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ABSTRACT

Ice algae living within the bottom interstices of sea ice significantly contribute to
the amount of the primary production in the Arctic Ocean in the late-winter/spring. This
thesis examines the influence of physical gradients, namely sub-ice currents and riverine
input, on ice algal concentration and composition during the spring bloom. Through two
separate case studies, it was found that (i) increased sub-ice currents in tidal straits
enhance nutrient supply to bottom ice, supporting greater ice algal biomass, (ii) improved
mechanisms of nutrient supply were proposed that explain the increased biomass as a
result of strong sub-ice currents, and (iii) freshwater inflow to the marine system also has
a negative influence on biomass, reducing biomass associated with decreasing salinity.
These findings will help identify new biological hotpots of ice algal production in the
Arctic, while highlighting a negative, yet limited, influence surrounding hydroelectric
controlled river output during winter.
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CHAPTER ONE: INTRODUCTION

1.1 Rationale and context
The current trend of increasing atmospheric (Comiso, 2003) and oceanic (Carmack et al.,
1995; Perovich, 2011) temperatures associated with climate change is causing welldocumented changes in the Canadian Arctic at unprecedented rates (AMAP 2017).
Earlier and longer melt, reduction and thinning of sea ice cover will impact ice algae
production via a shift in timing and location of the spring bloom (Barber et al., 2015; Leu
et al., 2015), with a likely decrease in overall ice algal production (Leu et al., 2015;
AMAP 2017). Primary production sets the upper limit for the quantity of organic matter
available for higher trophic levels and therefore a reduction in ice algal habitat will be a
threat to trophic interactions in the Arctic marine ecosystem (Arrigo et al., 2008).
To improve predictions of the ecosystem in a continually warming climate, we
need to better understand responses of primary producers to physical and environmental
changes. A number of physical factors that can influence ice algal growth such as riverine
input, ice melt, and turbidity can have major effects on ice algal habitat structure
(Legendre et al., 1992), osmotic stress (Zhang et al., 1999), and nutrient composition
(Hecky and Kilham, 1988; Tremblay et al., 2015). These variables, for example,
influence algal biomass spatially and temporally, indirectly and directly, but their impacts
and driving processes are not thoroughly understood. Currently, few studies have
efficiently investigated the influence of variable currents and freshwater inputs on ice
algal communities within the Canadian Arctic. Thus, our ability to advise on the
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contribution of ice algal communities and the potential impacts on biogeochemical
processes associated with climate change are restricted. The research presented in this
thesis seeks to increase our knowledge base on important physical processes that affect
development of the ice algal community during their spring bloom and understand how
sea ice algae might respond to subsequent changes in the Arctic.

1.2 Thesis Objectives
The overarching goal of this research is to examine how natural physical gradients
influence ice algal biomass and taxonomic composition. To address this goal physical
sampling was executed along two different physical transects, a current and salinity
gradient, in the Canadian Arctic. The thesis contains two case studies on sea ice algae in
landfast sea ice in Dease Strait, near Cambridge Bay, Nunavut and in southwestern
Hudson Bay during May 2016 and February to April 2017, respectively. Ice algal
communities were sampled concurrently with physical and environmental data and
results in an improved understanding the role of currents and freshwater inputs on ice
algae. Overall the goal of my research is separated into two projects, based on field study
location and physical gradients:
1.

Tidal Strait gradient (near Cambridge Bay)
a.

To investigate the influence of an ocean current gradient along a tidal
strait on sea ice thickness as a function of ice-ocean shear.

b.

To examine whether variability of nutrient availability, ice algal biomass,
and taxonomy correspond to the current gradient.

c.

To examine mechanisms driving relationships between ocean current
nutrient availability and ice algal biomass and taxonomic composition.

2

2.

Salinity gradient (Hudson Bay and the Nelson River)
a.

Examine the influence of the river plume on ice algae along a salinity
gradient from the estuary to marine system.

b.

To examine the variability in ice algal biomass and nutrient availability
along the gradient investigated in 2a.

1.3 Thesis Structure
This thesis is composed of five chapters in a sandwich style format. The
introductory section states the significance of the research, the objectives, and outline of
the thesis. Chapter two provides the pertinent background and theory necessary for
understanding the scope of research within the thesis. Chapter three focuses on thesis
objective 1 and associated sub-objectives where the influence of sub-ice currents on ice
thickness, nutrient availability, chlorophyll a (chl a), and taxonomic composition are
analysed. Physical mechanisms driving nutrient supply and influence on ice algal
biomass and composition along the tidal strait transect are discussed. This work was
compiled into a manuscript and submitted for peer-review to the journal, Elementa:
Science of the Anthropocene:
Dalman, L.A., Else, B., Barber, D., Carmack, E., Williams, W.J., Campbell, K.,
Duke, P.J., Mundy, C.J. Enhanced ice algal biomass along a tidal strait gradient in the
lower northwest passage. Elementa: Science of the Anthropocene (In Review).
The content of chapter four addresses thesis objective 2 and corresponding subobjectives and focuses on the association between ice algal biomass and salinity over
transects encompassing the freshwater plume from nearby rivers along the southwestern
coast of Hudson Bay. A number of physical variables were analysed for their influence
on biomass over space.
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Background on the study locations and sampling methods are provided within
each manuscript and chapter respectively. Reference to literature is appended as the final
pages of each chapter. Lastly, a summary of thesis conclusions and a discussion of
recommendations for future work is presented in Chapter 5. Appendix A lists
abbreviations used throughout this document.

4

Literature Cited
AMAP, 2017.Snow, Water, Ice and Permafrost in the Arctic (SWIPA). 2017. Arctic
Monitoring and Assessment Programme (AMAP), Oslo, Norway. xiv + 269 pp.
Arrigo, KR, van Dijken, G, Pabi, S. 2008. Impact of a shrinking Arctic ice cover on
marine primary production. Geophys Res Lett 35(19): 1-6. doi:
http://doi.org/10.1029/2008GL035028
Barber, DG, Hop, H, Mundy, CJ, Else, B, Dmitrenko, IA, Tremblay, JE, Ehn, JK, Assmy,
P, Daase, M, Candlish, LM. 2015. Selected physical, biological and
biogeochemical implications of a rapidly changing Arctic Marginal Ice Zone.
Prog Oceanogr 139: 122-150. doi: http://doi.org/10.1016/j.pocean.2015.09.003
Carmack, EC, Macdonald, RW, Perkin, RG, McLaughlin, FA. 1995. Evidence for
warming of Atlantic Water in the southern Canadian Basin. Geophys Res Lett 22:
1961-1964.
Comiso, J. 2003. Warming trends in the Arctic from clear sky satellite observations. J
Climate 16: 3498-3510.
Hecky, RE, Kilham, P. 1988. Nutrient limitation of phytoplankton in freshwater and
marine environments: A review of recent evidence on the effects of enrichment1.
Arbor Ciencia Pensamiento Y Cultura, 33: 796–822.
Legendre, L, Martineau, MJ, Therriault, JC, Demers, S. 1992. Chlorophyll-a biomass and
growth of se-ice microalgae along a salinity gradient (Southeastern Hudson-Bay,
Canadian Arctic). Polar Biol 12(3-4): 445–453.
http://doi.org/10.1007/BF00243115
Leu, E, Mundy, CJ, Assmy, A, Campbell, K, Gabrielsen, TM, Gosselin, M, JuulPedersen, T, Gradinger, R. 2015. Arctic spring awakening – steering principles
behind the phenology of vernal ice algae blooms. Prog Oceanogr 139: 151-170.
Perovich, DK. 2011. The changing Arctic sea ice cover. Oceanography 24(3): 162-173.
Tremblay, JÉ, Anderson, LG, Matrai, P, Coupel, P, Bélanger, S, Michel, C, Reigstad, M.
2015. Global and regional drivers of nutrient supply, primary production and CO2
drawdown in the changing Arctic Ocean. Prog Oceanogr 139: 171–196. doi:
http://doi.org/10.1016/j.pocean.2015.08.009
Zhang, Q, Gradinger, R, Spindler, M. 1999. Experimental study on the effect of salinity
on growth rates of Arctic-sea-ice algae from the Greenland Sea. Boreal Env Res
4: 1-8.

5

CHAPTER TWO: BACKGROUND

2.1 Introduction
Seasonal sea ice provides habitat for critical primary producers in the ice-covered
Arctic marine ecosystem. Ice algae are an important link in the Arctic food web, initiating
spring production and providing an important source of energy for higher trophic levels.
The bottom ice, where the dominant ice algal bloom occurs in Arctic sea ice (Leu et al.
2015), provides an important growth environment that keeps algae at the top of the ocean
where light is greatest, while being permeable, permitting access to new nutrients in the
underlying water column. The vernal ice algae bloom is initially light limited with snow
controlling local spatial variability. With seasonal development of the bloom, the demand
for nutrients from the underlying water column can surpass supply and nutrients can
become a limiting factor for growth. Additionally, other factors can influence algal
biomass accumulation and variability such as sediments, salinity, and temperature. In this
chapter, I provide a background literature review to introduce the reader to the subject of
the thesis. I begin with a discussion on the formation of sea ice and utilization of ice as
habitat for ice algae, followed by the seasonal development and controls of the spring
bloom, as well as the primary factors influencing growth.

2.2 Sea ice
Sea ice blankets the Arctic Ocean in winter, separating the atmosphere and ocean
by a mixture of ice, brine, gas, and salts. It is typically comprised of distinct layers known
as the granular layer in the uppermost section of the ice followed by a transitional zone
before congelation (columnar) ice and finally, the bottom skeletal layer (Weeks and

6

Ackley, 1986). The granular layer contains consolidated frazil ice with isomeric or
prismatic ice crystals that have that have congealed to form a contiguous ice sheet
(Weeks and Ackley, 1986). The transition zone, between the granular and columnar
layers, is characterized by a transition from random to increasingly vertical alignment of
ice crystals with greater thickness due to geometric selection that forces the crystal’s caxis perpendicular to the downward ice growth (Wadhams, 2000). The columnar layer,
found in the bottom portion of ice, consists of elongated ice crystals oriented with their caxes horizontal (Weeks and Ackley, 1986). Lastly, the skeletal layer is the bottommost
layer where lamella bulges on the ice bottom protrude into the ice-ocean interface.

