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ABSTRACT

Within the ice bottom, ice algae begin their annual Arctic spring bloom in which they
contribute up to half of the total annual primary production in the central Arctic Ocean. Essential
fats (or lipids) are produced during the early portion of the ice algal bloom (e.g., polyunsaturated
fatty acids (PUFAs) such as omega-3 fatty acids) and are of particular importance to the energy-
rich Arctic marine ecosystem. Fourier Transform Infrared (FTIR) Spectrochemical imaging is an
efficient and non-destructive analytical technique, which allows us to measure changes in ice
algal biomolecular composition (i.e. saturated lipid, protein and biogenic silica). In this thesis,
we examine diatom samples collected from first-year landfast sea ice across a tidal strait region
located between the Finlayson Islands within Dease Strait of the Kitikmeot Sea, near Cambridge
Bay, Nunavut, Canada. This research was conducted under the ICE-CAMPS (Ice Covered
Ecosystem-Cambridge Bay Process Study) 2017 spring field campaign. It was determined, via
two case studies:

1. the relative amount of biomolecular composition was a function of cell size and

species.

ii.  individual cell biomolecular composition trends were not depicted in bulk
measurements (i.e. particulate organic carbon, chlorophyll a, etc.)

iii.  Two expected nutrient gradients were observed within the tidal strait region, one
spatially and one vertically

iv.  lipid (protein) content increased (decreased) spatially in response to nutrient
limitation, while lipid (protein) content increased (remained constant) vertically in the

sea-ice



v.  the creation of new FTIR imaging methods were successful in rapidly imaging the
diatom community.
The findings presented here have reinforced the usefulness of the FTIR instrument to diatom
autecological analysis. This sensitive, non-destructive and semi-quantitative analytical technique
has allowed us to further our understanding not only of the ice algal community, but also the

autecology of individual diatom taxa.
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CHAPTER 1: INTRODUCTION

Attached to the bottom (skeletal) layer of sea ice, ice algae begin their bloom during the
Arctic spring (Horner et al. 1992, Arrigo 2014, Leu et al. 2015). Ice algae can contribute up to
half the total annual primary production in the central Arctic Ocean (Gosselin et al. 1997) and
their average contribution in the surrounding shelf seas is estimated at 3-25% (e.g., Legendre et
al. 1992, Michel et al. 2006, Leu et al. 2015). Their ecological role as the primary source of
photosynthetic production during the early spring best encapsulates their importance to the
ecosystem. Energy-rich lipids are produced during the early portion of the ice algal bloom (e.g.,
long chain omega-3 fatty acids or polyunsaturated fatty acids (PUFAs); Mock & Thomas 2005,
Leu et al. 2010, Sereide et al. 2010), and are of particular importance to the energy demanding
Arctic marine ecosystem (Michel et al. 2006, Sereide et al. 2010, Arrigo 2014).

Increasing Arctic temperatures, declining sea ice extent and thickness, later freeze-up and an
earlier, but longer ice melting seasons (Comiso et al. 2008, Markus et al. 2009, Stroeve et al.
2012, NSIDC 2016) are rapidly changing the ice algal environment. Later winter sea ice
formation has also been observed to influence the accumulation of ice algal assemblages. This
delay reduces the ice algal seeding potential, by an overall reduction in suspended ice algal
standing stock during late winter (Niemi et al. 2011). During spring, the potential for increased
UV-radiation exposure (Bernhard et al. 2013) as well as increase in the overall light intensity to
the bottom ice algal community will occur with changes to snow and sea ice thickness, due to an
earlier melting season. This increase in radiation and light exposure affects ice algal growth (Leu
et al. 2007), as well as their nutritional PUFA content (Leu et al. 2010). Model predictions have

also indicated that primary production increases in the water column with early melt, versus that



of sea ice (Arrigo et al. 2008, Kahru et al. 2011, Tedesco et al. 2019). The lipid-rich ice algal
bloom is also an important food source for marine-based grazers. Based on an assumed bottom-
up driven food-web, it has been hypothesized that early bloom termination can negatively impact
the overall Arctic marine food-web because of a mis-matched trophic cascade (Sereide et al.
2010).

During the initial part of a high Arctic spring bloom (late March — early April; Cota et al.
1991; Leu et al. 2015), ice algae are light-limited (Gosselin et al. 1990). This light limitation is a
combination of a low seasonal solar angle and the strong light attenuation properties of snow and
sea ice (Perovich et al. 1998). Algal photosynthetic processes can be greatly limited at this time
with a reduction in cellular inorganic carbon assimilation (i.e. conversion of inorganic carbon to
organic carbon), leading to a reduction in cellular lipid production, cell growth, and overall cell
biomass accumulation (Mock & Gradinger 2000, Mock & Kroon 2002a, b). Because of this
seasonal limitation, the bottom ice algal community photo-acclimates. This is achieved by either
increasing their total content of cellular photosynthetic pigments under low light to increase
production or decreasing their chloroplast volume under high light to prevent light stress
(Gosselin et al. 1990, Kirst & Wiencke, 1995). Near the end of the ice algal bloom (late May-
early June; Cota et al. 1987, Leu et al. 2015), insolation increases, while snow albedo decreases.
The increase in light availability and/ or photosynthetically active radiation (PAR; 400-700 nm
waveband) to the bottom ice algal community (Mundy et al. 2005, Leu et al. 2015) increases
cellular photosynthetic lipid production.

Light availability is not the sole limiting factor for ice algal growth. Lack of essential under
ice nutrients, such as dissolved inorganic nitrogen, phosphorous and silica, can limit ice algal

growth and potentially terminate the spring bloom (Gosselin et al. 1990, Smith et al. 1997, Leu et



al. 2015). Generally, dissolved nitrogen (e.g., nitrate, nitrite, and ammonium) is the first nutrient
to become limiting during the transition to the end of the bloom (Gosselin et al. 1990, Smith et
al. 1997, Leu et al. 2015). Nitrogen plays a significant role in both cellular protein and lipid
production. When nitrogen is available to the bottom ice algal community, nitrogen will be
allocated into cellular protein production. However, when nitrogen becomes limiting, protein
production is reduced and a greater allocation of carbon to lipid production occurs (Smith et al.
1997, Mock & Kroon 2002a, Pogorzelec et al. 2017).

There are several ways in which nutrients are transported to the ice algal community, such as
regeneration of inorganic nutrients from recycled bio-organic material (i.e. algae, bacteria, other
organism detritus), sea water exchange during desalination of sea ice (Reeburgh 1984) and water
column mixing, via eddy diffusion across the ocean-ice boundary layer (Meguro et al. 1967,
Cota et al. 1987). Recently, a constricted tidal strait (i.e., shallow and narrow waterways that
confines the regular flow of water) has been observed to exhibit strong surface currents that
appear to increase the accumulation of ice algal biomass further up into the sea ice compared to
landfast ice away from the strait (Dalman et al. 2019). In the latter work, it was hypothesized that
turbulence in tidal straits increased nutrient exchange within the bottom ice environment, such
that the nutrients augmented algal growth higher up into the ice cover. These recent observations
are currently under investigation in order to improve our understanding of ocean-ice nutrient
fluxes with regards to tidal strait surface currents, ocean-ice turbulent exchange, and impacts on
algal growth and accumulation. However, more information is required on vertical resolution of
algae within the bottom ice sections and their nutritional status.

Fourier Transform Infrared (FTIR) spectrochemical imaging is a non-destructive analytical

technique that has been previously demonstrated to be effective and efficient for the detection of



algal biomass composition (Heraud et al. 2007, Sackett et al. 2014, 2016, Pogorzelec et al. 2017).
Lipid production is greatly affected by the amount of light available under the sea ice (Gosselin
et al. 1990, Mock & Gradinger 2000, Mock & Kroon 2002a, b), whereas protein content is
generally affected by the amount of available nutrients to the ice algal community (Gosselin et
al. 1990, Mock & Kroon 2000a). Therefore, lipid (CH>+CHj3 spectral bands) and protein (Amide
I spectral band) content have been theorized to act as both light and nutrient availability
biomarkers, respectively, and can be monitored over time for individual diatom taxa throughout

their bloom period.

1.1 STATEMENT OF PURPOSE

Ice algae are a critical component of the Arctic marine ecosystem, yet we lack a full
understanding of algal autecology, which impedes our ability to predict the ecosystem's response
to ongoing climate change. The purpose of this study is to determine the influence of nutrient
fluxes on biomass composition of individual Arctic diatom cells in comparison to the bulk

biomass and species composition of their natural community, during the spring ice algal bloom.

1.2 OBJECTIVES

This study was performed on diatom samples collected from first-year landfast sea ice across
the Finlayson Island’s tidal strait within Dease Strait of the Kitikmeot Sea, near Cambridge Bay,
Nunavut, Canada, under the ICE-CAMPS (Ice Covered Ecosystem-Cambridge Bay Process
Study) field campaign during the spring of 2017. My objectives, including linked testable

hypotheses, are to:



(1)

(ii)

(iii)

examine the contribution of single cell relative biomolecular composition (lipids and
proteins) from different diatom taxa (i.e. Nitzschia frigida and Attheya spp.), using FTIR

microscopy

H.1 Algal community FTIR-derived biomolecular composition will be a function of cell
size

examine the relationship between FTIR-derived biomolecular composition of diatoms

(objective 1) to that of the ice algal community, via bulk filter-based measurements (e.g.

pigments, particulate organic carbon, taxonomic composition, etc.) and

H.2 FTIR-derived biomass composition will be directly related to bulk filter-based
measurements and taxonomic composition

relate these changes in biomolecular composition to variation in light intensity and

nutrient flux across a vertical gradient within the ice-bottom habitat and spatial gradient

within a tidal strait.

