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Abstract: The aims of the review were to elucidate the spatial variation in sea ice algae primary
production rates and biomasses (Chl a) in the Canadian Arctic — Greenland region, characterized by
comparable physical settings. A database was compiled from 30 studies of sea ice algae primary
production rates, biomasses (Chl a), snow and ice thicknesses, ice types, nutrient (Si(OH)s, POs,,
(NO3+NO2), and (NHas) concentrations in ice and below ice from the region. Production rates were
significantly high (463 mg C m2 d-!) in Resolute Bay and in Northern Baffin Bay (317 mg C m2 d)
both in Canadian Arctic, as compared to a rate of 0.2 mg C m?2 d! in northeast Greenland. The
biomasses reached 340 mg Chl 2 m? in Resolute Bay in comparison to a 0.02 mg Chl 2 m? in
southwest Greenland. Primary production at other Canadian and Greenland sites were comparable
but sea ice Chl a was higher (15.0 + 13.4 mg Chl 2 m?) at Canadian sites as compared to Greenland
(0.8 £ 0.5 mg Chl a m?). Resolute and Northern Baffin Bays production rates were significantly
higher when compared to other Arctic Ocean sites outside the studied region. The review concludes
that high production rates and biomasses in Resolute and Northern Baffin Bay’s were related to
inflow and mixing of nutrient rich waters of Pacific origin. A conceptual model with drivers and
inhibitors of sea ice algae primary production is projected, and the database compiles a dataset of
published data for further studies.

Keywords: sea ice algae primary production; Chl 4; snow and sea ice thickness; nutrients;
oceanography; Canadian Arctic Archipelago; Greenland

1. Introduction

Winter sea ice covers the entire Arctic Ocean, Canadian Archipelago, Hudson and Baffin Bays
(Wratten et al., 2022), east and west Greenland (Karami et al., 2021) with a 15.9-10¢ km? in median
maximum during March (Francis and Wu, 2022). In contrast, the aerial extent of the summer (June)
sea ice in the Arctic Ocean has been decreasing since late 1970 from 12.5-10¢ km?2 in 1980 to 10.6-10¢
km? in 2022, equal to a loss of summer sea ice of 2.0-10¢ km? (Parkinson et al., 2014; Francis and Wu,
2022; Jeong et al., 2022). The decrease in summer sea ice extent is mainly driven by increasing
temperatures in the Arctic (Steiner et al., 2021), and it is foreseen, that the Arctic Ocean will reach an
ice-free state in summer within the next two decades (Jahn et al., 2018). From a biological point of
view, sea ice is an ecosystem with defined pathways of matter and energy (Lund-Hansen et al., 2020)
with microorganisms, zooplankton, fish, seals and polar bears, which rely and depend on sea ice for
maintaining their life cycles (Kohlbach et al., 2017). Microorganisms living in sea ice comprise bacteria
(Kaartokallio et al., 2013), viruses (Luthanen et al., 2017), fungi (Hassett et al., 2017) heterotrophic and
autotrophic protists (Bluhm et al., 2017). Most of the autotrophic organisms as sea ice algae are located
at the ice-seawater interface (Horner and Schrader, 1982; Lund-Hansen et al., 2020a) where biomasses
can reach concentrations 50-100 times higher compared to concentrations of pelagic phytoplankton
(Arrigo, 2017). It is estimated that sea ice algae contribute about 10% of total marine-produced carbon
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in the Arctic Ocean (Arrigo, 2017). The important ecological functioning of sea ice algae in polar
marine ecosystems is to establish an early carbon source for planktonic grazers during the ice-covered
winter and early spring (Michel et al., 2002; 2006). Sea ice algae are later released from the melting ice
and can seed the water column below the sea ice and ignite the pelagic primary production (Michel
et al., 1993; Olsen et al., 2017), or sink to the bottom of the ocean where benthic living organisms can
decompose the organic material (Boetius et al., 2013). Nevertheless, an initial literature-based survey
of sea ice algae primary production revealed some significant differences in production rates between
sites in the Canadian Arctic-Greenland region. This is exemplified by high rates of 463 mg C m2d~!
in Resolute Bay (Smith et al., 1988), and 317 mg C m2d- in Northern Baffin Bay (Nozais et al., 2001)
both Canadian Arctic, as compared to the 0.2 mg C m2d* in Young Sound, northeast Greenland
(Rysgaard et al., 1999). Differences in production rates are also mirrored in biomasses produced as
for 340 mg Chl a2 m? in Resolute Bay (Smith and Hermann, 1991) and 0.02 mg Chl 4 m?2 in Kapisillit,
west Greenland (Lund-Hansen et al., 2021). Nonetheless, morphology, climatology, light and
oceanographic conditions in the region are comparable and similar from a general point of view. This
raises the following questions addressed in the present review: 1) Why are there significant spatial
differences in the sea ice algae primary production rates and biomasses in the Canadian Artic-
Greenland region in spite of comparable physical settings, and 2) What are the driving forces of the
differences? 3) Are the differences explained by differences in sea ice conditions, snow cover,
nutrients in ice and below ice? The extended spatial variation in primary production is a conundrum
considering the comparable physical settings in the region whereby other drivers than light (Leu et
al., 2015; Lund-Hansen et al. 2020a) could be parts of the explanation. Addressed questions are
responded to by means of a literature study, where data were extracted from a total of 30 studies
from study sites in Hudson Bay, the Canadian Arctic Archipelago, and around Greenland (Figure 1).
Data on study sites as position, time of sampling, methods applied for measuring primary production,
ice types, ice and snow thickness, rates of primary production, Chl a, with references are given in
Table S1 (S1 in Supplementary data). Data on nutrients Si(OH)s, POs, (NOs+NO2), and (NHa)
concentrations in ice and in water below, N:P ratios, are given in Table 52 (S2 in Supplementary data).
All production rates and concentrations are given for the lower most section (5-10 cm) of the ice.
Primary production is abbreviated as PP, Canadian Arctic as CA, and Greenland as GL In the
following.
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Figure 1. Study sites (red circles) and names of locations, which are abbreviated in the text as: Franklin
Bay (FB), Dease Strait (DS), Resolute Bay (RB), Northern Baffin Bay (BB), Robeson Channel (RC),
Hudson Bay (HB), Frobisher Bay (FO), Disko Island (Di), Kangerlussuaq (KL), and Young Sound (YS),
Nuuk Fjord (NF) comprises Malene Bight, Kapisillit, and Kobberfjord.