Figure 2.1. Ice stratigraphy summarizing the four layers typically found in sea ice.
2.2.1 Formation of sea ice
Formation of sea ice begins when atmospheric temperatures drop well below
freezing and thereby, cool the ocean surface, initiating convective mixing (Weeks and
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Ackley, 1986). Once surface waters reach below the freezing point of sea water,
approximately -1.8°C for a seawater salinity of approximately 33, frazil ice crystals can
form in the water column and float to the surface, eventually consolidating to form a
contiguous ice sheet cover (Wadhams, 2000). After an ice sheet forms, ice accretion at
the ice-water interface occurs as a function of thermodynamic growth as heat conduction
through the ice to the atmosphere is balanced by the latent heat of freezing (Petrich and
Eicken, 2010). During this advancement, salt ions are rejected from the ice resulting in a
thin layer of increased salinity just below the ice-water interface (Petrich and Eicken,
2010). The temperature gradient in sea ice, coldest ice situated nearest the atmosphere
with increasing temperatures towards the underlying ocean, influences the movement of
brine concentrated by the process of segregation towards the warmer bottom, resulting in
drainage of dense brine at the ice-ocean interface (Wadhams, 2000). However, some ions
are retained within brine inclusions or as solid salts within the interior of the ice matrix.
As ice continues to thicken, the growth rate slows which can aid with removal of
impurities at the ice-water interface, leading to a decreased bulk salinity of the sea ice.
Ice growth rates vary depending on environmental factors such as air temperature,
ocean-ice heat flux, ice thickness, and snow depth that influence the heat exchange
between ocean, ice, and atmosphere. The growth interface of congelation ice occurs at the
ice-water interface, also referred to as the skeletal layer, where crystals grow in parallel
and widen with vertical growth as sea ice cools (Wadhams, 2000). Brine channels occur
between crystals while brine spacing and tubes transpire between lamellar sub-crystal
structure. Spacing between the lamellar sub-crystal structure at the growth interface are
separated by a brine film that reduces as lamellae thicken with decreasing temperatures.
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Inclusions can be trapped between the lamellae and decrease in size or terminate with
lower temperatures. The porous nature of sea ice allows for fluid exchange, specifically
in the bottommost part of the ice where spacing between crystals occurs (Feltham et al.,
1999, 2002; Vancoppenolle et al., 2007).
2.2.2. Decay of sea ice
As seasonal insolation continues to increase approaching the summer solstice,
temperatures rise, warming the surface and low longwave loss in combination with
seasonal progression in incoming shortwave radiation initiates snow melt (Ehn et al.,
2006; Else et al., 2014). Snow can aid with insulating ice and delaying melt progression.
Formation of melt ponds occurs first where melt within thin snow exists between drifts,
or if bare patches are present, accelerating the melting process due to the lower surface
albedo and higher absorption of incident irradiance (Iacozza and Barber, 1999). The
spatial distribution of melt ponds is dependent on topographical depressions such as snow
drifts, ice deformation, and previous melt (Barber and Yackel, 1999; Eicken et al., 2004;
Petrich et al., 2012).
Lateral flow of melt water will drain via flaws within the ice or vertical percolation
through the ice (Eicken et al., 2002, 2004; Landy et al., 2014). Subsequently, the brine
network becomes more interconnected as temperatures rise and larger channels form
(Light et al., 2003). Melt pond surface levels becoming equivalent to sea level is an
indication of a late melt pond stage, where ponds will deepen and expand from pond
walls erosion or topographical changes (Eicken et al., 2004; Landy et al., 2014).
Furthermore, the underlying water column can also cause bottom melt with temperatures
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above freezing (Perovich, 2011). The ice reaches an isothermal state and is highly porous
and melts back to liquid form. In advance stages of melt, ice drainage creates a lowsalinity lens below the ice-water interface enhancing stratification in the water column.
2.2.2 Ice Classification
Sea ice can be commonly classified into two categories based on its duration: 1)
first-year ice (FYI), also termed seasonal ice, forms in the fall, grows throughout winter
and melts the following summer while 2) multiyear ice (MYI), also termed perennial or
old ice, forms by the same process but persists through one or more summers. First-year
and multiyear ice in the Arctic cover approximately 7-12 million km2 and 4.5-9.0 million
km2, respectively (Thomas and Dieckmann, 2012). The former is what comprises the
majority of sea ice that is within the Canadian Arctic Archipelago and is the focus for this
thesis. Furthermore, seasonal ice can be free-floating and mobile or landfast where it is
immobile, secured to the shore.

2.3 Sea ice algae
2.3.1 Habitat
Sea ice is a unique habitat for algae and can support communities throughout the
ice, with habitats vertically defined as 1) surface, 2) interior, 3) bottom, and 4) sub-ice
(Horner et al. 1985). The majority of studies, as well as current research, focuses on
communities living within the bottom 0-10 cm (Smith et al., 1990), which is dominated
by pennate diatoms in the Arctic (Horner, 1985; Arrigo et al., 2010). Ice algae live within
interstices of the skeletal layer, a porous layer that is just below the freezing temperature
of sea water. Algal cells utilize the large surface areas of brine channels, spaces, and
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lamellar bulges for attachment, locomotion and grazing (Krembs et al., 2000; LundHansen et al., 2014).
Algal incorporation is discussed in the literature (eg. Ackley et al., 1987; Spindler,
1994). Cell incorporation into the ice occurs during ice formation where algal cells and
other particles persisting in the water column can be scavenged and incorporated during
the process of frazil ice formation in the water column (Garrison et al., 1990; Rózanska et
al., 2008). Another mechanism of colonization is by deposition of cells inside the ice by
wave force into the bottom ice (Ackley et al., 1987; Rózanska et al., 2008). To adhere to
the ice, sticky exopolymeric substances (EPS) produced by algae support attachment to
the sea ice (Krembs et al., 2002). Production of EPS also appears to support survival of
the harsh wintertime conditions, providing cryoprotection, and ability to maintain the
porous habitats for cells (Krembs et al., 2002).
Inhabiting the ice-ocean interface provides advantageous proximity to their two
main requirements, light from above for photosynthesis and nutrients from the underlying
water column for growth. Beyond these requirements, it also provides shelter from
grazers (Arrigo et al., 2010), and from mechanical removal via strong currents (Lavoie et
al., 2005). All factors considered, inhabiting the porous skeletal layer provides favourable
environmental conditions for growth at this interface.
2.3.2 Ice algae spring bloom
In the Arctic, ice algal blooms mark the winter-spring transition (Arrigo et al., 2014;
Leu et al., 2015). The algal bloom occurs in spring (from April–June) when conditions
for ice, light and nutrients are optimal. Leu et al. (2015) describe the three phases that sea
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ice communities go through during this transition: Phase 1: pre-bloom, Phase 2: bloom,
and Phase 3: post-bloom (Figure 1).

Figure 2.2. The three phases of the development of an ice algal bloom during the winterspring transition. The transition from phase I to phase II is marked by an increase in light
while transition from phase II to phase III is distinguished by an increase in temperature.
Modified from Leu et al. (2015). Copyright (2018) Elsevier.
Phase one, or pre-bloom, is when light levels are limited during the dark winter
period and algal communities present were incorporated during the fall, employing
strategies such as production of exopolymeric substances (EPS; Krembs et al., 2011) and
potentially heterotrophy (Horner and Alexander, 1972; Niemi et al., 2011) to survive
winter conditions (Leu et al., 2015). The seasonal increase of solar irradiance initiates
phase 2, the bloom, where ice algal communities exponentially increase under favourable
conditions. Light limitation determines bloom commencement where thick snow covers
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(low light transmission to ice bottom) can substantially delay bloom development
(Mundy et al., 2005; Campbell et al., 2015). At the ice-water interface, algal communities
can access nutrients for growth from the underlying water (Cota et al., 1987). As algal
biomass accumulates in the ice bottom, algae eventually become nutrient limited as
biological demand surpasses supply (Cota et al., 1987), leading to post-bloom conditions
(Leu et al. 2015).
As temperatures increase in late spring and the onset of bottom melt ensues causing
the post-bloom biomass to slough from the ice bottom (Leu et al., 2015). Factors that can
help lead to bloom termination in addition to ice melt are nutrient limitation (as discussed
above; Campbell et al., 2016), photoinhibition (Gosselin et al., 1986, Juhl et al., 2010),
and erosion of bottom ice by strong tidal currents (Lavoie et al., 2005; Widell et al.,
2006).

2.4 Influential Environmental Factors on Algal Growth
Environmental conditions play important roles in the ecology of ice algae.
Abundance of algae at the ice-water interface can be extremely variable in space and time
and differences can be attributed to ice formation, structure, light availability, nutrient
supply (Cota et al., 1987), salinity and temperature (Cota and Horne, 1989; Eicken 1992;
Smith et al., 1997). Ice algae abundances are determined largely by the amount of
available light and nutrients.
2.4.1 Transmitted Irradiance
Seasonal insolation, sea ice thickness and snow depth are the dominant abiotic
factors controlling light transmission to the bottom ice communities (Mundy et al., 2005;
Gradinger et al., 2009). If snow is present on ice cover, the majority of light that reaches
13

the interface is reflected due to a high albedo. Albedo is the ratio of reflected radiation to
that of incident radiation on a surface and is dependent on scatter and absorption
characteristics of the surface. Furthermore, surface reflection is influenced by presence,
type, and amount of snow and under a typical new snow cover, the albedo is
approximately 0.87 (Perovich, 1998). Spatial variability in light on a local scale is driven
by snow depth (Mundy et al., 2007; Campbell et al., 2015). For snow, the attenuation
coefficient is an order of magnitude greater than that of sea ice due to a much higher
scattering coefficient (Perovich et al., 1998). The attenuation coefficient of light as it
passes through a medium can be calculated by Beers Law equation (2.1):
Ez = (1-R) EI e -Kz , (2.1)
where E is irradiance transmitted to a z depth (m) in a medium, R is reflectance at the
interface, EI is the incident irradiance, and K (m-1) is the vertical attenuation coefficient.
For example, using a Beer’s law equation and assuming an attenuation coefficient for sea
ice is 2 m-1 (Perovich, 1990) and snow is 20 m-1 (Mundy et al., 2005) and reflectance of
0, 90.5% of irradiance will transmit over a 5 cm ice layer versus only 36.8% through an
equal snow layer such that 50 cm of ice is comparable to 5 cm of snow due to differences
in attenuation properties.
As mentioned earlier, ice bottom habitat holds algae in a region that maximizes
light availability at the surface of the water column, yet still provides access to nutrients
from the underlying water column. As a result of living at a relatively fixed location,
algae are dependent on the light that penetrates through to the bottom ice. Sea ice algae
have been able to adapt to extreme low-light conditions receiving <1% of the surface
irradiance (Arrigo et al., 1995) and acclimate within a short timeframe of hours (McMinn
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et al., 2003). A number of adaptations to low-light levels have been observed such as an
increase in accessory photosynthetic pigments (e.g. fucoxanthin and chl c), increase
carbon allocation to glycolipids, and increasing the number of photosynthetic units per
cell (Thomas and Dieckmann, 2012). However, adapting to low-light levels can be
detrimental when exposed to ambient or moderate irradiance levels causing
photoinhibition. In experimental studies, algal response to removal of thick snow cover
resulted in photoinhibition or loss (Juhl et al., 2010; Lund-Hansen et al., 2014). Algae
response to changes in snow depth, thus irradiance, is dependent upon the amount and
rate of change and the photophysiology and acclimation response time of algae.
Light can also be absorbed and scattered by sediments within the sea ice.
Therefore, sediments can play a role in inhibiting spring blooms or delaying the onset of
a bloom when it is trapped in the sea ice (Gradinger et al., 2009). Re-suspended
sediments can be incorporated into the ice similarly to algal cells during ice formation in
the fall. If sediments are contained within sea ice, attenuation of light transmitted through
the sea ice can be strongly increased (Perovich et al., 1998), while the spectral
distribution of light reaching the ice bottom can be altered (Light et al., 1998; Gradinger
et al., 2009).
2.4.3 Nutrients
The second main limiting factor on ice algal production is through access to
nutrients. The springtime pulse of primary production coincides with an episodic input of
nutrients. Once the vernal bloom commences, a sufficient supply of nutrients is required
for continued growth, which eventually becomes limiting during the bloom (Cota et al.,
1987). The major limiting nutrient in the Arctic Ocean is nitrate (Tremblay et al., 2015).
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The Canadian Arctic Archipelago is influenced by nitrate-replete waters of Pacific origin,
via the Bering Strait, where they can mix to the surface and greatly increase local
production (Michel et al., 2006; Leu et al., 2015; Tremblay et al., 2015). However, for the
most part, a lower salinity surface layer with relatively lower nutrient concentrations
(known as polar surface waters) dominates surface waters of the Canadian Arctic
(Tremblay et al. 2015).
Physical mechanisms such as the onset of spring stratification in mid- to highlatitude seas or upwelling in some coastal regions result in sufficient light intensity and
nutrient concentrations that favour exponential algal growth called blooms (Miller &
Wheeler, 2012). Ice algal blooms commence when light returns in spring and nutrients
are in ample supply from winter mixing and microbial recycling processes (Leu et al.
2015), but stratification is not required as algae are suspended at the surface of the water
column by their ice habitat.
In a seminal paper by Cota et al. (1987), it was demonstrated that sea ice itself
does not supply enough nutrients to support annual ice algal growth demand. This has led
to a set of papers that have looked at tidal inputs (Cota et al., 1987; Gosselin et al., 1985)
and the theory on the exchange across the molecular sublayer (Figure 2.3). The supply
was concluded to be derived from the underlying water column, mediated by tidal
currents in their study region of the Canadian Arctic Archipelago. Greater nutrient supply
to bottom-ice communities can be influenced by mixing, upwelling events and strong
currents that can input new nutrients from depth to replenish nutrient-deplete surface
waters. Skeletal convection, as a result of brine desalination, is another mechanism of
nutrient supply during ice growth, suggested by Reeburgh (1984) as an important method
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supplying bottom ice communities. Furthermore, greater turbulence along the ice-ocean
interface boundary layer may increase flux across the molecular viscous sublayer (Cota et
al., 1987; Lavoie et al. 2005).

