the HBS, DCMs generally occurred near the nutricline—
well below the surface mixed layer and generally between 5 and 0.2%
of surface irradiance. This implied that the vertical position was driven
mainly by a shortage of inorganic nitrogen in the upper Z,,. Similarly,
Anderson and Roff (1980b) reported DCMs at ca. 45 m, usually
between 0.1 and 1% of surface irradiance in Hudson Bay in August-
September 1975. In Hudson Bay, DCMs were never observed at the
pycnocline. This DCM feature is typical of stratified oligotrophic waters
(Cullen, 1982; Fasham et al., 1985), as observed in Canadian Arctic
waters (Carmack et al., 2004; Martin et al., 2010) and in temperate,
tropical, and sub-tropical waters (Cullen, 1982; Fasham et al., 1985).

4.2. Nitrogen limitation and stratification

Primary production in the HBS varied negatively with the
stratification strength of the upper water column, with lower rates

in Hudson Bay than in Hudson Strait. The Hudson Bay upper water
column is perennially vertically stable due mainly to buoyancy forces
associated with freshwater input from numerous large rivers and
seasonal ice melt cycle (Prinsenberg, 1986). This haline stratification
restricts upward nutrient flux into the surface layer (Ingram and
Prinsenberg, 1998). The weaker stratification in Hudson Strait due to
tidal and meteorologically driven mixing (Straneo and Saucier, 2008)
probably favored a more regular supply of nutrients in the upper
water column. These injected nutrients must have been immediately
consumed by phytoplankton, since we did not find any significant
difference in surface nutrient concentrations between the Bay and
the Strait, except at the north shore stations of the Strait, where
phytoplankton seems to be light-limited in the Z, in summer.
Consequently, the strength of stratification limited phytoplankton
production and biomass accumulation at most stations of the
HBS and clearly differentiated the level of production between the
two contrasted hydrodynamic regions of the Bay and the Strait, as
hypothesized by Drinkwater and Jones (1987).
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In Hudson Bay, NOs concentrations in Z,;, were within the range of
reported values for the half-saturation constant for NO; uptake by
natural phytoplankton communities (K <1 mmol m~>; Maclsaac and
Dugdale, 1969; Shiomoto et al., 1994). Therefore, it appeared that,
prior to our sampling periods, phytoplankton had reduced NO3;
concentrations to levels that limited their production, notably by large
cells. It is important to note that Hudson Bay deep waters represent a
large nutrient reservoir, with mean concentrations of 12 mmol m~—3
for nitrate, 30 mmol m~2 for silicic acid and 1.7 mmol m~3 for
phosphate at depths below 100 m (data not shown).

Winter mixing appears to be a critical process to bring nutrient-rich
deep water to the surface. Prinsenberg (1986) observed a deepening of
the surface mixed layer to at least 90 m at an offshore Hudson Bay
station due to surface cooling and salt rejection from freezing ice. This
depth was much greater than the nutriclines of 34 to 64 m observed
during our summertime study. The thickness of the winter convection
layer has been determined an important factor affecting the spring
supply of start-up nutrients for primary producers (Lavoie et al., 2008;
Plourde and Therriault, 2004) and therefore, total annual primary
production (Carmack et al., 2004; Lavoie et al., 2008). This is consistent
with the beta-type ocean characteristics described by Carmack (2007),
in which permanent stratification, mainly by salinity, constrains the
efficiency of nutrient replenishment through winter convection.

Other than vertical mixing, additional nutrient sources can include
horizontal advection of water through Fury and Hecla Strait
(Prinsenberg, 1986) and from the Baffin Island current (LeBlond et
al., 1981), as well as inputs from river runoff (Hudon et al., 1996), ice
melt (Freeman et al., 1982), and the atmosphere (Morales-Baquero et
al., 2006; Peierls and Paerl, 1997; Pett and Roff, 1982). Furthermore, a
source of bioavailable nitrogen generated from break-down of the
large pool of dissolved organic matter (DOM) in Hudson Bay surface
waters (Granskog et al., 2007; Mundy et al., 2010) could play an
important, yet undetermined role on total primary production. Some
of these sources could be enhanced by an increasing open water
period, thereby helping explain the observed significant relationship
between OWDPS and primary production. For example, lengthening
of the ice-free season would permit for more wind-induced vertical
mixing and horizontal advection events and for longer exposure of the
surface DOM to photodegradation (Vdhdtalo and Jdrvinen, 2007;
Vdhdtalo and Wetzel, 2004). More nutrient data are needed to provide
a complete nitrogen budget for the HBS.