2. Physical and biological parameters of the sea ice

2.1. Ice, snow, production rates and Chl a

All CA samples were collected from land fast first year ice (FYI) except for two samplings in a
mixture of pack and land fast ice in northern BB, drift ice in FB, whereas all GL samples were collected
in land fast FYI. Sea ice thickness was high (1.44 + 0.28 m) at CA sites but more than half (0.63 + 0.41
m) at GL sites except for YS (1.31 + 0.42 m) (Figure 2a). Snow thickness was comparable at all sites
except for the 38 cm (FO) and the 42 cm (YS) at CA and GL sites, respectively (Figure 2b). Highest
average PP rates were found at the two CA sites RB (147 + 19.1 mg C m?2 d') and Northern BB (97.1
+75.2 mg C m?2 d"). The rates at other CA sites as HB (3.05 + 4.1mg C m2d") and FB (4.5+ 0.7 mg C
m2d), were quite similar to the average PP at GL sites (4.5 + 0.7 mg C m= d-) (Figure 2c). The average
sea ice Chl a concentration reached a significant maximum at the RB (79.9 mg m?) CA site with an
average at CA sites - except RB site - of 13.5 + 12.7 mg m?, but significantly higher than the average
(0.8 £ 0.5 mg m?) at GL sites (Figure 2d)
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Figure 2. Average + s.d. sea ice thickness (a), snow thickness (b), primary production (c), Chl a (d),
Si(OH)s in ice (e), Si(OH)4 in water (f), PO in ice (g), POs in water (h), (NOs+NO) in ice (i), and
(NOs+NOy) in water (j) at locations with abbreviations as in Figure 1. In water means, that water was
sampled 1-2 m below the sea ice. Note that numbers for Nuuk Fjord (NF) are averages comprising
the three locations — Kapisillit, Malene Bight, and Kobberfjord. Numbers from each of these three
locations are given in Tables S1 and S2. The * signifies that the parameter or component was not
measured at that specific location.