Figure 2.3. Scheme summarizing mixing processes in the water column below ice cover.
The diagonal dashed line shows the typical nutrient gradient within the mixed layer.
Viscous sublayer inset (circle inset) shows the increase in currents in the fine scale
boundary layer which is where it becomes linear. From Cota et al. (1991). Copyright
(2018) Elsevier.
The increased flux across the molecular sublayer can replenish nutrients to ice
algal communities, increasing their growth. This can be a very important process later in
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bloom development to support further growth when nutrients can become limiting. Cota
and Horne (1989) documented increases in chlorophyll coinciding with greater current
velocities associated with spring tides (Figure 2.4). McMinn et al. (2000) also reported
increased photosynthesis in an Antarctic fast-ice algal bottom community exposed to
increased under-ice flow.

Figure 2.4. Algal biomass increases corresponding with increasing tides over the spring.
Modified from Cota and Horne (1989). Copyright (2018) Inter-Research.
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Diffusion increases as you increase turbulence at the diffusion boundary layer,
theoretically represented in Lavoie et al. (2005; Figure 2.5) as a decrease in the molecular
sublayer thickness. The molecular sublayer thickness, hv, can be estimated using equation
(2.2; Tennekes and Lumley, 1972):
!

hv = " , (2.2)
#

where v represents the kinematic viscosity of seawater and 𝑢% is the friction velocity that
varies with the tidal cycle. A decrease in the molecular sublayer layer can increase
nutrient flux to the ice bottom resulting in increased algal growth if the community was
nutrient limited. However, it could also lead to potential physical melt loss due to
increased heat flux.

Figure 2.5. Estimated molecular sublayer thickness (dotted line) in response to increases
in friction velocity (solid black line). Water levels for the respective study site are
represented in light grey. From Lavoie et al. (2005). Copyright (2018) John Wiley and
Sons.
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Later in the season during the post-bloom period described earlier, sea ice melt
acts to conservatively dilute nutrient concentrations of seawater due to an efficient
desalination process during ice formation and thus can limit ice algal production during
this period (Mundy et al., 2011). However, low salinity water does not always cause a
decrease in nutrient supply. Riverine input contains a land-derived nutrient load, which
are not equivalent to the ratio of salts in the ocean and may affect the growth and
composition of localized marine primary productivity (Tremblay et al., 2015). Estuarine
environments are complex, providing an influx of nutrients from runoff and sediment that
mixes with seawater resulting in a brackish environment. Two conflicting nutrient-related
processes can also occur in this environment from an estuarine upwelling mechanism to
brackish waters increasing local stratification and thereby impede mixing of new
nutrients up from depth (Simpson et al., 1990).
2.4.4 Salinity
Estuarine systems are an important transition zone between freshwater and marine
ecosystems, where saline seawater is diluted by freshwater near the mouth of the river as
it mixes with the ocean. Riverine input can create horizontal gradients in salinity and
affect biological production via osmotic stress on ice algae (Zhang et al.,1999). Under-ice
riverine plumes have been documented to extend further than during ice-free periods due
to a reduction of upper layer turbulence (Lepage and Ingram, 1988; Kaartokallio et al.,
2007; Figure 2.6) enhancing the potential for a larger amount of algal communities to be
affected. Freshwater can influence sea ice structure and porosity where low salinities in
the water column from which ice forms results in fresher ice and a reduction in brine
pockets thereby reducing the suitability of habitat for ice algae (Legendre et al., 1991).
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Salinity can control ice algal growth at lower salinities and results in horizontal gradients
of minimal to high biomass from riverine inputs to offshore marine locations beyond the
plume, respectively (Legendre et al., 1992).

Figure 2.6. The extent of the under-ice plume illustrated by isolines showing the
influence of the sea ice cover on the riverine input, allowing it to expand further. From
Prinsenberg and Ingram (1991). Copyright (2018) Elsevier.
When sea ice melts in the spring, drainage through the ice results in a low-salinity
layer at the ice-ocean interface. Osmotic stress can occur during ice melt, when there can
be a shift in salinities from marine (~34) to brackish (as low as 3) (Thomas &
Dieckmann, 2010). Fluctuations in salinity also occur during ice formation where gravity
drainage is one process that expels high saline brine through the bottom of the ice.
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Algal species have the ability to acclimate to changes in salinity (Ryan et al.,
2004). After initial decline in photosynthetic and growth responses from exposure of an
abrupt change in salinity, it has been shown to increase over time and suggests
acclimation is taking place (Ryan et al., 2004). Studies have shown that acclimation to
high (Vargo et al., 1986; Søgaard et al., 2011) and low (Grant and Horner, 1976; Ryan et
al., 2004) salinities is possible and is necessary under fluctuations of ice growth and melt.
However, previous findings also show diversity and growth of ice algae decreases at
lower salinities (Grant and Horner, 1976; Poulin et al., 1983, Arrigo and Sullivan, 1992).
2.4.5 Temperature
Ice algae inhabit a harsh environment considering their range of optimal growth
temperature is between 4 and 14°C (Kottmeirer and Sullivan, 1988). Temperatures at the
ice-water interface remain well below 0°C and as a result, ice algae have adapted
strategies to relieve this stress such as the production of EPS for cryoprotection (Krembs
et al., 2002) and ice binding proteins (Janech et al., 2006) that can inhibit the
recrystallization of ice crystals (Raymond and Knight, 2003). In fact, algae are able to
acclimate to a range of temperatures, both low and high (Mock and Hoch, 2005).
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CHAPTER THREE: ENHANCED ICE ALGAL BIOMASS ALONG A TIDAL
STRAIT GRADIENT IN THE LOWER NORTHWEST PASSAGE
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Abstract
Sea ice algae are an important component of primary production in the Arctic ecosystem.
Within the bottom-ice environment, access to nutrients from the underlying ocean is a
major factor controlling production, phenology, and taxonomic composition of the ice
algal bloom. Previous studies have demonstrated that tides and currents play an important
role in driving the flux of nutrients to bottom-ice algal communities when biological
demand during the spring bloom is high. In this study we investigate how surface
currents under landfast first-year ice influence nutrient supply based on stoichiometric
composition, algal chlorophyll a (chl a) biomass and species composition during spring
2016, in Dease Strait, Nunavut. Phosphate and silicic acid concentrations of the ice
bottom (0-5 cm) fell well above the dilution line from averaged surface water column
concentrations and silicic acid concentration was positively associated with chl a.
However, no relationship was observed between nitrate plus nitrite and chl a, with bulk
ice nitrate plus nitrite concentrations falling close to a dilution curve from an averaged
1.3 µmol L-1 available in the surface water column. Increased currents between the
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islands were significantly correlated with a decrease in ice thickness and an increase in
ice algal chl a. Furthermore, pennate diatoms dominated the ice algal community with
greater contribution within the strait where currents were greatest. These observations all
support the existence of a greater nutrient flux to the ice bottom where currents increased
towards the centre of the tidal strait, resulting in an increase of bottom ice chl a biomass
by 5-7 times relative to that outside of the strait. Therefore, expanding beyond the long
identified open water polynya biological hotspots in the Arctic, this paper presents the
argument for newly identified hotspots in regions of strong sub-ice currents but stable ice
covers, so called “invisible polynyas”.
Keywords: Ice Algae; Fast Ice; Spring Bloom; Tidal Strait; Nutrients

3.1 Introduction
Ice algae represent an important component of the Arctic marine ecosystem,
providing a springtime pulse of primary production when other sources are at a minimum
(Leu et al., 2015). Climate-induced changes to the type and extent of sea ice cover, as
well as the seasonal timing of melt and ice formation, are expected to greatly affect the
contribution of sea ice algae to carbon cycling in the trophic system (Arrigo et al., 2014).
Spring blooms of ice algae commence as a function of light availability,
controlled by seasonal insolation, ice thickness and depth of snow cover on the ice
surface (Gosselin et al., 1985; Mundy et al., 2005; Campbell et al., 2015). During the
bloom, algal accumulation in the bottommost 5-10 cm of sea ice drives an increasing
demand for nutrients to facilitate continued growth (Cota et al., 1987). Without
significant replenishment, this increasing demand leads to nutrient limitation in the algal
community that ultimately constrains the magnitude of the bloom (Gosselin et al., 1990;
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Smith et al., 1997; Leu et al., 2015), while also influencing species composition,
abundance and metabolite composition of cells present (Pogorzelec et al., 2017;
Campbell et al., 2018; van Leeuwe et al., 2018). In particular, during the growth phase of
a bloom when nutrients are replete, larger functional groups such as pennate diatoms tend
to dominate the bottom-ice algal community (Poulin et al. 2011; van Leeuwe et al. 2018),
whereas during post-bloom nutrient-deplete conditions, smaller centric diatoms
(Campbell et al. 2018) and flagellates (Mundy et al. 2011) can dominate the community.
After the initial bloom, studies have demonstrated that further algal accumulation is
controlled by re-supply of nutrients from the water column (e.g. Cota et al., 1987, 1991;
Gosselin et al., 1985, McMinn et al., 2000).
Mechanisms of nutrient supply to bottom-ice algal communities in the Arctic can
include 1) freeze-segregation of salt ions increasing brine nutrient concentration, 2)
gravity drainage desalination, 3) re-mineralization of organic matter, and 4) diffusion
from the underlying water column (Merguro et al., 1967). However, the dominant source
of nutrient supply to support algal growth demand is from the water column while other
inputs are minimal (Cota et al. 1987). Nutrient replenishment from the water column is
dependent upon ocean turbulence to force water to the ice-ocean interface, increasing
friction and thus molecular diffusion across the viscous sublayer (Cota et al., 1987). More
importantly, the rate of supply is dependent on under-ice turbulence and is expected to
control the magnitude of nutrient flux to ice algae (Cota et al., 1991).
Previous studies have shown how the fortnightly tidal cycle can influence a
periodic increase and decrease in bottom-ice nutrient concentrations and ice algal
biomass (Cota el at., 1987; Gosselin et al., 1985). It was hypothesized that stronger
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currents and mixing during spring tides enhanced the ocean-ice flux of water column
nutrients (Cota et al., 1987). This process was later parameterized into an ice algae
growth model via a greater mixing of the upper water column and a compression of the
ocean-ice viscous sublayer thickness with increasing tidal amplitude and turbulence
(Lavoie et al. 2005).
Strait constrictions and bathymetric shoals cause an increase in localized currents
and associated turbulence as waters transit through the Canadian Arctic archipelago
(Melling, 2002). Michel et al. (2006) suggested that this mechanism may enhance
nutrient supply and primary production near Resolute Bay, Nunavut. However, strong
currents can also act to mechanically erode bottom-ice algae (Mundy et al. 2007) while
enhancing oceanic heat flux that if sufficiently strong, can form small polynyas (Williams
et al., 2007; Barber and Massom, 2007; Hannah et al., 2009), removing the ice algae
habitat. More recently, Melling et al. (2015) defined the existence of “invisible
polynyas”, where ice cover is thinner as a result of tidal current-enhanced ocean-ice heat
flux that slows local ice growth, but does not necessarily lead to the erosion of bottom-ice
habitat. These areas are distinguishable upon late freeze-up or early in the spring melt
season as they are first to break-up (Melling et al., 2015). Prior to ice melt, these invisible
polynyas should be stable habitats for ice algae, where we hypothesize a greater oceanice nutrient flux can exist, supporting hotspots of ice algal activity.
The goal of the current study is to test this hypothesis through a case study
focused on a constricted tidal strait within Dease Strait of the Kitikmeot Sea, which
covers water from Coronation Gulf to Queen Maud Gulf. Sampling took place during the
Ice Covered Ecosystem – CAMbridge bay Process Study (ICE–CAMPS) in May 2016
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prior to spring melt. From this dataset, we test our hypothesis that enhanced sub-ice
current velocities characteristic of invisible polynyas within tidal straits will increase
primary production and influence taxonomic composition. The potential mechanisms of
nutrient flux to bottom-ice algal communities within the study region are also discussed.