H.3 Lipid content will increase in response to increased light availability and decreased
nutrient supply

H.4 Protein content will increase in response to decreased light availability, but will
decrease when nutrients become limiting

H.5 A gradient of increasing light availability and decreasing nutrient supply from the
ocean-ice interface and up into the ice bottom will drive changes in biomass
composition according to H.3 and H.4

H.6 A greater nutrient flux that occurs towards the centre of a tidal strait where under-
ice currents increase will drive changes in biomass composition according to H.3 and
HA4.

Furthermore, recognizing the useful and rapid measurement capacity of an FTIR instrument, the

final objective is to:

(iv)

design a methodology for rapid spectrochemical imagining acquisition of the
biomolecular composition of the diatom bulk community, as opposed to individual cell

analysis in objective 1.



1.3 THESIS LAYOUT

This thesis is formatted in the style of a sandwich thesis and is comprised of 5 chapters. This
introductory chapter includes a short synopsis on the importance of the research, a list of
objectives and corresponding hypotheses, and the thesis layout. Chapter 2 provides the
background information essential to understanding the methodology of Chapters 3 and 4,
through a literature review of ice algae, light and nutrient availability and the fundamentals of
FTIR spectrochemical imaging. In Chapter 3 is an integration of thesis objectives 1, 2, and 3 and
the underlying hypotheses. I examine the influence of under-ice currents within a tidal strait
region on individual diatom taxa biomolecular composition, filter-based ice algal community
measurements and taxonomic composition, light and nutrient availability, and cell location
within the strait and sea ice. This chapter is presented as a peer-reviewed manuscript and has
been submitted to Elementa: Science of the Anthropocene:

Pogorzelec, N.M., Gough, K.M., Ha, S.Y., Campbell, K., Kim, K., Else, B., and Mundy, C.J.,
(2019) FTIR autecological analysis of bottom-ice diatom taxa across nutrient gradients in a tidal
strait, Canadian Arctic. Elementa: Science of the Anthropocene (in review).

Objective 4 is accomplished in Chapter 4 by constructing and expanding upon various FTIR
imaging methods, with the goal of developing a rapid method for analysis of changes in
biomolecular composition in the diatom community. In Chapter 5, I conclude the thesis by
summarizing key conclusions and providing future recommendations for the application of FTIR

spectroscopy in support of ice algae, and more generally, diatom autecological research.
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CHAPTER 2: LITERATURE REVIEW

2.1 DIATOM HABITAT & CHARACTERISTICS

2.1.1 Habitat and Colonization

Ice algae can be found in both the Arctic and Antarctic, growing at the edges of available
algal habitats on Earth. Ice algae’s vertical distribution within sea ice varies and depends on the
seeding mechanism. The detailed review by Horner et al. (1992) describes the vertical
distribution of ice algae (Fig. 2.1). Briefly, in the Antarctic, ice algae have been observed to
occupy the surface (infiltration, deformation, and melt pond communities), interior (freeboard
and channel communities), and the bottom (interstitial and platelet communities) of sea ice.
However, in the Arctic, infiltration, freeboard and platelet communities are either rare (McMinn
& Hegseth 2004; Fernandez-Mendez et al., 2018) or not found within the sea ice (Syvertsen

1991, Horner et al. 1992, Ackley et al. 1994).
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Figure 2. 1: Vertical distribution of ice algae. Modified Horner et al. (1992). Copyright ©
Springer Nature (1992).
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Garrison et al. (1983) proposed that during the initial formation of sea ice, especially in
turbulent waters, frazil ice forms and traps particles within the water column, incorporating these
particles within the sea ice’s crystalline substructure. They suggested that this was the likely
mechanism by which surface ice algae are incorporated into sea ice (Garrison et al. 1983,
Spindler 1994, Gradinger & Ikdvalko 1998). This was later confirmed by Garrison et al. (1989)
as a possible process through laboratory experiments. Niemi et al. (2011) found ice algae
colonization to be a function of the freeze-up date, with more abundant and diverse communities
found in ice formed during fall instead of late winter when fewer cells are found in the upper
water column. Syvertsen (1991) proposed an alternative mechanism by which ice algae can be
enriched into the sea ice by a process of under-ice wave action or increased current, for which
the process was examined in detail by Weissenberger & Grossmann (1998). They noted that
during laboratory experiments, where a current was generated under newly forming sea ice, the
concentration of algal biomass within the sea ice significantly increased (Ackley et al. 1987,
Spindler 1994, Gradinger & Ikdvalko 1998, Weissenberger & Grossmann 1998). In the
Antarctic, Dayton et al. (1969) observed another mechanism in which the upwelling-transport of
benthic organisms to the platelet ice layer occurred. Anchor ice, which forms at the ocean floor,
can detach from the bottom and ascend to the surface, resulting in the transportation and
incorporation of benthic organisms into the sub-platelet ice layer. More recently, Olsen et al.
(2017) suggested a role of ice algae release from old ice acting to seed younger adjacent sea ice
floes. Environmental factors also influence the distributions of ice algae within the sea ice, such
as nutrients, light availability (Smith et al. 1990), temperature and brine salinity (Arrigo &

Sullivan 1992).
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2.1.2 Diatoms: Characteristics of the dominant ice algal taxa

Bacillariophyceae (common name: diatom) are the dominant taxa of ice algae, making up
more than half of the ice algal community (Poulin et al. 2011), and contributing more than 70%
of the total algal carbon within sea ice (Gosselin et al. 1997, Gradinger 1999). These specific
algal taxa also serve as the main pulse of photosynthetic production, providing nourishment to an
energy-rich lipid driven marine food web (Leu et al. 2015). Diatoms are unique unicellular
photosynthetic microorganisms that can range from 2 pm to > 1 mm in size. They are encased in
an opal shell (silicon dioxide) called a frustule. The frustule consists of two overlapping valve
pieces, where one valve is larger (epitheca) than the other (hypotheca). The epitheca and
hypotheca valves act as a “lid and box”, respectively (Crawford 1981, Kroger 2007). Diatom
identification is mainly based on their frustule morphology, rather than on DNA or chemical
analysis. Morphological identifiers include frustule decoration, patterns, and symmetry, with
pennate (bilateral frustule symmetry) diatoms being the dominant taxa in Arctic ice algal
communities (Round et al. 1990, Rézanska et al. 2009, Poulin et al. 2011). However, sometimes
centric (radial frustule symmetry) diatoms can become more prevalent and even dominant in

nutrient-depleted or higher-light conditions (R6zanska et al. 2009, Campbell et al. 2016).

2.2 SOLAR IRRADIANCE AND NUTRIENT FLUXES

2.2.1 Solar Irradiance

High Arctic ecosystems are controlled by the amount of incoming solar radiation or light
availability. This is especially important during the winter-spring seasonal transition, specifically
Phases I (pre-bloom) and II (bloom period) of the ice algal bloom cycle (Figure 2.2; Leu et al.

2015). Phase I or the pre-bloom phase occurs during the winter months, where light availability

12



is either extremely limited or non-existent, and ice algae remain in a net heterotrophic state.
Phase II occurs once a critical light threshold is passed and is sufficient enough for under-ice
algal production (0.36 — 9 umol photon m-2 s-1; Horner & Schrader 1982, Mock & Gradinger
1999). This in turn signifies the end of the winter season and the start of the spring ice algal
bloom, when ice algae transition towards a net autotrophic state (Leu et al. 2015). Subsequently,
Phase II ends (bloom termination) when the water column nutrients become exhausted and
warming temperatures result in brine channel drainage, expelling the sympagic community (Leu
etal. 2015).

During the initial part of Phase 11, sea ice, trapped in-ice sediments, and overlying snow
cover can influence light availability and impede the ice algae’s overall growth, production and
taxonomic composition (Mundy et al. 2005, Rézanska et al. 2009, Juhl & Krembs 2010, Alou-
Font et al. 2013). For example, Mundy et al. (2005) examined three snow cover depths (thin
(<6 cm), medium (6 to 20 cm) and thick (>20 cm)), which could be easily identified based on the
variation in Chl a concentration (greater biomass under thin snow cover vs. thick snow cover).
However, this variation in Chl a concentration under varying snow depths could only be
observed in the earlier parts of the bloom. This is in part due to the high albedo and attenuative
properties of snow and sea ice, with snow cover being the strongest attenuator of light
transmitted to the underlying ice algal community (Perovich et al. 1998, Mundy et al. 2005).
Snow has a high albedo (0.8 to 0.9) and an attenuation coefficient that can be more than an order
of magnitude greater than that of sea ice (Perovich et al. 1998). This was observed by Cota
(1985), who noted a significant reduction in light transmission under thick snow (20 cm) cover
versus that of thin snow cover (3 cm) and bare ice (0 cm; also noted by Mundy et al. 2005,

Roézanska et al. 2009). Furthermore, snow grain size increases, as the solar angle increases
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towards the summer solstice and the attenuation coefficient of snow decreases with the rise in air
temperature. This results in water accumulating within the snowpack, and thus decreasing the
scatter of light within the snowpack, lowering its surface albedo and attenuation coefficient
(Mundy et al. 2005).