2.2. Nutrients in sea ice and in water below

Si(OH)4 in the ice reached between 2.0 and 4.0 uM L at CA sites, and similar at GL sites except
for the high (89 uM L) KL concentrations (Figure 2e). The below sea ice water average
concentrations of Si(OH): were about 3 times higher (9.6 + 3.1 pM L") compared to in ice
concentrations (2.8 £ 1.0 uM L) at CA sites. Below ice Si(OH)4 average concentrations at GL sites (6.4
+ 1.3 uM L) were just slightly higher compared to Si(OH)s in ice (4.9 £ 2.9 uM L) at same sites
(Figure 2e-f). POs concentrations in water below ice were similar at all locations except for the low
(0.01 uM L) POs concentration in KL (Figure 2g-h). The GL in ice (NO3+NO2) concentrations (2.9 *
0.5 uM L-1) were comparable to the CA sites (2.5 + 1.6 uM L) which were slightly higher in both GL
water below ice (5.0 + 3.1 uM L-1) and at CA sites (3.9 + 3.3 uM L) (Figure 2i-j). The average N:P ratio
was two times higher in CA sea ice (6.4 + 6.3) compared to GL (3.0 + 1.3), but comparable in water in
CA (5.0 £ 2.5) and GL (6.3 = 5.0). There was a statistically significant (p < 0.01) correlation between
under ice Si(OH)s concentrations and PP rates.

2.3. Primary production at other Arctic sites

Present average RB, northern BB PP rates were also higher than PP rates measured at other Arctic
locations, as for central Arctic Ocean, the Beaufort Sea, Chukchi Sea, Beaufort Shelf, and the Baltic
Sea (Table 1). Exception is a very high PP rate of 310 mg C m? d! measured in the central Arctic
Ocean (Gosselin et al., 1997), but exceeded by a rate of 463 mg C m?2 d! measured in RB (Smith et al.,
1988). Studies outside the CA-GL region were not included in the review as they were obtained at
shelf seas and more open water sites.

Table 1. Ranges of sea ice algae primary production from RB (Resolute Bay) and northern BB (Baffin
Bay), and other Arctic locations.

Location. Production Rate Reference
Resolute Bay 20.6 — 469 mg C m2d-! (Smith & Hermann, 1991)
Northern Baffin Bay 26.3-317 mg C m2d"! (Nozais et al. 2001)

Arctic Ocean
Arctic Ocean
Beaufort Sea

Chukchi Sea
Beaufort Sea
Pan Arctic PP model
Greenland Sea
Davis Strait

Baltic Sea

0.5-310 mg C m2d-
5.8 mg Cm?2d-
2.8-11.2mg Cm2d-!
20-30 mg C m2d-!
4-9 mg Cm2d-!
60-100 mg C m2 d~
0.25-1.71 mg C m2 d-!
0.003-2.36 mg C m2 d!
1.0-2.4 mg C m2d-!

(Gosselin et al., 1997)

(Fernandez-Méndez et al., 2015)

(Horner, 1982)
(Gradinger et al., 2009)
(Gradinger et al., 2009)
(Dupont, 2012)
(Mock & Gradinger, 1999)
(Booth, 1984)
(Haecky & Andersson, 1999)
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3. Discussion

There is a general Arctic seasonal signal in sea ice PP rates and Chl 2 with low winter-early spring
rates and Chl a concentrations which both reach a maximum in the transition from winter to spring
(Horner et al., 1982; Lund-Hansen et al., 2020). All CA studies were carried out between April and
June where ice algae spring bloom occurs during early and late May at 70 °N (Horner et al., 1982;
Mundy et al., 2014), whereas spring blooms occur earlier around March-April in southwest GL
(Mikkelsen et al., 2008; Lund-Hansen et al.,, 2014). All samplings were carried out as time-series
studies covering several weeks, which ensures that the seasonal variability in PP rates and biomasses
(Chl a) were included in the studies. Applying core barrels, either SIPRE Corer or Mark II Kovacs
corer for sampling of ice cores in all studies further ensured the comparability. Majority of the 30
independent studies were conducted on land fast first year ice (FYI) as for all GL, and 2 CA FYI/pack
ice and 1 land fast/drifting ice, which emphasizes further the comparability between studies and sites.
There were no significant differences in biomass or PP rates between land fast and pack ice locations,
which is in line with Leu et al. (2015), who found that maximum Chl a did not significantly differ
between land fast and pack-ice stations. The “*C method (Nielsen, 1952) was applied in most of the
studies with laboratory incubations of melted ice samples (Lund-Hansen et al., 2018; Matthes et al.,
2021) in separate bottles inoculated with C in a light gradient and 2-4h of incubation in the majority
of studies. The 2-4h incubation time provides a PP rate between net and gross PP (Sanz-Martin et al.,
2019). A study of in situ and laboratory based “C PP incubations showed some 10 times lower PP
rates measured in situ compared to laboratory-based incubations (Bergmann et al., 1991). Reasons for
the significant differences are unclear and accordingly in situ data were excluded and only
laboratory-based PP rates included, as also for Frobisher Bay in CA where PP rates were measured
in situ (Hsiao, 1988). The in-situ Diving-PAM fluorometer (Rysgaard et al., 2001), the laboratory-
based biomass accumulation rates (Riedel et al., 2008), and the Oz concentration changes (Smith et al.,
1988; Campbell et al., 2016) have been applied in the studies. These are all considered robust methods
for estimating PP (Rysgaard et al., 2001; Glud et al., 2002), and accordingly included in the review.
The methodological variations and differences in analytical procedures between studies are
accordingly considered of minor importance.