3.2 Materials and Methods
3.2.1 Field site
The study was carried out by sampling six sites every other day (n = 4) along a
22 km transect between 6 and 12 May, 2016, which was geographically positioned to
encompass stable and dynamic water bodies protected by an embayment or constricted by
the Finlayson Islands in Dease Strait, Nunavut, respectively (Figure 1). Furthermore, the
transect position was selected to include a baseline site (site 6) where ice algal production
had been previously examined (Campbell et al., 2016), while also extending through the
Finlayson Island chain to where the sea ice is first to break-up in spring (as seen by
NASA Worldview – imagery not shown). Sampling in the ICE-CAMPS 2016 project
targeted the bottom-ice algal community, as previous studies in the region found cells to
be concentrated in the bottommost 2-5 cm (Campbell et al., 2016). Sea ice in the study
region was characterized by smooth landfast first-year ice (FYI) overlying water depths
from 79 m (site 5) within the embayment, to 33 m (site 2) within the tidal strait between
the Finlayson Islands (Figure 1). Site locations along the transect were classified
according to proximity to the area of interest, where sites 2, 3, and 4 were ‘within’ the
tidal strait and sites 1, 5, and 6 were ‘outside’. We note that site 2 was centered within the
tidal strait.
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Figure 3.1. Locations of the tidal strait transect sampling sites within Dease Strait of the
Kitikmeot Sea, Nunavut, Canada. Sites within and outside the strait are depicted by
circles and squares, respectively.
3.2.2. Environmental conditions
Undisturbed locations at a given transect site were chosen by selecting for a low
snow depth (<5 cm) for each sampling event, followed by measurements of sea ice
thickness. Although we selected for a thin snow depth, snow cover in the region was
generally thin overall with few drifts. Full cores were taken during sampling events with
a 9 cm Mark II Kovacs core barrel at each site to measure temperature (Testo 720 probe)
and bulk salinity (Orion 3-star salinometer) in 5 cm sections. Seawater was collected
from the ice-water interface, hereafter referred to as interface water, just below the sea ice
cover using a submersible pump for analysis of salinity and nutrients. Profiles of
conductivity, temperature and depth (CTD) of the water column were performed at each
site using an RBR concerto CTD (RBR Ltd., Canada) sensor lowered through an auger
hole.
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Surface downwelling and upwelling measurements of photosynthetically active
radiation (PAR, 400-700 nm) were collected using a quantum sensor (Li-Cor LI-190SA)
and data logger (LI-1000). Measurements were made approximately 1 m above the snow
surface between 09:30 and 12:30 local time. An average of five upwelling and
downwelling values was used to calculate albedo as the ratio of surface upwelling to
downwelling.
3.2.3. Current profiles
To measure surface current velocities (cm s-1) below the fast ice, two inverted
Aquadopp Acoustic Doppler Current Profilers (ADCP) were deployed down-looking
through augured holes and tethered immediately beneath the ice-ocean interface. The
ADCPs were deployed for 48-h periods at each of the sites over a six-day period. For
example, an ADCP was deployed at site 1 and 4 on the first day and after 48 h they were
moved to site 2 and 5, then finally to sites 3 and 6 after an additional 48 h. Absolute
current velocities over 34 bins in the upper 10 m of the water column were averaged over
the deployment period to attain mean sub-ice current velocities for each site.
3.2.4. Nutrients
An independent bottom 5 cm core was collected at each site for bulk nutrient
analysis, which was melted in the dark without dilution. For analysis, the undiluted
melted cores and interface water were filtered through a pre-combusted GF/F filter in an
HCl sterilized syringe and swinnex filter holder. Following filtration, samples were
frozen at -20°C for approximately 7 months before analysis. Water collected from the
ice-ocean interface was processed the same day as core collection. The concentration of
nitrate (NO3) and nitrite (NO2), phosphate (PO4) and silicic acid (Si(OH)4) for interface
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water and the bottom 5 cm was determined using a SEAL autoanalyzer 3 (Grasshoff et
al., 1999).
3.2.5. Particulates
Another three ice cores were collected at each sampling site and pooled. Prior to
melt of the pooled cores at laboratory facilities for 24 h in the dark, filtered seawater
(FSW) was added at a ratio of 3:1 (three parts filtered seawater, one-part ice core volume)
to minimize osmotic stress. The FSW used was always filtered within 24 h of sample
collection. The melted sea ice and FSW mixture was used for all measurements. An
additional 5-10 cm section was collected at site 2 due to visible banding of brown ice
algal layers higher in the core; a feature not present at other sites.
Pseudo-duplicate subsamples for chl a concentration from the melted pooled
cores for fluorometric analysis were filtered onto 0.7-µm glass fiber filters (Whatman
GF/F filters). Pigments were extracted from these filters following placement into
darkened vials with 10 mL of 90% acetone for 18 to 24 h at 4°C. Following extraction,
chl a fluorescence was measured (Turner Designs Trilogy Fluorometer) before and after
acidification with 5% HCl (Parsons et al., 1984). Chlorophyll a concentration was
calculated from these measurements based on the equations of Holm-Hansen et al. (1965)
and corrected for FSW dilution. Subsamples for assessment of particulate organic carbon
(POC) and nitrogen (PON) were taken by filtering the melted core FSW solution onto
pre-combusted (450°C for 5 h) GF/F filters, which were subsequently frozen for later
analysis using a continuous-flow isotope ratio mass spectrometer (Glaz et al., 2014). A
FSW blank was subtracted from measurements of POC and PON prior to correcting
concentration calculations for FSW dilution.
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3.2.6. Light microscopy
A subsample of the pooled core sample was preserved with the addition of acidic
lugol (Parsons et al., 1984) for enumeration and identification of ice algal species on 6
May. Samples were assessed using Utermöhl settling and light microscopy at 400x
magnification (Leica DMIL LED) within one year of sample collection. Reported cell
abundance is corrected for FSW core dilution, and the percent composition of algal
functional groups was calculated relative to the total number of classified cells. Methods
of light microscopy and taxonomic analysis used in this study are further detailed in
Campbell et al. (2018).
3.2.7. Statistical analyses
The statistical analyses were executed in R Studio. Analysis of variance
(ANOVA) was performed to test significance between variables. If significant, a Tukey’s
Post Hoc analysis was executed to assess differences or similarities between sample sites
and transects. For non-normal distribution of data following a Shapiro-Wilk test,
Spearman’s rank correlation evaluated association between variables and Mann-Whitney
U tests were used to assess variation between sample sites. All values are presented as
mean ± standard deviation unless otherwise stated.

38

3.3 Results
3.3.1. Environmental conditions
Targeted snow depths did not significantly vary between sampling sites,
averaging 2.8 ± 1.1 cm during the study (Figure 3.2; p = 0.08). Ice thickness of all sites
averaged 173.7 ± 9.5 cm and did not significantly change in thickness over the sampling
period. Ice thickness outside (sites 1,5, and 6) and within the tidal strait (sites 2-4)
averaged 181.9 ± 5.9 cm and 165.5 ± 3.6 cm, respectively (Figure 3.2a). Ice thickness
decreased toward the center of the tidal strait (i.e. from sites 6 and 5 towards 4) and was
significantly different from ice thicknesses outside the tidal strait (sites 1, 5 and 6;
Tukey’s, p < 0.001) with the exception of the comparison of sites 2 and 5 (p = 0.09).
Average salinity of the interface water and bottom 5 cm of the ice was 28.8 ± 0.4 and
8.46 ± 1.29, respectively. During the sampling period, daily averaged air temperatures
ranged from -4.75 to -9.84°C and surface albedo averaged 0.81 ± 0.04 across all sites.
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Figure 3.2. Averaged (± standard deviation error bars) snow depth (dashed line) and ice
thickness (solid line) for the study period (n = 4) (a), and bathymetry (dashed line) and
48-h absolute sub-ice current velocities (solid line) (b). Sites within and outside the strait
are depicted by circles and squares, respectively.
Current velocities in the top 10 m were higher within the tidal strait (sites 2, 3 and
4), averaging 15.63 ± 7.98 cm s-1, than outside the strait (sites 1, 5 and 6) at 10.68 ±
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5.58 cm s-1. The greatest current velocity was recorded in the center of the tidal strait at
site 2 with significantly greater averaged absolute velocities of 20.01 ± 9.77 cm s-1
(Mann-Whitney, p < 0.001) for the upper 10 m of the water column (Figure 3.2b).
Bathymetry was shallowest (33 m) at site 2 and increased to depths of 65 and 78.5 m
away from the center of the tidal strait at sites 1 and 5, respectively. Significant positive
association was observed for ice thickness versus bathymetry (Spearman’s, p < 0.001, r
= 0.671).
3.3.2. Nutrients
Bulk concentrations in the ice bottom for NO3+NO2, Si(OH)4 and PO4 averaged
0.87 ± 0.57, 6.92 ± 4.23 and 3.26 ± 2.42 µmol L-1, respectively. The concentration of
NO3+NO2 generally remained below 1 µmol L-1 although it significantly fluctuated
between sampling transects specifically between 8 to 10 May, and 10 to 12 May (MannWhitney, p < 0.05). Si(OH)4 was abundant within the ice bottom, reaching a maximum
concentration of 16.9 µmol L-1 at the center of the tidal strait. There were no significant
differences in bottom-ice bulk nutrient concentrations between sites. A significant
association existed between Si(OH)4 versus chl a in the ice bottom (Figure 3.3b;
Spearman’s, p < 0.01, r= 0.615). However, no associations existed between NO3+NO2
(Figure 3.3a; Spearman’s, p = 0.650, r = -0.010) or PO4 (Figure 3.3c; Spearman’s, p =
0.383, r = 0.190) versus chl a.
Dilution curves of nutrient concentrations versus salinity of all samples showed
that the bottom 5 cm of ice generally had higher nutrient concentrations than the interface
water except for that of NO3+NO2 concentration (Figure 3.4). The average concentrations
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of NO3+NO2, Si(OH)4 and PO4 in the interface water were 1.35 ± 0.31 µmol L-1, 5.62 ±
0.38 µmol L-1, and 0.90 ± 0.03 µmol L-1, respectively.
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Figure 3.3. Nitrate plus nitrite (a), silicic acid (b), and phosphate (c) versus chlorophyll a
(chl a) concentrations in melted bulk-ice samples for all sampling events. The correlation
coefficient is depicted by r for Spearman’s rank correlation.
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Figure 3.4. Dilution lines for nitrate plus nitrite (a), silicic acid (b) and phosphate (c)
versus salinity in the ice bottom (light grey) and seawater (dark grey). The dashed line is
a linear fit from the origin though the averaged nutrient concentration and salinity of the
interface water.
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3.3.3. Biotic parameters
The highest concentration of chl a in the ice bottom was observed in the center of
the tidal strait (site 2), averaging 9.31 ± 2.40 mg m-2, in comparison to the other five
(sites 1, and 3-6) that ranged from 1.41 ± 0.47 to 4.32 ± 0.39 mg m-2 (Figure 3.5a).
Chlorophyll a concentrations were significantly greater at site 2 in comparison to all
other sampling sites following Mann-Whitney analysis (p < 0.05). Furthermore,
concentrations of chl a were significantly different between sites 1 and 5, 3 and 5, and 3
and 6 (Mann-Whitney, p < 0.05). Concentrations of POC were relatively high in the
center of the tidal strait (sites 2-4) in comparison to sites outside, where values averaged
1305 ± 459 mg m2 in comparison to 867 ± 324 mg m2 (Figure 3.5b). Particulate organic
carbon in the ice bottom was greatest at the westernmost site 1, decreasing eastward
towards site 6. This was with the exception of site 5, which had the lowest concentration
of POC at 328 ± 166 mg m-2. Ratios of POC:chl a (mg:mg) were lowest at site 2, with an
average of 154 ± 80 (Figure 3.5c). East and west of site 2, POC to chl a ratios increased,
ranging from 254 ± 173 to 430 ± 322.
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Figure 3.5. Averaged (± standard deviation error bars) bottom-ice chlorophyll a (chl a)
concentration (a), particulate organic carbon (POC) concentration (b) and the ratio of
POC to chl a (c). Sites within and outside the strait are depicted by circles and squares,
respectively.
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3.3.4. Species composition
The relative abundance of common protist functional groups documented in ice
samples is presented for all sample sites in Figure 3.6. Diatoms were the dominant group
during the study across all sites, accounting for over 90% of cells enumerated. Pennate
diatoms were especially abundant in the bottom-ice communities for all study sites, with
the exception of site 1 where pennates represented only 44.5% while centric diatoms
represented 52% of the population. Excluding site 1, pennate and centric diatoms
accounted for 80.6 ± 4.39% and 15.0 ± 6.10% of the bottom-ice communities,
respectively. We note that sites 2 and 3 had a slightly greater abundance of pennate
diatoms at 83 and 87%, in comparison with sites 4 and 5 at 78 and 80%, respectively.
Among pennate diatoms, Nitzschia frigida accounted for 28.2 ± 5.39% of
pennates across sites, while Attheya spp. (0-10 µm) was the most abundant centric diatom
at 53.9% ± 20.2% followed by Attheya spp. (10-20 µm) at 34.3% ± 20.2%. The
contribution of flagellates to the ice bottom community was low throughout the study at
3.95 ± 1.98%. The number of dinoflagellates in the ice bottom was also very low across
sites accounting for 0.25 ± 0.15% of the communities’ abundances during the spring.
Dinoflagellate and flagellate abundance did not differ between sites and spatial trends
were not observed.
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Figure 3.6. Bar plot of percent taxonomic composition of main groups in the ice bottom
at each sampling site. Spatial changes in pennate (solid square) and centric (open circle)
diatom abundance across sites are highlighted with lines.