4.3. Temporal variability

In the HBS, there was year-to-year variability in the vertical
structure of the water column, notably in the freshwater content of
the surface mixed layer and the stratification index, which were
higher in 2004-2005 than in 2006, and in the surface mixed layer
depth, which gradually increased from 9 m in 2004 to 21 m in 2006.
Despite this variability in the hydrographic conditions, there was no
year-to-year difference in phytoplankton production and biomass
throughout the study period.

However, we observed year-to-year differences in the phyto-
plankton composition, size structure and physiology. These observa-
tions can be summarized by: (1) the contribution of large cells to total
phytoplankton biomass and the absolute and relative abundance of
diatoms decreased from the mid-summer period sampled in 2004 to
the late-summers sampled during 2005-2006; and (2) the Pr:By ratio
showed an increase from 2004-2005 to 2006.

In mid-summer 2004, formation of the DCM likely resulted from
the sinking of an earlier diatom bloom concurrent with depleting
concentrations of nutrients, thus reaching a compromise between
light and nutrient limitation (Cullen, 1982). This was supported by the
dominance of large diatom cells with low photosynthetic perfor-
mance (i.e., low Pr:By ratio) associated with relatively low nutrient
concentrations in the upper water column at most stations of the HBS.

Therefore, we believe we had observed the decline of a diatom bloom
during 2004 from which the onset likely occurred after the ice break-
up in late spring, early summer.

From late-summer 2005 to 2006, surface stratification explained
variability in the size structure of phytoplankton communities and
their mean physiological state (Pr:Br ratio). During 2006, surface
stratification was weaker than 2005, which resulted in a deeper
surface mixed layer that was closer to the nutricline and within
the euphotic zone. This essentially increased nutrient availability,
allowing the growth of healthy large cells (mainly diatoms)
ubiquitously throughout the HBS in late-summer 2006. However,
the dominance of diatoms at the DCM was much least in late-
summers 2005 and 2006 than in mid-summer 2004. This large
difference in phytoplankton communities between mid- and late
summers may represent a seasonal succession rather than a year-to-
year variability.

The apparent year-to-year differences (and absence of differences
in production and biomass) need to be confirmed in future work due
to possible confounding factors of geographic and/or seasonal
variations associated with the limited seasonal coverage of the annual
datasets. Nevertheless, the overall results indicate that year-to-year
changes in the water column structure had more impact on the
composition, cell size, and physiological state of the phytoplankton
community than on the total production of the system. This has
important implications for the flow of carbon within the ecosystem,
since pelagic flagellate-dominated community would lead to longer
food chains resulting in inefficient energy transfer to upper trophic
levels and low carbon export towards deeper waters compared to
diatom-dominated community (Cushing, 1989).

4.4. Estimation of annual phytoplankton production

An estimation of total particulate annual phytoplankton produc-
tion based on the summers of 2004, 2005, and 2006 gives 39 ¢ Cm ™ 2in
Hudson Bay, assuming an algal growth season of 120 days. We believe
this value was conservative as it does not take into consideration the
spring bloom, which was probably associated with the melting ice
cover edge (Sibert et al.,, 2011). Nevertheless, our estimate was similar
to the annual phytoplankton production of 35 g C m~?2 of Roff and
Legendre (1986) but lower than the value of 50-70g C m~— 2 yr—!
estimated by Sakshaug (2004) for Hudson Bay.

Even though Hudson Bay is characterized by low annual produc-
tion, our estimate of 39 g C m~ 2 equates to 24 Mt C yr— ! due to its
large surface area (620x 10°km?, excluding James Bay). Therefore,
total areal production in Hudson Bay was higher than that from
oligotrophic arctic waters of the Canadian Archipelago (5 Mt C yr— !:
Sakshaug, 2004) or the White Sea (2-3Mt C yr—!; Berger and
Primakov, 2007; Sakshaug, 2004) but comparable to the Kara Sea and
East Siberian Sea (20-37 and 10-30 Mt Cyr~ !, respectively; Sakshaug,
2004; Vinogradov et al., 2000).

Hudson Strait had higher annual production rates (161 g C m~2)
for a smaller surface area (98 x10°km?, excluding Ungava Bay and
eastern Hudson Strait), resulting in an estimate of 16 Mt C yr— . This
estimate for Hudson Strait was close to those reported for the Laptev
Sea (10-16 Mt C yr~!; Vinogradov et al., 2000; Sakshaug, 2004). The
total weighted phytoplankton production for Hudson Bay and Hudson

Strait was 55g Cm~ 2 yr— .