Light intensities at the bottom of the ice, where the majority of algae are located (Lund-Hansen et al.,
2020a; Leu et al., 2015), are, apart from any seasonal variation in light, generally regulated by the sea
ice and the snow cover with the high albedo (Perovich et al., 1993) and light attenuation coefficients
(Lund-Hansen et al., 2018). It was demonstrated that a decrease in snow cover thickness increased
PP and photosynthetic performance (Segaard et al., 2010; Campbell et al., 2016), but other studies
were not able to establish any a clear relation as for Nozais et al. (2001) in northern BB. A halted and
reduced ice algae spring bloom followed a sudden increase in under ice light induced by manual
snow clearing (Lund-Hansen et al., 2014; 2020a). Present review showed no general correlations
between thickness of sea ice and snow relative to PP rates and biomasses. Glud et al., (2007) discussed
that the low PP rates in YS could be related to a thick (45.0 cm), which might be the case here, though
PP rates are still low at other GL sites with much lower (10. 0 cm) snow depths.

There were no specific patterns or relations between study locations and concentrations of nutrients,
except for relatively high concentrations in water below ice both of Si(OH)s and (NOs+NO2), whereas
POu concentrations were on average higher in the ice compared to the water. Accordingly, linkages
between PP rates and nutrient concentrations can be complex. This is here illustrated by the
significant high (147 mg C m2 d-') average PP rates in RB and northern BB (97.1 mg C m?2 d'), where
low (0.05 uM L) and high (10.0 uM L") NOs concentrations were measured in the water, respectively.
In RB it was noted that “...NOs concentrations were highly variable week to week, and obviously
reflected the movement of different water masses...” (Welch and Bergmann, 1989). A negative
relationship between below ice NOs concentrations and bottom ice Chl a biomass was found by
Roézanska et al. (2009), addressing this to uptake of nutrients by the algae. Stratification caused by
melting of sea ice can further reduce the flux of nutrients to the ice-ocean interface and reduce PP, as
demonstrated for the central Arctic Ocean (Lund-Hansen et. al, 2020b). Due to stratification, it was
suggested that nitrogen limitation was the main factor to explain the low nutrient concentrations in
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Dease Strait (Campbell et al., 2016). Nitrogen was also pointed out as the limiting nutrient in a study
of algal growth in FB (Riedel et al., 2008). For the entire data-set we found a significant (p < 0.01)
correlation between average Si(OH)s concentrations in the water below and PP rates. This points
towards Si(OH)4 as an important driver, and it has been shown to limit sea ice algae photosynthesis
and blooms especially at a later stage in a diatom dominated bloom in FB (Riedel et al., 2008).