3.4 Discussion
3.4.1. Physical features influencing flux
The shallow sill between the chain of islands across Dease Strait constricts the
flow of water in the tidal strait, resulting in current velocities in excess of 20 cm s-1. The
present study occurred during spring tide, which contributed to the high observed
velocities within the tidal strait relative to outside, as currents here are dominated by tides
in this region (McLaughlin et al., 2004). The fact that ice was thinner (Figure 3.2a) in
these higher-current regions suggests higher oceanic heat fluxes and associated
turbulence. At the ice-water interface, oceanic heat flux reduces demand for latent heat to
balance energy losses at the ice-atmosphere interface, and thus slows thermodynamic
growth of ice (Melling et al., 2015; Williams et al., 2007).
Dynamic and thermodynamic forces of sub-ice currents can remove the ice algae
off the bottom ice, and erode habitat (Mundy et al., 2007; Campbell et al. 2015).
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However, diatoms are able to vertically migrate within the brine network of sea ice
(Aumack et al., 2014), which could serve to mitigate the loss of cells associated with
strong currents. The greater sub-ice currents can increase nutrient exchange by a forced
convection mechanism to support algal growth (Vancoppenolle et al., 2013). In response
to greater nutrient or light availability, it has been documented that rates of ice algal
movement can be as great as 14.4 cm d-1 (Aumack et al., 2014). As a result, higher
concentrations of chl a at transect sites where current velocities and the potential for cell
removal by force or heat were greatest (i.e. sites 2-4) may be explained by the ability of
diatoms to migrate within the ice matrix. Further work is required to assess the possibility
of a velocity threshold for ice algal colonization, that is, the velocity at which heat flux
and/or dynamic factors exceeds the ability of ice algae to relocate.
3.4.2. Nutrient depletion
Light is the main factor influencing algal growth at the beginning of the spring
bloom, as limited downwelling irradiance from low insolation is greatly attenuated by a
stable or increasing snow and ice cover (Leu et al., 2015). However, nutrients can quickly
become limiting as algal biomass rapidly accumulates in the ice bottom and depletes
concentrations immediately available (Cota et al., 1987). Ice algal production in Dease
Strait is known to be strongly nitrogen limited, yet evidence for diurnal light and nutrient
co-limitation has also been shown for the region (Campbell et al., 2016). That is, even
though nearly 24-h daylight occurs during May (time of present study), low nighttime
solar angles can still lead to production differences between thin and thick snow depths.
Consistent sampling of thin snow cover across the transect in this study helped minimize
the potential influence of a variable light environment, where sample site snow depths
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averaged 2.8 ± 1.1 cm and were not significantly different between sites. It follows that
differences in chl a concentration, algal composition or speciation observed between sites
were driven instead by variability in nutrient availability associated with changes in
under-ice currents.
The Redfield stoichiometric ratio (mol:mol) of 106C:16N:15Si:1P represents the
average cellular composition of marine diatoms (Brzezinski, 1985), although, recent
studies have shown a potentially larger range for sea ice algae (Niemi and Michel, 2015).
Nevertheless, deviation from the ideal Redfield composition can be used to indicate
depletion or enrichment of different nutrients in the environment, a function of either
biological activity under nutrient limitation, or source water mass composition. Molar
nutrient ratios for NO3 + NO2 to PO4 (N:P) and NO3 + NO2 to Si(OH)4 (N:Si) of this
study were 1.49 ± 10.9 and 0.240 ± 0.807 for interface water, and 0.265 ± 0.234 and
0.125 ± 0.134 for bulk ice, respectively. The ratios of N:P and N:Si are below the values
of 1.5-2.0 and 0.3 reported by Rózanska et al. (2009) for the month of May near to this
region, but are within the range of values documented by Campbell et al. (2016) at 0.20 ±
0.19 and 0.20 ± 0.15 in Dease Strait, respectively. The lower ratio values are interpreted
as strong nitrogen depletion in the ice algal environment and thus evidence for its
limitation on growth. Dilution curves for nutrient concentrations versus salinity can also
help illustrate the impact that biological activities have on nutrients (Cota et al., 1990). In
this study the bulk ice concentration of NO3 + NO2 fell close to the salinity dilution line
derived from surface water nutrient concentrations (Figure 3.4a), further supporting the
potential for nitrogen depletion relative to that of PO4 or Si(OH)4 that were well above it
(Cota et al., 1990).
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The concentration of PO4 and Si(OH)4 within the ice bottom in comparison to the
interface suggests that algae were retaining excess quantities as intracellular pools, which
were likely leaked into the bulk ice measurement due to osmotic shock during melt (Cota
et al., 1990). In comparison, consistently low concentrations of NO3 + NO2 in the ice and
at the interface shows that algae were likely immediately utilizing this nutrient as soon as
it became available. Therefore, it is likely that the biogenic activities of ice algae were
responsible for the observed nutrient depletion immediately below the ice.
Nutrients at the ocean-ice interface remained low throughout this study (Figure
3.4) despite the potential for replenishment from depth associated with increased tidal
energy along the constricted strait (Gosselin et al., 1985; Cota et al., 1987). The friction
generated by fluid movement across the sea ice interface with tides also disrupts the
molecular sublayer of water beneath the ice (Feltham and Worster, 1999), through which
nutrients diffuse into the ice bottom (Cota et al., 1987). As a result, the velocity of sub-ice
water masses may be used to indirectly represent nutrient availability to ice algal
communities, and thus the potential for biomass accumulation. Following this rationale,
the potential for nutrient supply and biomass accumulation along the study transect was
greatest within the tidal strait (sites 2-4) and lowest outside of it (sites 1,5 and 6). Indeed,
this hypothesis is supported by the greater concentrations of chl a observed at sites of
strongest sub-ice velocity that were described previously.
3.4.3. Spatial distribution of biomass
The greatest observed biomass occurred in the center of the tidal strait where
currents were greatest, which would enhance the flux of nutrients to promote additional
growth of algal communities. Estimates of average ice algal chl a concentrations along
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the transect demonstrate higher values than what has previously been recorded in this
region (Campbell et al., 2016). The spatial distribution of chl a concentrations across the
transect increased towards the center of the tidal strait, similar to the trend in currents,
where concentrations were significantly higher. The majority of the ice algae were in the
very bottom centimeters of the skeletal layer except for site 2, where algae were visibly
higher up from the bottom of the ice with a chl a concentration of 4.54 mg m2 for the 510 cm section. No other 5-10 cm section concentrations were recorded for comparison;
however, all other sites did not exhibit any visible signs of algae further into the ice
(Figure 3.S1).
Low POC:chl a estimates can be an indicator for algal communities acclimated to
low light intensities or less nutrient limitation relative to high POC:chl a ratios that can
be indicative of high-light acclimation or greater nutrient limitation (Gosselin et al.,
1990). Campbell et al. (2016) showed that ice algae in Dease Strait had elevated POC:chl
a ratios due to strong nitrogen limitation, where ratios increased from 70 in late April to
>200 in early June. Ratios observed in this study were, for the most part, greater than
those reported in Campbell et al. (2016) with the exception of site 2 that fell within the
range. From the dataset, it is not impossible to determine the specific cause of the
difference between these two studies, whether due to higher light access (snow depths
sampled were less than those sampled in Campbell et al. (2016)) or greater nutrient stress
(chl a concentration and thus nutrient demand was greater in the current study). However,
there were trends of increasing POC:chl a, decreasing chl a concentration and current
strength away from the center of the tidal strait, yet snow depth (light access) did not
significantly vary. These observations highlight the potential for greater nutrient stress
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towards more stagnant sub-ice conditions, even though biological demand would have
been less.
3.4.4. Species composition
Pennate diatoms tend to dominate bottom-ice algal communities during the spring
bloom, shifting towards flagellates during post bloom stages (Mundy et al., 2011);
however, Campbell et al. (2016) documented a shift in dominance from pennates to
centrics as nutrients were consumed by the accumulating biomass in the same region as
this study. It has been documented that under greater nutrient stress and higher light
conditions, smaller centrics, with a greater cell surface area to biomass ratio and thus
lower nutrient requirement for growth, tend to become more dominant in the community
(Rózanska et al., 2009; Campbell et al., 2016). Despite the greater advantage of nutrient
uptake potential for the smaller centric diatom, Attheya spp., larger pennate diatoms were
still dominant at the majority of sites, even though snow depth sites were less than those
sampled in Campbell et al. (2016). Due to the dominance of pennate diatoms at most sites
and the relative increase in pennate diatoms at sites 2 and 3, where nutrient access was
likely greater associated with increased sub-ice currents, it is concluded that species
composition is a result of nutrient stress and relation to cell size (Pogorzelec et al., 2017)
rather than light access in the present study. We note that the dominance of centric
diatoms at site 1 relative to all other sites on the transect was unique. The lack of
additional data makes it difficult to explain its occurrence as there were no apparent
differences between site 1 and others located outside of the tidal strait. It is therefore
surmised that other factors not monitored in this study (e.g., time of ice formation and
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thus sea ice colonization; Niemi et al. (2011)) could have played a role in the community
taxonomic composition.