Throughout this transitional period (Phase I to II), ice algae are continually acclimating to
their changing environment (Juhl & Krembs 2010); primarily, their biomolecular composition
changes in response to light availability (Smith et al. 1987, Mock and Kroon 2002a, b, Leu et al.
2010, Pogorzelec et al. 2017). It is well known that algal cellular lipid production and storage is
directly related to the amount of available light reaching the ice algal community (Mock and
Kroon 2002b). The chloroplast, an important organelle within ice algal cells, is the site of
cellular photosynthesis. It houses the thylakoid membrane, which is the site of photosynthetic
pigments (i.e. Chl a and b, fucoxanthin, etc.) and the photosystems (I and II). Photosystems are
responsible for converting light energy into chemical energy (generally stored as carbohydrates
or sugars), which can then be utilized in the production of cellular lipids (Mock and Kroon
2002a, Campbell et al. 2008). Therefore, an increase in under-ice light availability will give rise
to an increase in cellular lipid production and accumulation (i.e. storage lipids) and vice versa
(Smith et al. 1987, Mock and Kroon 2002a, Leu et al. 2010). Additionally, it has been noted that
photosynthetic pigments can be affected by the presence or absence of light; an increase in
photoprotective pigments under thin snow cover, has been observed as an acclimation strategy
against high light conditions (Alou-Font et al. 2013). However, this acclimation strategy is not
rapid (dependent on algae’s photo-acclimated state), as the sudden removal of snow can
negatively impact the ice algae’s net growth rate (i.e. increased cell death and decreased cell

division; Juhl & Krembs 2010). By the end of Phase 11, ice algae have accumulated a large

14



amount of saturated lipid (Leu et al. 2010) relative to protein content (nutrient dependent), which
generally begins to decrease after Phase I (Mock and Kroon 2002a, b, Pogorzelec et al. 2017).
Interestingly, unsaturated lipid (or PUFA) content also tends to decrease towards the end of

Phase II (Leu et al. 2010).
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Figure 2. 2: Ice algal winter-spring bloom phase shift (Leu et al. 2015). Copyright © Elsevier
(2015).
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2.2.2 Nutrient Fluxes

In the beginning of Phase II (Fig. 2.2), water column and in-ice nutrients are abundant and
readily available to the ice algal community; however, near the end of Phase II, nutrients become
limiting or are exhausted (Leu et al. 2015). As mentioned above, ice algae can inhabit different
vertical horizons of the Arctic sea ice, with algae being most abundant in the bottom 0 to 10 cm
of sea ice, due to ample nutrient supply and transport (Horner et al. 1992, Arrigo 2014, Leu et al.
2015). However, the mechanism by which nutrients are incorporated into sea ice is still relatively

unknown. Several mechanisms for nutrient distribution have been proposed on the basis of
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different studies of bottom ice algae. Meguro et al. (1967) reported ice algae 30 cm into the sea
ice within the brine channels and pockets acclimating to their environment and actively growing.
They proposed three plausible nutrient mechanisms; 1) recycled organic nutrients from
biological and detritus pools (i.e. bacteria metabolic processes, decay of organisms, waste
products, etc.), 2) forced water column penetration, and 3) brine drainage (considered to be the
most important mechanism). Interestingly, Cota et al. (1987) came to a different conclusion and
instead determined that water column mixing was required to meet the ice algal nutrient demand,
instead of the mechanisms proposed by Meguro et al. (1967; mechanism 1 and 3). They
proposed two possible routes for nutrient transport to the bottom ice algal community; 1)
turbulent mixing of the upper water column as a result of shear instabilities associated with tidal
currents along the ice bottom, also noting that fluctuations in tidal mixing could reflect
fluctuations in ice algal biomass (nutrient pulses rather than a continuous flux of nutrients), and
2) convective mixing within the ice as a result of sea ice brine drainage. Smith et al. (1990)
proposed that nutrients were likely algal-derived (high correlation between Chl a and dissolved
nutrient concentration) and suggested that, after the initial uptake of nutrients from the water
column, the algae would later serve as a nutrient reservoir, with the potential to release these
nutrients during periods of osmotic stress (e.g., as what can occur during sample processing).
More recently, Dalman et al. (2019) reported a greater amount of ice algal biomass, both at
the bottom and further up into the ice, towards the centre of a tidal strait near Cambridge Bay,
NU. They proposed three mechanisms to explain enhanced ice algal production through nutrient
replenishment in relation to increased currents along the tidal strait: 1) water column mixing, 2)
enhanced molecular diffusion across the ice-ocean interface, and 3) forced convection within sea

ice brine channels. The last of three proposed mechanisms is further examined in this thesis,
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where the biomolecular composition of ice algae within the bottom fine (0-2, 2-5, and 5-10 cm)
structure and bottom bulk (0-10 cm) structure of landfast sea ice across a tidal strait that was
originally investigated by Dalman et al. (2019) will be examined (see hypotheses 1-6).

Nutrients (nitrate+nitrite, phosphate, and silicic acid) are a vital component of the spring ice
algal bloom. As mentioned earlier, nutrients are abundant during the initial stages of Phase I and
IT (Gosselin et al. 1990, Smith et al. 1997, Leu et al. 2015) but diminish quickly as the ice algae
begin to grow and divide (Figure 2.2), with nitrogen (specifically nitrate+nitrite) being the main
limiting nutrient in the Arctic (Tremblay et al. 2015). This growth limiting nutrient can affect
both cellular protein and lipid production. When nitrogen compounds are abundant, cellular
protein production increases. In contrast, when nitrogen compounds are limiting and light
availability is adequate, algae switch from protein to lipid production; via a change in cellular
carbon allocation (Smith et al. 1997, Mock & Kroon 2002a, Pogorzelec et al. 2017).

By the end of Phase II, nutrients become depleted; this depletion signals the start of Phase III
(post-bloom; Fig. 2.2), the gradual termination of the ice algal bloom and the beginning of the
phytoplankton bloom. Phase III begins starts when daily temperatures are warm enough to begin

the process of snow melt (evidence of melt ponds) and sea ice break-up (Leu et al. 2015).

2.3 FTIR SPECTROCHEMICAL IMAGING

The biochemical content of an individual diatom in natural (Giordano et al. 2001, Stehfast et
al. 2005, Dean et al. 2010) and culture based (Heraud et al. 2008, Sackett et al. 2013, 2016)
communities, as well as individually (Findley et al. 2015, Pogorzelec et al. 2017) is easily
measured, using FTIR. FTIR samples can be imaged using three different imaging techniques

viz., transmission, transflectance and attenuated total reflectance (ATR). In transmission, broad
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band IR light passes through the sample, where some light is absorbed. The wavelengths of light
that are absorbed match the vibrational energies of the molecular functional groups within the
sample. The remaining light that is not absorbed continues to the detector and is recorded as an
IR spectrum in percent transmittance. The spectrum is then converted into a plot of absorbance
intensity (Abs=-log(%Transmittance)) versus wavenumber (cm!) (Griffiths & de Haseth 2007).
In transflectance mode, the sample is mounted on an IR-reflective substrate. When IR light
comes into contact with the sample, plus substrate, some of the light is absorbed. The remaining
light is then reflected back and is captured by the detector, producing an IR spectrum. Lastly, in
ATR, IR light passes through a crystal that is in direct contact with the sample. An evanescent
wave is created that penetrates the sample by only few microns before passing back through the
crystal. The light that was not completely absorbed is captured by the detector and an IR
spectrum is produced (Griffiths & de Haseth 2007).

IR spectra present a record of molecular vibrational energy states (Eiv) that occur between
molecules (i.e. a net change in dipole moment). This vibration follows the harmonic oscillation
model (Figure 2.3). The model (following Hooke’s law) describes the molecular stretching
vibration, where the change in the potential energy between atoms results in the atoms’
internuclear position (not mass) to change as well. For example, the change in internuclear
position of atoms’ in the diatomic molecule HCI (hydrochloric acid; Figure 2.4) during a
stretching vibration. When energy (E) is applied, the internuclear separation (r) between
hydrogen (H) and chlorine (Cl) results in the atoms to pull away for a short period of time (from

v =0 to v =1), before returning to their initial position (v = 0). Additionally, there are many

other modes then stretching vibration, such as bending and twisting to name a few (Griffiths &
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de Haseth 2007; page 4). The vibration energy states (Eiv) can be described by the following

equation:

1
Eiy = hvi(vi +3)

where, h is Plank’s constant (J ¢ s), v; is fundamental frequency of particular vibrational modes,

and v; is the vibrational quantum number (Griffiths & de Haseth 2007).
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Figure 2. 3: The Harmonic oscillation model (dashed lines) for the energy (E) required to

separate (r) a diatomic molecule (e.g. HCI). Modified Griffiths & de Haseth (2007) Figure 1.1;
page 3. Copyright © John Wiley & Sons (2007).
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Figure 2. 4: An example of changing internuclear separation (r) separation during the H-CI
stretching vibration. Note: this is the only vibration for this molecule.
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Additionally, the energy required to excite a particular molecular vibration is:
AE = hv
where E is energy (J), h is Plank’s constant (J * s) and v is frequency of light (cm/s).

Furthermore,
(o
Av=c or v==
0 A

where A is wavelength (cm), c is the speed of light (cm/s)

Therefore, energy can be written as:

C

AE =h(5) =he (%) — he(®)

where (V) = % (cm™1) is called a wavenumber (Griffiths & de Haseth 2007; page 4).