4.5. Potential export

The production-biomass diagram of Tremblay and Legendre
(1994) allowed an assessment of the potential fate of phytoplankton
carbon produced in Z,. Our analysis revealed that the contribution of
large phytoplankton cells to total production (P, = 6-66% of P, mean
38%) was generally lower than their share of total biomass (B, =12-
91% of B, mean 62%; Fig. 6). This suggests a preferential removal
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of small phytoplankton cells by microzooplankton grazing or
accumulation of large cells in Z, (Tremblay and Legendre, 1994).
Both interpretations imply that the phytoplankton carbon produced
in the HBS was mainly retained in Z., rather than being exported to
depth during our sampling periods.

The potential particulate organic carbon (Pr) export from the
euphotic zone (POCg) was estimated using equations (7) (POCg=
Pr * f-ratio) and (22) (f-ratio=0.04+0.74 P /Pr) in Tremblay
et al. (1997). For the three sampling years, mean POCg values
were 96mg C m~2 d~! (range: 16-394mg C m~2 d=!) in
Hudson Bay, 125mg C m~2 d~' (range: 91-154mg C m~2d™ ') in
Foxe Basin, and 441 mgCm~2d ™! (range: 121-818 mgCm~2d~ ') in
Hudson Strait. The values for Hudson Strait were comparable to
the POCg value of 396 mg C m~2 d~ ! estimated for the North Water
area in August-September (Klein et al., 2002) and to sinking
fluxes estimated from short-term particle interceptor traps of
129-442 mg C m~2 d~! at 50 m under open-water conditions in the
Chukchi Sea in July-August (Lalande et al., 2007) and of 670 mg C m~?2
d™!, on average, at 150 m during the decline of the northwest Atlantic
spring bloom (Pommier et al., 2008). The POCg values in Hudson Bay
were in agreement with the sinking fluxes of 50-61 mg Cm~2d ™! at
50 m in Hudson Bay during fall 2005 (Lapoussiére et al., 2009) and of
36-67mg C m~2d~! at 50 m in the Amundsen Gulf during summer
(Juul-Pedersen et al., 2010). POCg values from southern Foxe Basin
were comparable to sinking fluxes of 219-240 mg Cm~2d~ ! at 50 m
in the North Water polynya in August-September (Caron et al., 2004).
For the three years sampled, the total weighted average POCg for
Hudson Bay and Hudson Strait was 17 g C m—2 yr~ !, making up 31%
of the total weighted average primary production in the euphotic
zone. The POCg value was close to the new production value of
ca. 24g C m 2 yr~! estimated from total carbonate measurements
for northern Hudson Bay (Jones and Anderson, 1994). These results
highlight again that most of the organic material produced during
the study period in the HBS remained in the euphotic zone,
feeding the pelagic system, rather than being exported out of the
euphotic zone.

5. Conclusion

This study provides the first measurements of phytoplankton
production covering the three hydrographic regions of the HBS (i.e.,
Hudson Bay, Hudson Strait and Foxe Basin). In addition to confirming
the previously documented inshore-offshore gradient in phytoplank-
ton biomass of the surface waters of Hudson Bay (Anderson and Roff,
1980a) and the presence of a subsurface chl a maximum at 40-60 m
(Anderson and Roff, 1980b), our analysis demonstrated that the
waters of Hudson Strait in summer were much more productive than
those of northern Hudson Bay and southern Foxe Basin. Furthermore,
our study revealed that this large regional variability in phytoplank-
ton production was influenced by the strength of the stratification,
which controls the supply of nutrients from deep waters towards the
upper water column where phytoplankton are active. The unbalanced
contribution of small cells to total production and biomass together
with the low POCg (30% of total production) suggested that the system
during the summer to late-summer period likely supports a pelagic
dominated food web. Overall, this study revealed a high degree of
complexity in primary production and biomass of the HBS and the
relationships between these properties and water column structure,
which will complicate predictions of how the system will respond to
climate change. In that context, there is a crucial need to monitor
ocean biology and environmental changes to detect impact of climate
change in the HBS. As evidenced by our study, this monitoring should
not only measure parameters such as primary production and
biomass, but also plankton composition, size structure and

physiology.
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