3.5 Conclusions: Enhanced ocean-ice exchange
Evidence presented throughout this paper support that bottom-ice algae at the
center of a tidal strait, where local sub-ice velocities are at a maximum, have a greater
nutrient supply than that outside of a tidal strait. Ice algae are attached to a substrate and
increased advection of surface water across the ice bottom increases exposure to an
available nutrient supply such as in a benthic setting (Davies and Bothwell, 2012). The
increased water motion enhances exposure of the algae to greater nutrient concentrations
than what is available via molecular diffusion in a relatively still water column (e.g., the
case for phytoplankton). Decreased POC:chl a ratios as well as a consistent abundance of
pennate diatoms supported the existence of nutrient replenishment within the tidal strait
environment. Accounting for the algae documented higher up in the ice at site 2, chl a
concentrations observed were nearly seven times greater where current velocities double
at the center of the tidal strait versus those sites outside the strait.
The much greater biomass response (7x) in relation to the increase in current
velocity (2x) supports additional mechanisms of nutrient supply beyond just a greater
advective supply. Mentioned in other sources (Cota et al. 1987; Vancopenolle et al.
2013), three mechanisms of enhanced nutrient supply are proposed: water column
mixing, ocean-ice molecular diffusion, and within-ice forced convection. In the first
mechanism, increases in tidal energy or topographical features cause increases in
turbulence and lead to vertical mixing of stratified water columns under seasonal ice
cover (Cota et al., 1987). For the second mechanism, the increase in turbulence
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associated with increasing currents can affect the viscose sublayer thickness by reducing
it and enhancing a greater flux of nutrients across the ocean-ice boundary layer (Cota et
al.,1987). For the final mechanism, within-ice forced convection is associated with subice turbulence and an enhanced ocean-ice heat flux (Widdell et al., 2006) where low
temperature brine is physically exchanged with warmer interface waters. This exchange
allows more nutrients to penetrate across and further up within the brine channels in the
bottom ice (Feltham and Worster, 1999; Vancopenolle et al., 2013), helping explain the
considerable amount of biomass found higher up in the ice matrix.
Open water polynyas have long been identified as biological hotspots (Stirling
1997; Barber and Massom 2007). However, the contribution of similar hotspots with
strong current velocities but stable ice-covers, i.e., invisible polynyas (Melling et al.
2015), had not previously been considered. In this case study, we show for the first time
how enhanced nutrient supply to sea ice algae in tidal straits can increase bottom ice chl a
by approximately 5-7 times. Given that tidal straits are a feature present throughout the
Arctic, we stress that similar biological hotspots should be uniquely identified from larger
regional assessments. Furthermore, the influence of sub-ice turbulence on nutrient supply
to bottom-ice algal communities can be expanded to different environments such as
nearshore tidal flow as well as pack-ice environments where relative movement of the ice
pack to the underlying water column can theoretically develop a similar ocean-ice
exchange (Fernández-Méndez et al. 2018). Identification and incorporation of these
potential hotspot locations to regional assessments are likely to increase our estimates of
ice algal contributions to marine productivity, similar to the recently discovered habitats
of hummocked multi-year sea ice (Lange et al., 2017). Such an addition to our baseline
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knowledge of the system is critical to better understand how the ecosystem will respond
to the rapidly changing Arctic icescape. Of particular importance towards this end are
invisible polynyas, such as the one observed in this study, whose stable ice cover is likely
to be of greater sensitivity to our warming climate.
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Chapter Three Supplemental Material

Figure 3.S1. Photographs of bottom ice cores illustrating visible coloration of ice algae
observed further up at site 2 in comparison to other sites. The site numbers are indicated
in the top left corner and the bottom of the cores are all oriented the same way with top
indicated by the stars symbol. The visible coloration of the algae in the bottom ice core
extended to approximately 8 cm up into the ice at site 2, versus being restricted to the
bottommost 1 cm at other sites. Site 2 encompassed the greatest observed current
velocities and ice algal chl a biomass during the study.
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CHAPTER FOUR: RESPONSE OF SEA ICE ALGAE TO FRESHWATER
INPUTS IN SOUTHWESTERN HUDSON BAY

Abstract
Increased discharge from regulated rivers in winter arrives in Hudson Bay during
the annual ice algal spring bloom and is expected to have a direct impact on its
production. In this study we investigate the role of regulated rivers on the bottom ice
algal communities located along two estuarine gradients during the winter-spring
transition of 2017 in southwestern Hudson Bay, Canada. The overarching goal of this
study was to examine the influence of a salinity gradient on ice algal biomass. Salinity
significantly influenced ice algal biomass where the horizontal distribution of ice algae
was positively associated with salinity of the underlying water column. The gradient in
surface-water salinity likely influenced the structure of the ice and thus suitability of
habitat for bottom communities. In addition to affecting ice structure, low salinity from
the riverine plume can have direct osmotic and physiological effects on algal
communities. These results suggest that the presence of the river plumes played a
significant role on controlling ice algal biomass in southwestern Hudson Bay.
Keywords: Spring Bloom; Ice Algae; Salinity; Nutrients; River Plume

4.1 Introduction
Hudson Bay receives an estimated annual amount of 760 km3 of freshwater input
per year (Dery et al., 2011). Of that, the Nelson River is one of the largest hydroregulated freshwater inputs contributing an approximate volume of 130 km3 yr-1 (Dery et
al., 2016). When demand for electricity in winter is high, hydro-regulated rivers
discharge output increases, consequentially impacting the marine system in which it will
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terminate. The increased discharge modifies physical and chemical properties of the
marine water and additionally influences the ice cover which forms above that are not
well understood in southwestern Hudson Bay, especially under seasonal sea ice. Nutrient
concentrations in riverine systems are dependent on a suite of physical, chemical, and
biological processes within their watershed and the river itself (Kuzyk et al., 2008, 2010;
Wang et al., 2012). Thus, a river’s nutrient concentrations will typically vary in absolute
and relative composition from those found in the local marine ecosystem.
Estuarine systems are an important transition zone between freshwater and marine
ecosystems, where saline seawater is diluted by freshwater near the mouth of the river as
it mixes with the ocean (Pritchard, 1967). Under seasonal ice-cover, freshwater plumes
from rivers can extend further than in ice-free conditions (Prinsenberg and Ingram, 1991;
Kaartokallio et al., 2007). These winter plumes are generally fresher and thicker in
comparison to summer. Freshwater input can play a significant role on sea ice
thermodynamic and dynamic processes by affecting the structure (Legendre et al., 1991,
Granskog et al., 2005; Piiparinen et al., 2010; Lund-Hansen et al., 2017) and growth
(Legendre et al., 1991), subsequently affecting the habitat in which sea ice algae reside.
Ice algae inhabiting the sea-ice bottom are instrumental to the polar marine food web and
it is this community that is in direct contact with the underlying water column and thus,
the river plume. Riverine input can create horizontal gradients in salinity (Gosselin et al.,
1986, Legendre et al., 1992, Kuzyk et al., 2008) and nutrients (Maestrini et al., 1986,
Cota et al., 1987, Gosselin et al., 1990, Kaartokallio et al., 2007) thereby affecting algal
biomass along a comparable gradient.
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Rivers can affect ice algal growth via either nutrient supply or physiological
effects associated with osmotic stress. For example, in southeastern Hudson Bay, an ice
algal study documented nutrient concentration changes along a salinity gradient which
resulted in phosphate growth limitation at low salinities to nitrate and silicic acid
limitation at higher salinities generally greater than 25 (Gosselin et al., 1990; Legendre et
al., 1992). Salinity has also been documented to control ice algal biomass over large
horizontal scales (Gosselin et al., 1986) especially in lower salinity waters (Legendre et
al., 1992). A decrease in taxonomic diversity (Poulin et al., 1983) and growth (Grant and
Horner, 1967; Arrigo and Sullivan, 1992; Zhang et al., 1999) of algal species as a result
of low salinity has also been observed.
The objectives of the current project were to investigate the influence of
freshwater discharges from major rivers flowing into southwestern Hudson Bay during
the winter to spring transition while seasonal sea ice still exists. Sampling occurred
during the Hudson Bay System Study (BAYSYS) in February – April 2017. We test our
hypothesis that increased river output will have direct effects associated with nutrients
and salinity on ice algal communities in the marine system over a spatial gradient within
the vicinity of these freshwater outputs.

4.2 Materials and Methods
4.2.1. Field Site
The study was carried out at two locations in southwestern Hudson Bay, Churchill
and Nelson Rivers, during the winter-spring transition as part of the Hudson Bay System
Study (BaySys; Figure 4.1). All ice was seasonal first-year ice whether it was landfast or
drifting ice.
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Churchill River
Four landfast sites were sampled along a transect in the transitional estuarine zone
near the mouth of the Churchill River to the edge of the stamukhi, a zone of intensive
deformation at the edge between landfast and pack-ice. Three marine sites were also
established in the surrounding area, which included one site on landfast sea ice in Button
Bay and two marine mobile ice floes during the data collection between 4 and 10
February 2017. The two sites on drifting ice floes were accessed by two A-Star 350 B2
helicopters on 8 and 10 February. One estuary site and the Button Bay site were revisited
18-20 April 2017.
Nelson River
Three transects on landfast sea ice located in the transitional zone east of the
Nelson River in southwestern Hudson Bay, Canada were sampled between 21 March and
8 April 2017. The three transects, T1, T2, and T3, were set up perpendicular to the coast
to catch varying influences of the freshwater plume coming from the Nelson River output
along the coast. The transect nearest the Nelson estuary is T1 with T2 and T3 increasing
in distance away from the estuary. An estuary site comprised of sites at the Nelson River
mouth, Hayes River mouth as well as two sites midway between the rivers and T1 are
referred to as the Nelson river mouth site hereafter.
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Figure 4.1. Map of sample sites in southwestern Hudson Bay near the mouths of
Churchill and Nelson Rivers. (ODV, Schlitzer 2018).
4.2.2. Field Sampling
At newly chosen sites each day, snow depth and ice thickness were measured. Ice
cores were collected using a Mark II Kovacs core barrel with an internal diameter of 9
cm. Full cores were taken at each site to profile the ice for temperature (Testo 720 probe)
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and bulk salinity (Orion 3-star salinometer) in 10 cm sections except for the bottom 10
cm which was sectioned in 5 cm increments. Profiles of conductivity, temperature and
depth (CTD) of the water column at each site were executed using Seabird and Idronaut
CTD sensors. An ice mass balance buoy deployed at T1 measured air temperature every
30 minutes.
The bottom 5 cm section of 2-4 cores were pooled together for biological analyses
at each of the sampled sites. Additionally, a separate bottom 5 cm core was collected at
each site for bulk nutrient analysis and melted individually in the dark without dilution.
Seawater was obtained from the ice-water interface, hereafter referred to as interface
water, using an aqua pump for analysis of salinity and nutrients. Upon return to the
laboratory facilities, 0.2-µm filtered seawater (FSW) was added at an approximate ratio
of 3:1 (three parts filtered seawater, one-part sample) to the pooled cores to minimize
osmotic stress and melted for 24 hr in the dark. The FSW was always filtered within 36
hr of sample collection. The pooled core mixture was used for all measurements.
4.2.3. Light
Surface downwelling and upwelling, and under-ice downwelling measurements of
photosynthetically active radiation (PAR, 400–700 nm) were collected at each sampling
site measured between 9:30 and 13:00 local time. Surface downwelling and upwelling
were attained using a quantum sensor (Li-Cor LI-190SA) connected to a data logger (LI1000) above the snow and sea ice at each sampling site that under-ice downwelling was
not collected due to use of different sensors. The average of five values from the LI-1000
data logger was used to calculate albedo as the ratio of surface upwelling to downwelling.
Transmitted irradiance was measured using a UV-visible hyperspectral radiometer
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(Cosine Ramses-ACC, TriOS GmBH, Germany) lowered through an auger hole via a
metal L-arm that positioned the sensors 1.50 m away from an auger hole and 10 cm
below the ice bottom. To calculate light transmittance, incident irradiance and albedo was
measured with the same sensor at the ice surface.
4.2.4. Nutrients
The individual undiluted melted cores and interface water was filtered through a
pre-combusted (450°C for 5 hr) and non-combusted Whatman 25 mm glass fiber filter
(GF/F) using a sterile syringe and swinnex filter holder into acid-washed polyethylene
tubes, respectively. Following filtration, samples were frozen at -20°C. Seawater
collected from the interface was processed the day of sample collection. The
concentrations of phosphate (PO4), nitrate plus nitrite (NO3 + NO2), and silicic acid
(Si(OH)4) for the bottom 5 cm and interface water was determined using a Bran and
Luebbe Autoanalyzer III following standard colorimetric methods adapted from Hansen
and Koroleff (2007).
4.2.5. Biological Parameters
Chlorophyll a concentrations were collected via melting the FSW and sample
mixture and filtering pseudo-duplicates through a Whatman 25mm GF/F. Following
filtration, filters were placed in 20 mL scintillation vials, and the extraction of pigments
in 90% acetone occurred over 18–24 hr at 4°C in the dark. Following extraction time,
concentrations of chl a were determined using a Turner Designs Trilogy fluorometer
following Parsons et al. (1984), and readings were recorded before and after acidification
with 5% HCl. Particulate organic carbon (POC) and nitrogen (PON) measurements were
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accomplished by filtering the melted core FSW solution onto pre-combusted Whatman
GF/F filters and frozen at -20°C. Analysis was performed using an Elementar Vario
Micro cube following Verardo et al. (1990). A subsample of FSW was also filtered as a
blank for each sampling day.
4.2.6. Statistical Analyses
The statistical analyses were executed in R Studio. Analysis of variance
(ANOVA) was performed to test differences between variables. If significant, a Tukey’s
Post Hoc analysis was completed to assess differences or similarities between sample
sites and transects. Following a Shapiro-Wilk test, evaluation of association between
variables for non-normal data was accomplished using Spearman’s rank correlation.
Furthermore, variation between sites was determined by Mann-Whitney U tests. All
values are presented as mean ± standard deviation unless otherwise stated.