Following Beer’s Law, the absorption of IR wavelengths can be described as:
Aj(Y) = a;(W)bg;

3L
1

where A;(V) is the absorption of species “i” to a specific wavenumber (V), a; (V) is the species

“1” ability to absorb at a specific wavenumber (concentration™ distance™), b is the path length,
and ¢; is the concentration of species “i” (Griffiths & de Haseth 2007; page 13). The total

transmittance (T) of IR wavelengths through a sample at a specific wavenumber (V), can be

described as:

where [(V)/ (V) is the ratio that describes radiation passing through a sample (exit

[13%4]

radiation/surface exposure radiation), a(V) is the attenuation coefficient of species “i” at a

specific wavenumber (cm™), and b is the path length (cm) or sample thickness the radiation must
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travel (Griffiths & de Haseth 2007; page 12). The absorption of IR wavelengths by a sample

(A(V)) can then be described as:

A) = —logyg (ﬁ) or logy (ﬁ) = Ai(®) = (@b

The absorbance intensities recorded for each functional group (a group of atoms in a
molecule responsible for the given vibrational modes) represent the relative biomolecular content
within any given cell. By using this technique, we can rapidly measure individual algal and
community autecological responses to various environmental influences, such as the effect of
light and nutrient stress on intracellular saturated and unsaturated lipid (PUFA), and protein

content.
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Figure 2. 5: A typical and atypical FTIR image of a diatom cell (Navicula spp.). (A) A visible
light microscope image, (B) typical and atypical IR-spectrum, (C) saturated lipid (CH2+CH3),
(D) PUFA, (E) protein (Amide I) and (F) biogenic silica (Si-O). Blue (atypical) and red (typical)
stars indicate were spectrum were taken from diatom cell.
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Various studies have used FTIR to evaluate biomolecular composition of both fresh water
and marine algal species. However, only a handful of studies have exclusively examined the
diatom class (Bacillariophyceae; Giordano et al. 2001, Stehfast et al. 2005, Heraud et al. 2008,
Dean et al. 2010) and more rarely, polar marine diatoms (Sackett et al. 2013, 2016, Findley et al.
2015; Pogorzelec et al. 2017). Diatoms are known to exhibit strong IR band peaks (Fig. 2.5;
Giordano et al. 2001, Stehfest et al. 2005, Sackett et al. 2014, Pogorzelec et al. 2017) associated
with lipids (CH>+CH3; 3000 to 2800 ¢cm™), proteins (Amide I, 1650 cm™ and Amide II, 1540 cm-
1, their silica frustule (Si-O stretching vibration; 1075 cm!), and carbohydrates (1200 to 900 cm-
I, generally obscured by Si-O), which was first reported by Giordano et al. (2001). As previously
noted, the biomolecular composition of diatom cells can be greatly affected by environmental
conditions, such as light and nutrient availability. Spectral bands associated with lipid
(CH2+CH3) content are generally influenced by light availability, where an increase in available
light increases cellular photosynthetic rates and in turn increases inorganic carbon assimilation
and cellular lipid production (Mock and Kroon 2002a, b, Pogorzelec et al. 2017). Whereas,
spectral bands associated with protein (Amide I and Amide II) tend to be lower in nutrient
stressed diatoms, particularly nitrogen-starved diatoms (where N is NH4", NO3~, and NO»"), and
vice versa (Giordano et al. 2001, Stehfest et al. 2005, Pogorzelec et al. 2017). For example,
Giordano et al. (2001) treated diatom cultures to two separate experimental conditions, namely
nitrogen-starved, and nitrogen-enriched, over a one-week period. They observed a significant
decrease in the diatom Amide I band, by about 50 to 60% after the first day under the nitrogen-
starved conditions (NH4" and NOs'; also observed in Stehfest et al. (2005) for nitrogen- and
phosphorus-starved). An increase in the lipid (CH>+CH3) peak height was also observed in

nitrogen-starved cells (Giordano et al. 2001, Stehfest et al. 2005, Pogorzelec et al. 2017),
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attributed to an increase in carbon allocation towards lipid production (rather than protein
production) as a cell stabilization mechanism (Mock and Kroon 2002a, b). The effect of nutrient
limitation can also be observed in the lipid:protein (CH>+CH3:Amide I) and carbohydrate:protein
(carbohydrate: Amide I) ratio (Stehfest et al. 2005, Dean et al. 2010, Pogorzelec et al. 2017),
where a large ratio value is indicative of nutrient limitation versus a small ratio value, which
suggests adequate nutrient availability. FTIR spectrochemical imaging has proven to be an

efficient and sensitive technique in analysing the biomolecular composition in diatom cell.
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CHAPTER 3: FTIR AUTECOLOGICAL ANALYSIS OF
BOTTOM-ICE DIATOM TAXA ACROSS NUTRIENT
GRADIENTS IN A TIDAL STRAIT, CANADIAN ARCTIC

This manuscript has been prepared for submission to the Journal of Elementa: Science of the
Anthropocene. The work detailed here represents a central chapter of my thesis and, therefore, as

first author the work was conducted, analysed, and reported by myself.

Pogorzelec, N.M., Gough, K.M., Ha, S., Campbell, K., Else, B., and Mundy, C.J. FTIR
autecological analysis of bottom-ice diatom taxa across nutrient gradients in a tidal strait,
Canadian Arctic. Elementa: Science of the Anthropocene (in progress).

3.1 ABSTRACT

A recent study demonstrated that tidal straits, where shoaled and constricted waterways
increase tidally driven sub-ice currents and turbulence, represent ice algal production hotspots
due to a hypothesized enhanced ocean-ice nutrient supply. Based on these findings, we sampled
the bottom ice algal community across the same tidal strait between the Finlayson Islands within
Dease Strait, NU, Canada in spring 2017. Our objective was to examine sea ice diatom cellular
responses to two expected nutrient supply gradients in their natural environment: (1) a spatial
gradient across the tidal strait and (2) a vertical gradient up into the bottom ice matrix. Two
diatom taxa, Nitzschia frigida and Attheya spp. within the bottom ice sections (0-2, 2-5, and 5-10
cm) under thin snow cover (<5 cm) were selected for Fourier Transform Infrared (FTIR)
spectrochemical analysis for lipid and protein content. Results from the FTIR technique strongly
supported the existence of a spatial nutrient gradient across the tidal strait of the Finlayson
Islands, while particulate organic carbon (POC) and chlorophyll a (Chl @) concentration

estimates were difficult to interpret. Spatially, the larger N. frigida cells appeared to be more
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sensitive to the nutrient gradient, significantly increasing (decreasing) in lipid (protein) content
towards the outside of the tidal strait. In contrast, the epiphytic diatom, Attheya spp., was more
sensitive to the vertical gradient, where above 2 cm into the bottom-ice matrix, the non-motile
cells were trapped with a depleted nutrient inventory with evidence of a post-bloom state.
Application of the FTIR technique to estimate algal cell biomass composition provided new
insights on the response of the bottom ice algal community to the examined nutrient supply
gradients that could not be attained from conventional bulk measurements alone. Therefore,

future studies are encouraged to employ the use of this technique.

3.2 INTRODUCTION

Ice algae play a significant role as the main primary producer during early spring,
synthesizing high-energy essential fats that sustain the Arctic marine food-web (Smith et al.
1987, Mock & Gradinger 2000, Mock & Thomas 2005, Leu et al. 2010, Sereide et al. 2010). The
bottom-ice algal community inhabits the bottommost layers of the Arctic sea ice (0-10 cm;
Horner et al. 1992, Arrigo 2014, Leu et al. 2015), with diatoms being the dominant taxa during
the spring bloom (Rézanska et al. 2009, Poulin et al. 2010, van Leeuwe et al. 2018). The bloom
of sea ice diatoms begins under low-light and nutrient replete conditions during late winter to
early spring (Poulin et al. 2010). However, the rise in average global temperatures has resulted in
a decline in sea ice extent and thickness, caused by later freeze-up and longer melt period
(Comiso et al. 2008, Markus et al. 2009, Stroeve et al. 2012). This rapid change will likely have
a strong effect on the phenology and contribution of ice algae to total production (Leu et al.
2015, Tedesco et al. 2019) with the potential of a cascading effect on the Arctic marine food-web

(Michel et al. 2006, Sereide et al. 2010).
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Under-ice photosynthetically active radiation (PAR) is limited by sea ice thickness and more
importantly, by the high albedo and strong attenuation properties of the overlying snow cover
(Perovich et al. 1998, Perovich 2018). As a result, spring ice algal biomass often has a significant
negative relationship with snow depth (Campbell et al. 2016). However, during their spring
bloom, ice algae experience a transition from initial light limitation to nutrient limitation, as light
increases and algal growth demand exceeds available nutrients in the sea ice matrix (Cota et al.
1987).

The main nutrient supply to the ice algal community is from the underlying water column
and across the ocean-ice boundary layer (Gosselin et al. 1985; Cota et al. 1987; Dalman et al.
2019). A strong temperature gradient in the ice bottom from the warm ocean to cold atmosphere
in winter/spring reduces brine volume space, thereby reducing convection higher into the ice
matrix (Vancoppenolle et al. 2013). Therefore, it is expected that nutrient supply to the ice algal
community decreases with distance from the ocean-ice interface. Spatially, Dalman et al. (2019)
concluded that tidal straits (shoaled and constricted waterways dominated by tidal current flow)
represent localized hotspots of ice algal production. This conclusion was derived from
observations of increased tidally driven currents and mixing, reduced stratification, and greater
ice algal biomass towards the centre of a tidal strait. Therefore, it is expected that the greater
currents towards the centre of a tidal strait provide an enhanced ocean-ice nutrient flux to the
bottom-ice algal.

Lipid and protein content of individual diatoms is dependent on light and nutrient
availability. An increase in PAR results in an increase in cellular photosynthetic rate and lipid
production, while a decrease in nutrient (i.e. nitrate and nitrite) availability has been shown to

result in increased lipid storage and a decreased protein production, i.e. redirection of assimilated
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carbon (Mock & Kroon 2002a, b, Pogorzelec et al. 2017). Fourier Transform Infrared (FTIR)
spectrochemical analysis is efficient in measuring the relative abundance of cellular lipid
(CH2+CH3) and protein (Amide I) content, as well as individual diatom cells response to light
and nutrient stress (Giordano et al. 2001, Stehfast et al. 2005, Stackett et al. 2014 & 2016,
Pogorzelec et al. 2017). In this study, we used FTIR spectrochemical imaging to assess the
biomolecular composition of individual diatom cells in response to the two aforementioned
nutrient supply gradients: (1) a vertical gradient in the bottom-ice matrix over 0-2, 2-5, and 5-10
cm sections, and (2) a spatial gradient across a tidal strait.