There is a net flow of water from west to east through the CA Archipelago driven by the higher sea
levels in the Pacific Ocean, and waters contain higher nutrient concentrations compared to Atlantic
waters and especially Si(OH)s (Michel et al., 2006). Colombo et al. (2020) showed further a clear iron
enrichment of the water column with the flow of water from the Pacific through the Barrow Strait
passing Resolute Bay towards Baffin Bay. Iron was not measured in any of the present studies but as
an important marine phytoplankton micronutrient (Kanna et al., 2014; Yoshida et al., 2021), and iron
might have added to the high PP rates in RB and northern BB. Nonetheless, our compiled data
showed a tendency that nutrient concentrations as for Si(OH)s and (NOs+NO:) were higher in the
water below the ice at CA sites compared to GL, and especially for (NOstNO:z) and POs in BB,
although differences were not statistically significant. A recent study in DS showed statistically
significant high Chl 2 concentrations above a sill exposed to increased current speeds and mixing in
a tidal strait (Dalman et al., 2019). The term “invisible polynyas” was applied to this phenomenon
with a reference to large-scale areas of open waters in the ice (Hannah et al., 2009), and often being
highly productive (Smith et al., 2007). Accordingly, it is supposed that the high RB PP rates are the
combined results of inflow of nutrient rich water of Pacific origin (Michel et al.,, 2006) and tidal
generated mixing of the water masses above a sill in the Barrow Strait adjacent to Resolute Bay
(Michel et al., 2006). In comparison, northern BB locations were all located within the North Water
Polynya, being one of the most productive of the Canadian polynyas (Stirling, 1997; Klein et al., 2002).
This high production relies on the general circulation of nutrient rich water masses of Pacific origin
which flows into the northern Baffin Bay through the Nares Strait (Tremblay et al., 2002). The water
masses flow at relatively high current speeds of 0.20-0.35 m s (Ingram et al., 2002) and are also rich
in Si(OH)4 and POs (Tremblay et al., 2002). This strongly indicates that the very high northern BB PP
rates are related to the flow of these nutrient rich waters. The relatively high current speeds impede
the development of a strong stratification below the sea ice, which inhibits the vertical flux of
nutrients (Lund-Hansen et al., 2020b). Sills are present at the entrances to NF and YS in GL, but
apparently no tide generated mixing of water and nutrients, where YS is in addition governed by the
nutrient depleted East Greenland Current (Rysgaard et al., 1991; 2001). The YS, the Kobberfjord and
Kapisillit locations in NF are relatively small fjords with no through flow of nutrient rich waters
although nutrient concentrations below water are relatively high in NF (Segaard et al., 2010).

A conceptual model with drivers of ice algae PP at the ice-water interface in the CA-GL Arctic
region where most of the ice algae are located at the sea ice-water interface (Leu et al., 2015) (Figure
3). The amount of light that reaches the bottom of the sea ice for photosynthesis is controlled mainly
by the thickness of the snow cover, its water content and age (Hancke et al., 2018), and comparatively
less by the physical properties of the ice itself (Perovich, 2017). Nutrients are taken up from the water
column, where the supply of these are controlled by advection of water masses below the sea ice. The
review pointed out that the high ice algae PP rates in parts of CA were related to inflow of nutrient
rich water of Pacific origin, as compared to the very low production rates in East Greenland rates
influenced by the nutrient low East Greenland arriving from the Arctic Ocean (Rysgaard et al., 2001).
A second parameter is the vertical flux of nutrients to the bottom of the ice when a stratification of
the water column is established by melting of the ice, or inflow of water with a lower density, which
strongly inhibits the vertical mixing and thereby the flux of the nutrients towards the bottom of the
sea ice (Randelhoff et al., 2016). Specifically, the weaker stratification enhanced the vertical transport
of nutrients towards ice algae as observed in RB, where the mixing was promoted by sills (Michel et
al., 2006). The grazing by copepods and amphipods is a third parameter that can severely affect and
reduce ice algae biomasses (Sampei et al., 2021) though not the photosynthesis.

d0i:10.20944/preprints202308.1158.v1
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Figure 3. Conceptual model with drivers of ice algae primary production at the sea ice-water
interface.

4. Conclusions

There were some significant differences in spatial distribution of sea ice algae PP rates and
biomasses as in RB and northern BB in CA with very high PP rates and biomasses. PP rates outside
RB and BB were similar in CA and GL, but average Chl a outside was higher in CA compared to GL.
The RB and BB are the exceptions, and the review pointed out that the high ice algae PP rates and
biomasses were related to large-scale driven inflow and mixing of nutrient rich waters of Pacific
origin. Waters were mixed by stronger currents above sills and in straits that generated a high flux of
nutrients towards the bottom of the sea ice, which sustained the high PP rates. There has been an
extended focus on light as the main driver in ice algae PP, but we conclude that advection and mixing
of nutrient rich water masses are also important drivers.
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