4.3 Results
4.3.1. Environmental Characteristics
General physical and biological characteristics of each of the sites are
summarized in Table 4.1. Snow depths in Churchill did not significantly vary between
sites but were significantly different between months sampled (p < 0.05). Snow depths at
the estuary and marine sites averaged 4.3 ± 1.8 cm and 3.9 ± 0.6 cm in February, and
28.4 ± 6.1 cm and 17.8 ± 6.1 cm in April following a storm in March, respectively. Ice
thickness averaged 116.2 ± 17.02 m and 96.4 ± 26.70 m at estuary and marine sites in
Churchill, respectively. Snow depths gradually increased along the Nelson gradient from
an average 10 ± 2.3 cm to 20.8 ± 6.7 cm at the river mouth and T3, respectively. Ice
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thickness followed a similar trend, with the thinnest ice averaging 67.2 ± 13.8 cm located
at the river mouth and thickest, 129.9 ± 40.2 cm, at T3. However, ice thickness varied at
T1 and T2 with average thicknesses of 106.5 ± 12.6 cm and 90.3 ± 13.7 cm, respectively.
Table 4.1. Environmental variables for Churchill and Nelson River field sites. Average
values are given, and dashes represent missing data.
Region

Churchill

Nelson

Estuary

Marine

River
Mouth

Snow Depth (cm)

10.1

7.4

10

10.7

17.8

20.8

Ice Thickness (cm)

114.3

79.2

67.2

106.5

90.3

129.9

Salinity (Ice profile)
Salinity (Bottom ice,
0-5 cm)

2.76

6.52

0.66

2.1

5.59

4.94

1.79

7.7

0.03

0.55

3.4

5.63

Salinity (Surface water)

3.8

29.7

0.109

2.9

14.46

30.5

Chl a (0-5 cm) (mg m-2)
Chl a (Surface)
(µmol L)

0.27

2.19

0.02

0.49

2.59

4.79

0.35

0.22

0.42

0.46

0.14

0.06

Phosphate (0-5 cm)

0.329

0.553

-

1.577

1.983

0.986

Silicic Acid (0-5 cm)

0.88

1.309

-

0.081

0.435

4.119

NO3 + NO2 (0-5 cm)

1.808

0.817

-

0.68

3.762

3.519

Phosphate (Surface)

0.29

0.67

0.16

0.144

0.488

0.756

Silicic Acid (Surface)

36.36

11.88

34.74

31.169

27.651

17.131

NO3 + NO2 (Surface)

4.8

2.2

6.28

7.304

7.854

4.097

Sites

T1

T2

T3

Vertical profiles of sea ice salinity show lower values at the estuary and river
mouth sites than marine sites and a gradual gradient in salinity with increasing distance
from the Nelson River (Figure 4.2, 4.3). Additionally, there is a general decrease of
salinity with depth through the profile which is more apparent in the estuarine sites
(Figure 4.2, 4.3a) and sites closer in proximity to the Nelson River (Figure 4.3b, c). Bulk
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ice salinity within the bottom 5 cm was low nearest to the Nelson River, 0.03 ± 0.06, and
steadily increased along the transect averaging 0.55 ± 0.64, 3.4 ± 0.68, and 5.63 ± 1.74 at
T1, T2, and T3, respectively (Table 4.1).

Figure 4.2. Vertical profiles of sea ice salinity for the Churchill (a) and Nelson (b) sites.
CE represents the Churchill estuary and CM is Churchill marine while NRM depicts the
Nelson River mouth.
Surface salinity increased along a horizontal gradient from the Nelson estuary to
the offshore T3 (Figure 4.4) and average salinities are shown in Table 4.1. A gradual
increase in surface salinity occurs outward and eastward from the river and the water
column was well mixed with distance from the estuary illustrated by CTD profiles (data
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not shown). The salinities between the estuary and marine site in Churchill significantly
differed (p < 0.05) as well as between transect sites along the Nelson (p < 0.05).

Figure 4.4. Surface salinities along the gradient offshore from the Nelson River. NRM
depicts the Nelson River mouth (ODV, Schlitzer 2018).
Average albedo was 0.83 ± 0.03 for all Churchill sites in February. Percent
transmittance of PAR under estuarine, marine landfast and drifting ice was 1.3%, 0.2%
and an average of 3.8%, respectively. After a storm over 5 March to 9 March, snow depth
increased by an average of 23.1 cm and percent transmittance decreased to 0.002% and
0.007% at the estuary and marine site, respectively. Due to logistical constraints, light
measurements only exist for the Churchill region of the study.

73

Daily averaged air temperatures during the February and April sampling in
Churchill were -24.95 and -9.25°C, respectively (Environment Canada). During the
Nelson River area sampling, daily averaged air temperatures ranged from 4 to -21.77°C
with an overall average of -10.14°C according to measurements recorded from the ice
mass balance buoy. The temperature was above 0°C on April 7 (4°C) in the Nelson area.
Nutrients
The average concentration of nutrients in the bottom 0-5 cm of ice as well in the
underlying surface water is shown in Table 4.1. Average concentrations of NO3 + NO2,
PO4, and Si(OH)4 at the ice-ocean interface in the Nelson River mouth were comparable
to the Churchill estuary at 6.28 ± 1.03 µmol L-1, 0.16 ± 0.12 µmol L-1, and 34.74 ± 8.93
µmol L-1, respectively. Concentrations of PO4 increased with salinity in both the Nelson
and Churchill sites, while NO3 + NO2 and Si(OH)4 decreased in surface concentration
along the salinity gradient. Significant associations existed between the salinity of the
underlying surface water and concentrations of Si(OH)4 (p < 0.01, r = -0.697) and PO4 (p
< 0.01, r = 0.810; Figure 4.5). However, no association existed between interface salinity
and NO3 + NO2 (p = 0.082, r = -0.422).
Salinity in the bottom 5 cm was significantly correlated with silicic acid
concentrations (p < 0.05, r = 0.599) but was not correlated with NO3 + NO2 (p = 0.09, r
=0.426) or phosphate (p = 0.51, r = -0.173). Chlorophyll a was not significantly
correlated with phosphate (p = 0.619, r = 0.130) but was significantly associated with
NO3 + NO2 (p < 0.01, r = 0.669) and silicic acid (p < 0.01, r = 0.691) in the ice bottom
(Figure 4.6).
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Figure 4.5. Dilution lines for nitrate plus nitrite (a), silicic acid (b), and phosphate (c)
concentrations versus salinity in the bulk ice (circle) and interface water (black square).
The dashed line is a linear fit from the origin through averaged nutrient concentration and
salinity of the interface water at the marine sites.
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Figure 4.6. Nitrate plus nitrite (a), silicic acid (b), and phosphate (c) versus chlorophyll a
concentration in melted bulk-ice samples for all sampling events. The correlation
coefficient is depicted by r for Spearman’s rank correlation.
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Chlorophyll a, carbon and nitrogen
The marine sites in Churchill and Nelson Rivers always had higher chl a
concentration than their respective estuary and river mouth. Chlorophyll a in the bottom
ice increased spatially from 0.27 ± 0.34 mg m-2 in the Churchill estuary to 2.19 ± 1.27 mg
m-2 averaged over the marine sites and 0.02 ± 0.02 mg m-2 in the Nelson river mouth to
6.46 ± 2.74 mg m-2 at the farthest transect, T3 (Figure 4.7a). The maximum observed chl
a value was 9.55 mg m-2 at the most offshore site, T3. The concentration of chl a was
statistically different between the Churchill estuary and marine site (Mann-Whitney, p <
0.05). The river mouth and T1 chl a concentrations were not significantly different as
were not T2 and T3 from each other. However, chl a concentrations at the Nelson river
mouth and T1 were significantly different from T2 and T3 (Mann-Whitney, p < 0.05).
Bottom-ice salinities were significantly correlated with chl a (p < 0.01, rho = 0.774),
POC (p < 0.01, rho = 0.568) and POC:chl a (p < 0.01, rho = -0.469). The distribution of
chl a in the interface water was patchy and remained consistently low with a maximum
concentration of 1.5 mg m-3 in comparison to bottom ice concentrations of 5 to
191 mg m-3.
Particulate organic carbon and nitrogen followed a similar increase to chl a in
Churchill having the lowest values of 53.29 ± 31.97 mg m-2 and 5.9 ± 7.69 mg m-2 at the
estuarine sites and increasing to 89.52 ± 18.63 mg m-2 and 18.63 ± 3.38 mg m-2 the
marine sites, respectively (Figure 4.7b, 4.7c). For Nelson, POC and PON concentrations
were lowest at T1 at 18.31 ± 16.57 mg m-2 and 2.86 ± 1.65 mg m-2 and increased to the
maximum concentrations of 138.15 ± 88.7 and 19.85 ± 17.9 mg m-2 at T3, respectively
(Figure 4.7b, 4.7c).
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The ratios of POC:chl a decreased from the estuary to the marine sites at both the
Churchill and Nelson with the lowest averages of 48.85 and 23.23 at the marine site and
T3, respectively (Figure 4.7d). The ratio of POC:PON decreased from 30.4 ± 29.4 at the
estuary to 6.77 ± 1.47 at the marine site in Churchill and remained relatively constant
across all Nelson sites averaging 6.94 ± 0.39 and did not significantly vary between sites
(data not shown). When combining all of the data, chl a was significantly correlated with
POC (p < 0.001, r = 0.575) and PON (p < 0.01, r = 0.491).
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Figure 4.7. Averaged (± standard deviation error bars) bottom-ice chlorophyll a (chl a)
concentration (a), particulate organic carbon (POC; b) and nitrogen (PON; c)
concentrations, and ratio of POC to chl a (d). Nelson River, Churchill River February,
and April sites are depicted in black, grey, and blue, respectively.
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4.4 Discussion
4.4.1. Churchill Estuary
A large blizzard, from 5 March to 9 March, in the region increased snow depth by
an average of 23.1 cm, which inhibited our plan to get temporal sampling variability of
the area. Upon return in April, there was an increase in snow depth of 23.8 cm and 13.7
cm at the estuary and marine sites, respectively Snow depth largely controls irradiance
that reaches sea ice algae and can rapidly change over space and time as it is subjected to
wind at the air-ice interface. The significant increase in snow depth influenced light
reaching the bottom communities and played a role in the control of algal growth (Mundy
et al., 2007; Campbell et al., 2015). Ultimately, the new thick snow cover decreased the
under-ice PAR transmittance to < 0.007%, decreasing growth and biomass accumulation
of bottom ice algae. The baseline measurements in February showed greater chl a
biomass in the marine environment when compared with estuary sites which may be due
to increased salinity. However, it is difficult to draw concrete conclusions with few
measurements of these communities.
4.4.2. Nelson Estuary
4.4.2.1 Environmental characteristics
The gradual gradient in ice salinity observed from the estuary to the outer transect
can be attributed to variations in salinities of the underlying water column during ice
formation. The gradient in ice salinity paralleled the observed gradient in underlying
water column salinity. Bulk salinity gradients can also be controlled by ice growth rate –
as ice thickness increases, the growth rate slows, so there is less incorporation of
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impurities. Bulk ice salinity can indicate the effect of freshwater inflow under an ice
cover that alters physical properties of the ice (Granskog et al., 2005).
Comparisons between the Nelson River mouth and T3 ice highlight that the river
mouth sites were mainly formed from low salinity surface waters with decreasing salinity
with depth through the profile as well as salinities under 3, whereas typical sea ice
salinity is 4 or 5. There is likely a plume influence on ice salinities at T1 and T2 but little
to no plume influence at T3. The ice profile at transect 3 shows variability within the
middle sections but maintains the characteristic c-shape of first-year ice typical of other
areas not influenced by freshwater inflow. The average salinity of the underlying water
column and ice (Table 4.1) at this location, T3, was most representative to that of other
Arctic marine areas free from freshwater influence. A similar gradient was documented
by Legendre et al. (1991) for southeastern Hudson Bay, which suggests the decrease in
variability towards zero was influenced by riverine water and variability within the
profile is attributed to the rate of ice growth and seawater salinity. Similar interpretation
of the data suggests that T1 and T2 were likely influenced by the plume quite strongly
with bulk salinities below 3. These differences are generated by changes in growth and
salinities of the underlying water column.
4.4.2.2. Environmental control of algal biomass
The two main environmental factors controlling the spatial distribution of ice
algae for this study are salinity and nutrients. Salinity can either have a direct, through
osmotic or physiological effects, or indirect influence by changes in the first-year ice
structure. Nutrients can largely control growth and accumulation as in other Arctic
locations. The highest algal biomass concentrations were observed at the farthest sites or
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most ‘marine’ locations. In regard to Nelson, the distribution of algal biomass parallels
the gradient in salinity (Figure 4.3a) and in some respect, the gradient in nutrients. A few
studies (Gosselin et al., 1986, Legendre et al., 1991, Monti et al., 1996) have documented
a similar trend for bottom ice algal communities along an inshore-offshore transect in
southeastern Hudson Bay with the highest biomass at increasing salinities. Salinities in
both the bottom ice of 5.63 and underlying water column of 30.5 were highest in Hudson
Bay at T3 and decreased towards the Nelson estuary where salinities were 0.03 and 0.12,
respectively. The significant correlation between bottom-ice salinity and chl a (p < 0.01)
supports the control of salinity on ice algal biomass. Therefore, this low-salinity surface
water influences the structure of the surface available for algal colonization as well as
potential osmotic stress on algae and controls the ice algal biomass along this transect
(Gosselin et al., 1986; Legendre et al., 1991).
The high POC:chl a ratios at the estuary and river mouth sites with steady decline
towards to marine sites at both locations is indicative of more optimal growth conditions
and more representative of marine sites throughout the Arctic (Rozanska et al., 2009). A
previous study by Rozanska et al. (2009) documented high POC:chl a ratios during prebloom that decrease to very low values of 16-20 as algae acclimate to light which are
comparable to values of 23.23 at T3. The low POC:chl a ratios at T3 can be indicative of
low-light acclimated algae or a healthy algal community with little else contributing to
POC. High estimates of POC:chl a near the river mouth can be an indication of nutrient
limitation (Gosselin et al., 1990) as well as other sources of particulate organic carbon
such as discharge from the river systems. The increase in POC in the ice bottom at the
river mouth supports the increased POC associated with river discharge and gets trapped
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within the ice. The POC:PON ratio of the Nelson sites remained relatively constant and
slightly above the Redfield average of 6.6 but within the lower end of the range of 6.4-17
reported by Niemi and Michel (2015).
When comparing concentrations of nutrients at the Nelson River mouth and T3,
there are apparent differences in concentrations in the ice formed from low-salinity
waters, river mouth, and more marine waters, T3. The ice that was formed from lowsalinity waters had lower nutrient concentrations that can be explained via exclusion in
the process of forming ice (Belzile et al., 2002; Müller et al., 2011). Salts that are
available in the low-salinity water are excluded from the forming ice along with nutrients.
Nitrate + nitrite and silicic acid concentrations both fit the idea that there’s exclusion of
the nutrients to the underlying water column where nutrient concentrations are higher.
Freshwater formed ice had low concentrations as a function of segregation process
whereas the high concentrations in ice formed from saline water are greater than what is
available in the marine environment simply by looking at the dilution curve.
The increasing trend of nutrient concentrations in sea ice from low salinity water
to seawater fit above the dilution line suggesting there is some accumulation mechanism
at play. The higher concentrations of nutrients in the bulk ice versus surface waters at T3
can suggest that nutrients may be in control of ice algae biomass and indicative of
intracellular nutrient storage. Ice algae can store internal nutrient pools when supply is
high for growth usage when external availability and supply decreases (Gosselin et al.,
1990; Chapter 3). When values of nutrient concentrations in bulk ice (0-5 cm) have
values close to 0, it can be an indication of immediate utilization of the nutrient and likely
limitation (Chapter 3). The positive relationship between chl a and nutrients supports this