The Kitikmeot Sea in the western Canadian Arctic is a highly nitrogen-depleted system
(Campbell et al. 2017, Pogorzelec et al. 2017), creating a logical location for the examination of
nutrient gradient impacts on a natural ice algal community (Dalman et al. 2019). We hypothesize
that greater nutrient supply occurs in the bottommost ice sections and at the centre of the tidal
strait, resulting in detectable increases in protein production and decreases in lipid storage.
Samples were collected over a 2-week period between April and May during the 2017 Ice
Covered Ecosystem-Cambridge Bay Process Study (ICE-CAMPS) campaign. Contrasting
responses in biomolecular composition were observed for two diatom taxa, Nitzschia frigida

(pennate) and Attheya spp. (centric), with implications for species succession in the system.

3.3 MATERIALS AND METHODS

3.3.1 Field Collection
Samples were collected once every three days during the 2017 ICE-CAMPS field campaign,
between 26 April and 12 May. The field site was located on landfast sea ice within a tidal strait

area between the Finlayson Islands (~69°00.033°N, 105°48.967°W), in the Kitikmeot Sea,
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Nunavut, Canada. The four sample sites (Fig. 3.1) were spaced along a transect from within
(sites 1 and 2) and outside (sites 3 and 4) the tidal strait, in order to access variation in under-ice
currents and water column mixing. At each site, four ice cores were collected under thin snow
cover (<5 cm depth) using a 9-cm inner diameter Mark II Coring System (Kovacs Enterprises).
After extraction, ice cores were kept shaded to minimize potential changes to the biomolecular
composition of the ice algae (Leu et al. 2010, Stitt et al. 2012). The bottom 10 cm length of each
core was segmented into ice sections of 0-2, 2-5, and 5-10 cm for diatom collection. An
additional 10 cm bottom ice core was collected and sectioned into 0-2, 2-5, and 5-10 c¢cm ice
sections, for measurements of salinity (Thermo Scientific - ORION STAR A212) and nutrients
(i.e. phosphates, nitrate+nitrite, silicic acid).

Core segments for particulate analysis were pooled in the dark within insulated containers for
transport and melting. Filtered seawater (FSW; 0.2 um membrane filter) was added to the
containers at a 3:1 ratio (FSW:pooled ice cores) and left overnight to melt. The FSW was added
to minimize osmotic stress on diatoms during sea ice melt (Garrison & Buck 1986, Rintala et al.
2014, Campbell et al. 2018).

Several environmental measurements were collected in conjunction with ice core collection,
including snow depth, ice thickness, and spectral downwelling irradiance, albedo
(upwelling:downwelling irradiance), and under-ice PAR transmittance irradiance. The spectral
irradiance was measured with a hyperspectral radiometer (Satlantic HyperOCR) calibrated for air
and water immersion. An articulating arm was used to position the sensor in the air at the surface
to make measurements of downwelling and upwelling irradiance and downwelling irradiance in

the water immediately below the ice cover.
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Figure 3. 1: Map of field site locations between the Finlayson Island, near Cambridge Bay, NU,

CA. Site locations (1 through 4) are highlighted in blue with a magnified version located in the

top right corner.

3.3.2 Bulk Community Sample Collection & Nutrient Analysis

Ice core layers for dissolved nutrient concentration analysis were melted in the dark without

FSW and in a sterile Whirlpak bag. The ice melt was filtered through an acid-washed (10% HCI)

swinnex-filter with a GF/F filter, pre-combusted at 450°C for 5 h, and stored in an acid-washed
15-ml falcon tube at -20°C, until analysis at the Université du Québec a Rimouski.
Concentrations of phosphate, nitrate+nitrite, and silicic acid were determined with a Seal

Analytical Auto-Analyzer 3 as described in Grasshoff et al. (1999).

Taxonomy samples were prepared by combining 100 ml of FSW-diluted ice core melt and 4

ml of Lugol’s Acid in a 125 ml amber glass bottle, which was stored at 4°C. Diatom taxonomic
surveys and cell counts for target species, total pennate and centric diatoms, and other ice algal

taxa (i.e., flagellate, dinoflagellate, and unknown) were accomplished with an inverted light

33



microscope and Utermohl type chamber (i.e. Hydrobios method; Lund et al. 1958, Campbell et
al. 2018).

Samples for measurement of particulate organic carbon (POC) were collected by filtration of
200 to 400 ml of FSW-diluted ice core melt in indirect light conditions onto a GF/F filter pre-
combusted at 450°C for 5 h, wrapped in a pre-combusted aluminium casing and stored at -80°C.
Samples were analyzed for POC concentration within 3 months using an Elemental Analyzer
(Elementar Vario Micro Cube) as described in Cutter et al. (2014).

For chlorophyll a (Chl a) determination, 5 to 200 ml of FSW-diluted ice core melt was
filtered onto a 25 mm GF/F filter and stored at -80°C. The Chl a pigment was extracted from the
filter by adding 10 ml of 90% acetone and storing the filter in the dark at 4°C for 18 h before
analysis. Chlorophyll a fluorescence was measured before and after acidification with 5% HCl
(Parsons et al. 1984), using a Turner Designs Trilogy Fluorometer and converted into Chl a

concentration (mg m2) according to the equations described in Holm-Hansen et al. (1965).

3.3.3 Sample Preparation & FTIR Analysis

All procedures were conducted in a darkened environment to prevent photo-oxidation of
cellular fatty acids (Sattar et al. 1976, Stitt et al. 2012). Diatoms had been collected by filtering 5
to 200 ml FSW-diluted ice core melt onto a 5-um pore size polycarbonate membrane filter
(SterliTech Corp. USA). The filter was folded in half, wrapped in an aluminum casing and stored
at -80°C until analysis, within 2 months. Diatom cells were transferred onto a 25-mm diameter,
2-mm thick barium fluoride (BaF2) substrate by pipetting a 4-ul ultra-pure (Milli-Q) droplet on
the substrate and placing a segment of the polycarbonate filter onto the droplet. The filter was
gently agitated against the droplet to release the diatoms and left to settle for approximately 1

min. Excess water was wicked away with a tissue (Kim-Wipe). A compound light microscope
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equipped with a 650-nm red photo light filter (to prevent photo-oxidization of lipids; Sattar et al.
1976, Stitt et al. 2012), was used to identify and select individual diatom cells on the BaF»
substrate. Substrates were placed in a desiccant chamber and in the dark with silica beads
overnight.
Two dominant diatom taxa were targeted to obtain a range of cell size (Poulin et al. 2011,
Campbell et al. 2018, van Leeuwe et al. 2018). These included one pennate diatom, Nitzschia
frigida (average cell size of 68 x 8 um; Fig. 3.2) and one epiphytic centric diatom, A¢theya spp.

(average cell size of 9 x 10 um, without setae).

10 ym
———

Figure 3. 2: Light microscopic images of the targeted FTIR diatom taxa: (A) Nitzschia frigida
and (B) Attheya spp.

Approximately 18 h after sample preparation, individual diatoms were scanned with an
Agilent Cary 670 Fourier Transform Infrared (FTIR) spectrometer coupled to a 620 IR imaging
microscope in transmission mode (Pogorzelec et al. 2017). The IR microscope was equipped
with a 15x objective and condenser, a numerical aperture (NA) of 0.62, and a 64 x 64 Focal
Plane Array (FPA) detector that resulted in a spatial resolution of 1.1 x 1.1 pm? pixel dimension
(Findlay et al. 2015; Pogorzelec et al. 2017). All spectra were recorded at 8 cm™! spectral
resolution and a zero-fill factor of 2, with co-additions of 512 scans for the background and 256
scans for sample. Spectra and false coloured images were initially processed for diatom

biomolecular content in Resolutions Pro™ (version 5.2.0, Agilent Technologies Inc.; Pogorzelec
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et al. 2017). The images were exported to MATLAB™ for further processing as detailed

elsewhere (Findlay et al. 2015; Pogorzelec et al. 2017).

3.3.4 Statistical Analysis

Linear regression analyses were conducted to examine spatial differences in variables across
the tidal strait. Spatial linear regressions were only performed on data from the 0-2 cm ice
sections, under the assumption that this layer was most directly influenced by ocean-ice fluxes.
In contrast, vertical ice sections were tested for differences using a two factor repeated measures
ANOVA (one-way ANOVA for cell count; F-statistic; a = 0.05). The repeated measures
ANOVA was used to remove spatial trends from the analysis. Prior to the ANOVA tests, data
were tested for normality using a Shapiro-Wilk test. If the Shapiro-Wilk test failed, a Kruskal-
Wallis one-way ANOVA on ranks test (H-statistic) was used to test for significant differences
between vertical ice sections. If the ANOVA was found to be significant a Tukey’s post hoc test

was conducted to determine differences between ice section pairs.

3.4 RESULTS

3.4.1 Physical & Chemical Environmental Conditions

Snow depth significantly decreased from site 1 to site 4, while ice thickness significantly
increased (Fig. 3.3A). PAR albedo was consistent across sites, whereas percent PAR
transmittance slightly increased from roughly 2 to 2.5% from sites 1 to 4 where snow depth was
lowest at site 4 (Fig. 3.3B). However, PAR transmittance was not significantly different across

sites.
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Figure 3. 3: Environmental conditions across sites (1, 2, 3, and 4) for (A) snow depth (y =
4.73 — 0.31x ) and sea ice thickness (y = 133.9 + 6.4x), and (B) percent transmittance and
percent albedo. Lines represent significant linear trends.

No significant relationships were observed for distance from the tidal strait (site 1) versus
outside for salinity, phosphate and nitrate+nitrite (Fig. 3.4A-C). Bottom ice salinity and nutrient
concentrations were significantly greater in the bottom 0-2 cm ice section (Sup. Table 3.1).
Averaged phosphate, nitrate+nitrite, and silicic acid concentrations for 0-2 to 5-10 cm ranged

from5+2t00.2+0.06,2+0.9t00.4+0.2,and 5+ 2 t0 0.9 + 0.5 umol L"!, respectively (Fig.