83

and that nutrients may not be limiting to these communities during the study. Silicic acid
concentrations are relatively low within ice in comparison to previous studies (; chapter
3). Unfortunately, we did not do taxonomy analysis of the data yet, but a theory might be
that nitrate + nitrite is being concentrated and silicic acid is not because the community is
not dominated by diatoms.
Phosphate concentrations in the sea ice appear to be greater than that available in
either water, so the exclusion mechanism does not fit as well. The phosphate
concentration in sea ice did not fit the relationship with chl a nor did they agree with the
exclusion effect in low salinity ice as they were greater in all cases. Phosphate is a
notoriously noisy measurement (CJ Mundy, J-E Tremblay, pers. comm.); however, we do
not have the data to support one way or the other thus, interpretation requires further
work. The rivers had high silicic acid and nitrate + nitrite with low phosphate
concentrations which match the results of a previous study that suggested ice algae were
phosphate limited and becoming silicic acid or nitrate limited at higher salinities
(Gosselin et al., 1990; Legendre et al., 1992). Although we did not test limitation, the
increase in nitrate + nitrite and decrease in phosphate towards the river mouth fits nicely
with the interpretation of results from Gosselin et al. (1990) and appears that similar
trends may apply to this dataset.
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4.4 Conclusion
The influence of riverine input into Hudson Bay and its influence on ice algae has
been investigated previously (e.g., Gosselin et al. 1990, Legendre et al., 1991, 1992).
However, the incredibly large outflow of the Nelson River and its influence on ice algae
had not been formerly documented and limited work has been executed near the
Churchill River. We show, for the first time, ice algal biomass significantly increases
along a salinity gradient from the mouth of the Nelson River to the offshore marine
system. Observations from both river outputs show that freshwater flow to the marine
system during winter has a negative influence on ice algal biomass. The decreased
incorporation of salinity into the ice matrix impacts the suitability and colonization
efficiency for ice algae. Based on limited to non-existent research conducted in this area,
the outcomes of this study will increase our knowledge on the influence of salinity on ice
algal communities in the Canadian Arctic and subarctic and confirms findings from river
transects in southeastern Hudson Bay.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary
Chapter one introduces the thesis topic and rationale as well as outlines the
content of each chapter that follows.
Chapter two provides context and pertinent information on the research topic with
a review of the formation and growth of sea ice and how ice algae colonize in addition to
utilization of sea ice as habitat. Furthermore, it discusses the ice algal spring bloom and
major limiting factors for bloom commencement and termination as well as the primary
factors necessary for growth.
Chapter three presents the influence of tidal currents on ice algal biomass and
species composition during the spring bloom. This work also provides recent evaluation
of the role of currents enhancing nutrient flux to bottom ice algal communities in a
known nutrient deplete area. The transect investigated encompassed a current gradient
along a tidal strait that constricted flow over a sill which increased velocities within the
tidal strait and decreased outside of the strait. Analysis of sub-ice current velocity and
biomass variability led to the conclusion that increased sub-ice currents within the tidal
strait enhanced nutrient supply to the bottom communities leading to significantly
increased biomass despite being in a nitrogen-limited region. Strong sub-ice currents are
a critical factor for algal growth increasing biomass by 5-7 times. In addition to this,
proposed improvements on widely accepted mechanisms of nutrient supply to bottom-ice
algal communities were made. This research is unique as it expanded our knowledge and
enhanced our understanding of invisible polynyas and their biological significance, which
has not previously been considered in the Arctic.
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Chapter four introduces research executed in an area where very little is known
about ice algal communities in the southwestern Hudson Bay and the influence of
freshwater from the local rivers under seasonal ice cover. Data collection at two rivers
within the region comprised of estuarine and marine transects were used to examine the
response of ice algae to a gradient of riverine input. Salinity negatively influenced ice
algal biomass along a horizontal gradient increasing in biomass with increasing salinity
as the under-ice plume mixed with saline waters. Here, the freshwater influenced ice
algae two-fold by influencing the structure of the ice that forms leading to reduced
suitability of habitat for ice algae. Secondly, the low-salinities of the underlying water
column can directly impact algae by osmotic or physiological effects. This research helps
to confirm previous findings from river transects in southeastern Hudson Bay, increases
our knowledge on ice algal dynamics in response to riverine input as well as developing a
baseline study on ice algae in southwestern Hudson Bay.

5.2 Future Recommendations and Conclusions
As the Arctic continues to warm, sea ice is becoming thinner and the need to
understand and better predict the response of ice algae to the changing environment is
increasingly imperative. Expanding on the research executed in this thesis, some
recommendations for future research include:
1) Identifying areas where similar dynamic mechanisms exist such as the tidal strait
investigated in chapter 3 and examine the influences of nutrient supply to
microalgal communities within the ice during spring. For example, locating
similar invisible polynyas could be done by using satellite imagery and observing
areas of late freeze-up and early ice breakup with a stable ice cover throughout
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winter. Development of a model that can account for areas that show early ice
break up and may identify these potential hotspots similar to what Hannah et al.
(2009) does for polynyas in the Canadian Arctic Archipelago. Beyond the
invisible polynyas, pack ice environments should also be investigated for a similar
ocean-ice exchange mechanism.
2) Improved field observations of a current gradient influence with installed ADCPs
on a line beneath the ice to measure velocities at the ice-water interface and
depths throughout the water column at multiple sites, simultaneously.
Additionally, these ADCPs and other complementary instruments should be
deployed to encompass both spring and neap tides. Pair these measurements with
nutrient measurements and you could get an improved understanding of nutrient
flux to the bottom-ice algal communities.
3) In addition to finding these hotspots, measurements of primary production need to
be executed to quantify the biological significance of such areas. Improved
measurements of nutrient supply by applying the mechanisms proposed in chapter
3 to microalgal communities within the ice during spring would be beneficial.
Subsequently, these production estimates could then be used to produce a more
accurate estimate of primary production in the Arctic since we may be
underestimating without identification of these areas.
4) The Nelson River does not appear to benefit ice algal biomass growth mainly
because of the salinity effect as a function of ice structure or osmotic stress.
Future work should focus on the physiological effects of osmotic stress from
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salinity on ice algae which is lacking in the literature. This addition would greatly
improve the work accomplished in chapter 4.
These recommendations would significantly increase the current understanding of
nutrient supply to ice algal communities and the importance and extent of invisible
polynyas or similar dynamic areas regarding primary production and biological
significance in polar regions. If areas of thinner ice are to become more dominant in the
Arctic, then perhaps these invisible polynya areas may provide insight into how algae
will adapt to a changing climate leading to better predictions for the fate of ice algae in a
changing climate.
New areas of biological significance were identified within this M.Sc. research.
This research will contribute to a greater understanding of sub-ice current role on nutrient
flux and especially highlight hotspots that have not been previously considered in the
Arctic and can contribute to more accurate estimates of primary productivity. With
increasing sensitivity in the Arctic to changes, these measurements are critical for
understanding how the ice algae may respond to a changing environment. The
measurements of sea ice algae near the Nelson River are the first measurements for the
region and represent a baseline that future measurements can be compared with. This
research is the first of its kind specifically focused on sea ice algae in the southwestern
part of Hudson Bay and contributes to our understanding of the influence of riverine
input on ice algae within the sub-arctic.
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APPENDIX A: ABBREVIATIONS

Analysis of Variance
Chlorophyll a
Exopolymeric substances
Filtered sea water
First-year ice
Glass fiber filter
Ice Covered Ecosystem – CAMbridge bay Process Study
Hudson Bay System Study
Multi-year ice
Nitrate + Nitrite
Particulate organic carbon
Particulate organic nitrogen
Phosphate
Photosynthetically active radiation (400 to 700 nm)
Silicic Acid

ANOVA
chl a
EPS
FSW
FYI
GFF
ICE-CAMPS
BaySys
MYI
NO3 + NO2
POC
PON
PO4
PAR
Si(OH)4
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