3.4B-D; Sup. Table 3.1).
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Figure 3. 4: (A) Salinity and dissolved inorganic nutrient concentrations within 0-2 cm sea layer
per site for (B) phosphate, (C) nitrate+nitrite, and (D) silicic acid.
3.4.2 Ice algal Community

Diatoms dominated the ice algal community; pennate and centric diatoms accounted for more
than 80% of the population (Fig. 3.5A-C). Relative abundance of other ice algal taxa (i.e.,
flagellate, dinoflagellate and unidentified taxa) noticeably increased above the 0-2 cm ice section

(Fig. 3.5C), with the 2-5 and 5-10 cm section having relatively equal proportions (Fig. 3.5A-B).
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Enumeration of intact diatom cells and empty frustules showed that the relative contribution
of intact centric cells slightly increased up into the sea ice matrix (13-20% to 18-27%), whereas
that of pennates strongly decreased (65-85% to 16-29%; Fig. 3.5D-F). Interestingly, the relative
abundance of empty pennate frustules increased from the 0-2 cm section (6-18%; Fig. 3.5F)
towards the 5-10 cm ice section (43-61%; Fig. 3.5D). Empty centric frustules, however, did not
greatly increase in relative abundance (0.6-2% to 2—5%).

Of the two diatom species targeted for FTIR analysis (Fig. 3.5G-I), Attheya spp. dominated
the centric community with the greatest cell abundance (13.4 to 50%), especially further away
from the ocean-ice interface. While, N. frigida relative abundance noticeably decreased from 12-
25 % at the 0-2 cm ice section to 0.2-4% (5-10 cm). Both species significantly decreased in total
abundance up into the ice matrix (Table 3.1). Interestingly, Attheya spp. exhibited epiphytic
associations with pennate diatom cells only in the 0-2 cm ice section, while cells were always

observed as solitary in the 2-5 and 5-10 cm ice sections.
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Figure 3. 5: Relative community composition of ice algal taxa within sea ice sections (A) 5-10
cm, (B) 2-5 cm, and (C) 0-2 cm; relative proportion of diatom intact cells and empty frustules for
ice sections (D) 5-10 cm, (E) 2-5 cm, and (F) 0-2 cm; and relative contribution of targeted FTIR
diatoms to the intact-cell diatom population for ice sections (G) 5-10 cm, (H) 2-5 cm, and (I) 0-2
cm.

Particulate organic carbon (POC) was significantly greater in the 0-2 cm ice section (Fig.
3.6A; Table 3.1), with an average value of 500 + 170 mg m™2 across all sites. In fact, all bulk
measurements (i.e. POC, Chl @ and POC:Chl a) were found to be significantly different
vertically (tow factor repeated measures ANOVA p <0.01) between most ice sections (Table

3.1). However, POC in the 0-2 cm ice section did not exhibit a significant spatial relationship. In
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contrast, the 0-2 cm ice section for Chl a concentration was observed to follow a significant
decreasing trend further away from the tidal strait (Fig. 3.6B; Table 3.1), ranging from 0of 9.3 + 2
at site 1 to 4.1 + 1.3 mg m at site 4. The POC:Chl « ratio (Fig. 3.6C) increased spatially from

site 1 to site 4; however, this increase was not significant (Table 3.1).
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Figure 3.6: Bulk ice algal community biomass measurements within 0-2 cm of sea ice per site
for (A) POC, (B) Chl a (y = 8.52 — 0.81x), and (C) POC:Chl a ratio. Solid line represents

significant linear trend.
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3.4.3 Cellular biomass composition
3.4.3.1 Typical Diatom FTIR Spectrum

Spectra and false-coloured images of two separate pixels within a diatom cell (e.g. N. frigida)
is shown in Figure 3.7. Spectra were processed for lipid content (integrated asymmetric and
symmetric CH>+CH3 bands: between 2969 and 2840 cm™!), protein (Amide I: 1645 cm™), and
silica (Si-O: 1075 cm™) content. Two selected pixel-points show the typical variation in IR
spectra within a single diatom, i.e., within a chloroplast area (blue) and outside the chloroplast
(red). Cellular saturated lipid and protein content are observed to be greatest in the chloroplast

region of the cell (red spectrum) versus areas found just outside the chloroplast (blue spectrum).
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Figure 3. 7: FTIR spectra of a typical diatom (N. frigida.) with false colour images. (A) Red and
blue diatom IR spectrum, (B) light microscopic image of N. frigida with red and blue stars, (C)
integrated saturated CH>+CH3 (lipid), (D) Amide I (protein), and (E) Si-O (silica).
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3.4.3.2 Nitzschia frigida & Attheya spp.

Nitzschia frigida cellular saturated lipid content per pixel significantly increased towards the
outside of the tidal strait (site 4) for the 0-2 cm section (Fig. 3.8A). Vertically, no significant
difference in lipid content between ice sections was observed (Table 3.1). Attheya spp. averaged
saturated lipid content was observed to be the lowest in the 0-2 cm ice section (Fig. 3.8B), versus
that of the 2-5 and 5-10 cm layer. Attheya spp. lipid content differed significantly between ice
sections (0-2 vs. 2-5 cm; Table 1) but did not differ between sites (Fig. 3.8B).

Spatially, Nitzschia frigida cellular protein content in the 0-2 ice section decreased
significantly from sites 1 to 4 (Fig. 3.8C). Vertically, averaged protein content of this species did
not significantly differ between ice sections (Table 3.1). Attheya spp. (Fig. 3.8D) cellular protein
content also decreased significantly from site 1 towards site 4 in the 0-2 cm ice section.
Similarly, Attheya spp. did not exhibit any significant differences between ice sections for the
protein content (Table 3.1).

The lipid:protein ratio for N. frigida ratio increased significantly from site 1 to site 4 (Fig.
3.8E). However, no difference in ratio values was observed between ice sections across the sites
(Table 3.1). Attheya spp. lipid:protein (Fig. 3.8F) also increased significantly from site 1 to site
4. However, in contrast to N. frigida, Attheya spp. ratio values were found to be significantly

different between most ice sections (Table 3.1).
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Table 3. 1: Bulk measurements (i.e. POC, Chla, and POC:Chl a ratio) and Nitzschia frigida and Attheya spp. cellular biomass content
(i.e. lipid, protein and lipid:protein ratio) 0-2 cm spatial linear regression (n=12) and 0-2, 2-5, and 5-10 cm vertical two factor repeated

measures (i.e. distance, ice section, sample date) analysis across sample sites (n = 35).

Parameter | POC (mg m?) Chla (mg m*) POC:Chla Cell Count Lipid (pixel™) Protein (pixel™) Lipid:Protein
Ice section (cm) N. frigida Attheya N. frigida Attheya N. frigida Attheya N. frigida Attheya
0-2
Avg. = SD 500 £ 170 7+3 80£20 6.4x10"7 + 5.6x10"7+ 1.1+05 0.5+0.1 0.8+0.2 05+0.2 l6+1.1 1.3+04
3.6x10"7 1.7x1077
2-5
Avg. =+ SD 100 £ 20 04+0.2 290+ 80 6.2x10"% + 8.3x10"%+ 1.3+04 0.8+0.2 0.8+0.2 0.4+0.1 1.9+0.7 24+0.7
5.5x10% 2.6x10"%
5-10
Avg. = SD 70+ 10 0.1+0.04 590+ 130 6.7x10"%+ 1.8x10"%+ 2+2 0.7+0.2 0.8+0.4 0.4+0.1 2+3 2.0+0.8
5.1x10" 5.4x10'"
Two Way Repeated
Measures ANOVA
Distance
Ice Section
F 85.973 37.151 67.231 8.00% 8.00% 0.522 5.245 0.0814 1.937 0.469 22.477
p-value <0.001 <0.001" <0.001" 0.005" <0.001" 0.6 0.05" 0.9 0.2 0.6 0.002"
Ice Section x Distance
Date
F 6.101 0.564 3.229 - - 0.297 1.001 0.303 2.454 0.562 1.535
p-value 0.04" 0.6 0.1 - - 0.8 0.4 0.7 0.2 0.6 0.3
Date x Distance
Ice Section x Date
F 3.667 0.430 1.230 - - 0.244 1.061 0.841 0.515 0.691 0.902
p-value 0.04" 0.8 0.3 - - 0.9 0.4 0.5 0.7 0.6 0.5
Tukey’s Post Hoc Test
0-2 vs 2-5
q 8.552,7.992, 10.330 6.531 2.774 2219 - 4.569 - - - 9.355
13.597%
p-value <0.001" 0.001" 0.009" >0.05 >0.05 - 0.04" - - - 0.002"
0-2 vs 5-10
q 9.246, 8.753, 10.771 16.292 3.883 4.438 - 2.570 - - - 6.016
14.334%
p-value <0.001" <0.001* <0.001" <0.05" <0.05" - 0.2 - - - 0.01"
2-5vs 5-10
q 0.694, 0.761, 0.441 9.762 1.109 2219 - 1.999 - - - 3.339
0.738%
p-value >0.8 0.9 0.001" >0.05 >0.05 - 0.4 - - - 0.1

+ Difference between ice section within date (i.e. 28 April, 3 May, and 9 May)

} Indicates Kruskal-Wallis one-way ANOVA on ranks (0-2, 2-5, and 5-10 cm; n=12)

* Indicates statistical significance

Note: Difference between date within ice section were observed for 0-2 cm ice section (not shown here)
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3.5 DISCUSSION

Studies of the ice algal community along a vertical fine structure gradient (Smith et al. 1990,
Gradinger 1999), across a tidal strait (Dalman et al. 2019), and over fortnightly tidal cycles
(Gosselin et al. 1985, Cota et al., 1987), have helped demonstrate that nutrient supply gradients,
via ocean-ice fluxes to the bottom ice algal community, can greatly influence standing stocks and
production. However, all of these studies depended on bulk community analyses. The use of
FTIR to analyse minute changes in biomolecular composition of bulk algal cells in natural
(Giordano et al. 2001, Stehfast et al. 2005, Dean et al. 2010) and culture-based communities
(Heraud et al. 2008, Sackett et al. 2013, 2016), as well as individually (Findley et al. 2015;
Pogorzelec et al. 2017) have been successful. Here, we examine the biomolecular composition of
individual diatom cells, using FTIR spectrochemical imaging, in response to two expected

nutrient supply gradients in their natural environment.

3.5.1 Bottom-ice algal response across the tidal strait

Light availability to the bottom ice-algal community is greatly attenuated by the high
scattering properties and thickness of the overlying snow and sea ice cover, (Perovich et al. 1998,
Perovich 2018). Despite our best efforts to target a similar snow depth at all sites, snow depth at
site 4 was significantly less in comparison to all other sample sites (Fig. 3.3). However, percent
PAR transmittance to the ice bottom was not significantly different, due to a small snow depth
difference (<2 cm), an equal surface albedo and increase in ice thickness towards site 4 (~170
cm). The lack of a significant difference in PAR transmittance supported a minimal influence of
light variability on algal properties across sites. The lower ice thickness at sites 1 and 2 agreed

with the observations of Dalman et al. (2019) where greater under ice tidal currents increased
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ocean-ice heat fluxes, impeding ice growth within the tidal strait. In fact, it is this process that
has led these regions to be referred to as invisible polynyas (Melling et al. 2015). Support of a
greater ocean-ice heat flux also implies a greater nutrient flux from the underlying water column
(Dalman et al. 2019), suggesting that we sampled a spatially decreasing nutrient supply gradient
from sites 1 to 4. Under-ice currents were not measured during our study.

Dease Strait, including the Finlayson Islands through which the tidal strait was sampled, has
been reported to be a nitrogen-deplete environment, limiting local ice algal production
(Campbell et al. 2016, Kim et al. In Review). The previously determined growth-limiting
nutrient, nitrate-+nitrite, was consistently <2 umol L-! and at a mol:mol ratio of 0.27 against
silicic acid, indicating nitrogen depletion in the region. This statement is made relative to the
adjacent source Pacific water mass, which tends to have a nitrate:silicic acid molar ratio of 0.5,
with nitrate concentrations of up to 15 umol L' (Carmack et al. 2004). In-ice nutrient
concentrations were observed to be greatest in the 0-2 cm ice section (Fig. 3.4B-D), however, no
significant difference was observed spatially between sites. There was also no discernable
change in pennate diatom contribution to the bottom-ice community composition across the tidal
strait (Fig. 3.5). This was in contrast to results from Dalman et al. (2019) who observed a slight
decrease in pennate relative abundance away from the tidal strait and hypothesized that the
change was a function of decreased ocean-ice nutrient supply (Dalman et al. 2019). Furthermore,
only Chl a concentration exhibited a significant decrease away from the tidal strait, with no
significant trends observed in POC concentration and the POC:Chl a g:g ratio (Fig. 3.6). Again,
these results make it difficult to conclude a spatial relationship existed across the tidal strait as
was observed in Dalman et al. (2019). It is noted that these bulk measurements do not provide

information regarding specifics of the ice algal community (such as relative condition of algal
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cells) as they include all sea ice inhabitants and organic particulates. In the present study, FTIR
spectroscopy analysis was utilized to investigate spatial trends across the tidal strait at the
cellular level.

In contrast to the bulk measurements, clear spatial trends were observed in the biomolecular
composition of N. frigida and Attheya spp. cells across the tidal strait. A significant increase in
saturated lipid content towards the outside of the tidal strait was observed for N. frigida, but no
trend was observed across sites for Attheya spp. (Fig. 3.8A and B). In contrast, cellular protein
content and the lipid:protein ratio significantly decreased and increased, respectively, outside of
the tidal strait for both N. frigida and Attheya spp. (Fig. 3.8 C-F).

Photosynthate allocation of carbon within the cell can be altered by either light availability
and or nutrient stress (Smith et al. 1997, Mock & Kroon 2002a, b). During the early portion of
the bloom, when the nutrient supply is higher relative to the algal standing stock, and thus
nutrient demand (Gradinger 2009, Dalman et al. 2019), ice algae divert photosynthesis-
assimilated carbon to protein production. When nutrients become limiting, the allocation of
carbon is diverted away from protein production and protein enriched complexes, such as the
chloroplast’s photosystem II, to lipid production (Smith et al. 1997, Giordano et al. 2001, Mock
& Kroon 2002a, Stehfest et al. 2005). The latter response is also expected to increase with
increasing light availability (Mock & Kroon 2002b). The fact that no significant difference in
PAR transmittance was observed across sites in our study decreases the likelihood of mis-
identifying biomolecular changes as a result of light availability. The observed changes in
biomolecular composition of both N. frigida and Attheya spp. cells could thus be interpreted as a
response to nutrient deficiency within the ice algal community. Therefore, these results support

the existence of a greater nutrient supply towards the centre of the tidal strait as concluded in
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Dalman et al. (2019). Furthermore, the greater response of lipid content in N. frigida cells
relative to that of Attheya spp. cells across the tidal strait supports greater sensitivity to changes
in nutrient availability as a function of the larger size and greater nutrient demand of N. frigida

cells (Pogorzelec et al. 2017).

3.5.2 Ice algal response up into the bottom-ice matrix

Nutrient, POC and Chl a concentrations all significantly decreased away from the ocean-ice
interface (from 0-2 to 5-10 cm). Within the bottom-ice 2-10 cm section, algae were starved of
nutrients, with averaged nitrate+nitrite, silicic acid, and phosphate concentrations of 0.3, 1.3, and
0.2 umol L', respectively. The difference vertically between ice sections was accentuated when
comparing the POC:Chl a g:g ratio, which increased from <100 in the bottom 0-2 cm section to
>450 in the 5-10 cm section. Lower values of the POC:Chl a ratio can be used to indicate a
greater contribution of active photosynthetic cells to the POC pool, with the ratio slightly
increasing under greater light availability due to decreased pigment production with light
acclimation and greater lipid production (Gosselin et al. 1990, Kirst and Wiencke 1995, Mock
and Kroon 2002b). However, substantial increases should be associated with nutrient stress and a
change from autotrophic to heterotrophic community state, such as arises during post-bloom
conditions (Mock and Kroon 2002a). The significant increase in the POC:Chl a ratio away from
the ocean-ice interface likely indicated a mostly trapped ice algal community that was in a post
bloom state with depleted nutrient resources.

Higher into the bottom-ice matrix, centric diatoms increased in relative abundance to become
the dominant taxa, even though a significant decrease in absolute abundance was observed for all

algal cells. Other ice algal taxa (e.g. flagellates and dinoflagellates) also increased in relative
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contribution as was observed in Gradinger (1999). Dominance by the smaller centric diatom cells
has been explained by less stress under nutrient-limiting conditions relative to that of larger
pennate cells, such as N. frigida (Pogorzelec et al. 2017, Campbell et al. 2018), or by an increase
in light availability (R6zanska et al. 2009). With respect to light availability, assuming an ice
attenuation coefficient of ~2 m™! (Perovich et al. 1998), the difference between the ice bottom
and 10 cm up into the ice matrix would be ~0.5% of surface irradiance. This difference fits
within the range of PAR transmittance observed across our sites. However, a slightly greater
attenuation coefficient is likely more reasonable to take into account the bulk ice algal
concentration over the bottom 0-10 ¢cm, which equates to 70 mg m™ (Table 3.1). Using the
equation provided in Ehn and Mundy (2013), an attenuation coefficient of 5.4 m™! is obtained for
this Chl a concentration, which equates to a change of ~1.5% of surface irradiance over the 10-
cm ice-bottom section. This vertical change in light availability is slightly greater than the spatial
variability, and thus cannot be ignored in its potential influence on the algal community.
However, it is significant to note that the vertical change in nutrient concentration was much
greater than its spatial variability, supporting a greater influence of decreasing nutrient
availability up into the ice bottom (Fig. 3.4B-D, Table 3.1).

Indeed, the increase in proportion of empty pennate frustules, but not centric frustules,
suggests a greater stress on the larger pennate cells. However, the biomolecular response
suggests a different possibility. N. frigida only increased in lipid content vertically from the 0-2
to 2-5 cm section (Table 3.1). In contrast, Attheya spp. lipid content significantly increased from
the 0-2 cm section to both the 2-5 and 5-10 cm sections. Additionally, only Attheya spp.
lipid:protein ratio significantly increased across all ice sections. These results suggest a greater

stress on Attheya spp. cells higher up into the ice matrix. As discussed above, when nutrients
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(particularly nitrogen) become limiting, protein production is reduced and a greater allocation of
carbon to lipid production occurs (Smith et al. 1997, Mock & Kroon 2002a, Pogorzelec et al.
2017). It is hypothesized that the Attheya spp. cells were trapped and cut-off from any nutrient
supply; a change in protein content would not be expected as cells would not be growing and
dividing. However, continued photosynthesis by individual cells could result in increased lipid
production as observed in our results. The vertical change in Attheya spp. biomolecular
composition and the lesser response of that by N. frigida cells are somewhat counterintuitive
relative to the taxonomic composition observations that suggested a shift towards centric diatom
community dominance away from the ocean-ice interface. The discrepancy between the relative
increase in N. frigida empty frustules versus no change for that in Attheya spp. can potentially be
explained by sample processing. That is, the thin and fragile A¢theya spp. frustules could have
been more easily broken-down during sample processing and storage and thus indiscernible
during cell enumeration. It is also noted that epiphytic associations between Attheya spp. and
much larger pennate cells (Poulin et al. 2011) were only observed in the 0-2 cm ice section. It
has been suggested that the host diatom can provide a transfer of nutrients to the epiphytic
diatom (Cattaneo & Kalff 1979, Eminson & Moss 1980). Therefore, we surmise that a lack of
epiphytic host higher into the ice, combined with a very limited ambient nutrient access, could
have greatly influenced the individual A¢theya spp. cells metabolic functions (i.e. lipid:protein
ratio).

The lack of vertical change in N. frigida lipid:protein content could also be due to a multiple
factors. Firstly, N. frigida can decrease metabolism (Aletsee and Jahnke 1992, Zhang et al. 1995)
and potentially exhibit a heterotrophic strategy, utilizing previously extruded extracellular

polymeric substance (EPS) as a nutrient resource (Nemi et al. 2011). These strategies could

51



minimize changes in biomolecular composition vertically in the ice matrix. Secondly, as a raphid
pennate diatom (Medlin and Hasle 1990), N. frigida has the capacity to glide across surfaces
(Wetherbee et al. 1998). Indeed, the capacity of sea ice pennate diatoms to move vertically
through the sea ice matrix in response to changes in light and nutrient access has been
demonstrated (Aumack et al. 2014). The potential for vertical motility of N. frigida cells could
mask any vertical response of this taxa within the bottom ice matrix and the opposite for non-
motile centric diatoms (e.g., Attheya spp.) that would be trapped in place within the accreting
bottom-ice environment.

Additional work is required to fully elucidate the physical and biological processes that led to
our observations. However, it is important to note that without the FTIR technique and its
corresponding cellular biomass composition estimates, interpretation of the vertical response of
the ice algal community would have been substantially limited. This note also applies to the
spatial results where changes in biomass composition strongly supported the existence of a
nutrient gradient across the Finlayson Islands tidal strait, whereas the bulk measurements (i.e.,
POC, Chl a and POC:Chl a ratio) made it difficult to draw conclusions from. Application of
FTIR spectroscopy for the autecological research of diatoms is still a relatively new and rarely
used technique. Therefore, we strongly encourage application of the technique to future

ecological studies of sea ice diatoms.
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3.8 SUPPLEMENTAL MATERIAL

Supplemental Table 3. 1: Salinity and inorganic nutrients spatial and vertical paired t-test
analysis across sample sites.

Parameter Salinity (psu) Phosphate (umol L) Nitrate + Nitrite (umol L)  Silicic Acid (umol L)
Ice section (cm) n=12 n=12 n=12 n=12
0-2
Avg. £SD 99+1.6 49 +2.0 1.5£0.9 54+23
2-5
Avg. £SD 6.5%0.6 0.3+0.06 03£0.2 1.7+0.7
5-10
Avg. £SD 6.0+0.4 0.2+0.06 04+0.2 09+0.5
Two Way Repeated Measures
ANOVA
Distance
Ice Section
F 472.469 72.798 104.808 22.257
p-value <0.001" <0.001" <0.001" 0.002"
Ice Section x Distance
Date
F 5.920 0.798 3.770 0.204
p-value 0.04" 0.5 0.9 0.8
Date x Distance
Ice Section x Date
F 5.572 0.764 1.964 0.287
p-value 0.009" 0.569 0.164 0.881
Tukey’s Post Hoc Test
Ice Section within Date
0-2 vs 2-5
q 16.189, 7.246, 12.857+ 14.620 18.694 7.217
p-value <0.001" <0.001" <0.001" 0.005"
0-2 vs 5-10
q 18.405, 8.785, 14.661F 14.932 16.580 4.573
p-value <0.001* <0.001" <0.001" 0.002"
2-5vs 5-10
q 2.216, 1.540, 1.803F 0.312 2.114 1.655
p-value >0.05 1.0 0.4 0.511

Tukey’s Post Hoc Test
Date within Ice Section

28 April vs. 3 May

q
p-value
28 April vs. 9 May

q
p-value
3 May vs. 9 May
q
p-value

7.854,1.997, 1.690%
<0.001%, 0.359, 0.473

4.473, 1.206, 0.703%
>0.05

3.381,0.791, 0.987%
>0.05

+ Ice section within date (0-2, 2-5, and 5-10 cm)
1 Date within ice section (28 April, 3 May, and 9 May)
* indicates statistical significance



CHAPTER 4: FTIR ANALYSIS OF THE BULK DIATOM
COMMUNITY

4.1 INTRODUCTION

Diatoms (Bacillariophyceae) are the dominant taxa of Arctic ice algae (Poulin et al. 2011)
and of most phytoplankton blooms during the polar spring (Leu et al. 2015). These pulses of
primary production support an energy-demanding Arctic marine ecosystem (Michel et al. 2006,
Sereide et al. 2010, Arrigo 2014) in which diatoms produce high-energy essential fatty acids (i.e.
saturated and unsaturated fats; Mock & Thomas 2005, Leu et al. 2010, Sereide et al. 2010).
Diatoms are a unique unicellular species of algae whose “shell” is a glass-like matrix composed
of biogenic silica called a frustule. The shape and form of their frustule can be used to further
classify diatoms into two common sub-categories; pennate (bilateral symmetric) and centric
(radial symmetric) diatoms, with pennates being the most dominant form found in sea ice
(Round et al. 1990, Poulin et al. 2011), while centric diatoms tend to dominate Arctic
phytoplankton blooms (Arrigo et al., 2012, Mundy et al., 2014). A rapidly warming Arctic,
causing earlier and longer sea ice melting seasons (Comiso et al. 2008, Markus et al. 2009,
Stroeve et al. 2012), is strongly altering the habitat of both ice algae and phytoplankton. This
warming results in a shift in timing, magnitude, and fate of each bloom, and will have important
ramifications on the Arctic marine ecosystem as a whole.

Fourier Transform Infrared (FTIR) spectrochemical imaging is a non-destructive, sensitive,
and efficient analytical infrared (IR) imaging technique that has been used successfully for the
analysis of the biomolecular composition of diatom cells (Giordano et al. 2001, Stehfast et al.
2005, Heraud et al. 2008, Dean et al. 2010, Sackett et al. 2013, 2016, Findley et al. 2015,

Pogorzelec et al. 2017). It has been well established that the infrared spectra of diatoms exhibit
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strong bands associated with saturated lipid (CH>+CHj3 stretches : 2980 and 2840 cm™), protein
(Amide I: centred ~1645 cm!) and silica (Si-O: 1075 cm™); occasionally polyunsaturated lipid
(PUFA: 3008 cm™') is also detected (Pogorzelec et al. 2017). Cellular lipid production is affected
by both light and nutrient availability (Gosselin et al. 1990, Mock & Gradinger 2000, Mock &
Kroon 2002a, b), whereas cellular protein production has been found to be mainly affected by
nutrient availability (Gosselin et al. 1990, Mock & Kroon 2000a). Therefore, the relative
intensities of spectral bands for lipid and protein can serve as biomarkers for monitoring the
effects of light and nutrient availability on the ice algal community, over time.

The speed at which FTIR image acquisition is accomplished could be greatly improved,
especially for the measurements of the bulk ice algal community. Herein, we describe an FTIR
analysis technique that enables rapid, efficient, and precise estimates of the biomolecular
composition of the diatom community. We have recorded and analysed the biomass composition
of a sample population from a diatom community, comparing results from a Focal Plane Array
(FPA) and a Single Element (SE) detector, in order to determine the method that would best
represent the community’s biomolecular composition in an efficient manner. Diatom cells for the
study were obtained from a bottom-ice algal community collected during the 2017 Ice Covered

Ecosystem-Cambridge Bay Process Study (ICE-CAMPS).

4.2 MATERIALS AND METHODS

4.2.1 Field Collection

Samples were collected during the 2017 ICE-CAMPS field campaign, between the Finlayson
Islands (a tidal strait region; 69°00.033°N, 105°48.967°W) within Dease Strait, and near

Cambridge Bay, NU, Canada, over three days between 26 April and 9 May. Ice cores were
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collected on landfast sea ice using a 9-cm inner diameter Mark II Coring System (Kovacs
Enterprises). Ice algal samples were collected by sectioning the lower 2 and 10 cm of ice cores
under thin (<4 cm) snow cover. Sample sites consisted of sites 1, 2, 3 and 4 across a constricted
waterway between the Finlayson Islands, herein after referred to as a tidal strait (Dalman et al.
2019; refer to Chapter 3; Fig. 4.1). To minimize the effects of visible and UV radiation on the
biomolecular composition of the ice algal samples (Leu et al. 2010, Stitt et al. 2012), all ice cores
were shaded during collection and segmentation. Ice cores were collected (1-3 cores) and pooled
together for each site and placed into insulated containers for transport and melting. Upon
returning to the laboratory, 0.2-um membrane filtered seawater (FSW) was added to each
container to create a 3:1 ratio of FSW to ice cores. The FSW and ice core solution was left to
melt naturally in insulated containers (Rintala et al. 2014). The FSW was added in order to
minimize fresh water osmotic shock and reduce the probability of algal cell-lysis (Garrison &

Buck 1986, Rintala et al. 2014), due to pure ice core melt.
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Figure 4. 1: 2017 ICE-CAMPS sample site locations (26 April to 9 May) in the Dease Strait
between the Finlayson Islands, near Cambridge Bay, Nunavut, Canada (69 00.033°N,
10548.967°'W). FTIR SE bulk community measurements included sites 1, 2 and 4 (0-10 cm).
FPA bulk 0-2 cm community and 0-10 cm single cell methods were tested with cells from,
included sites 1, 2, 3, and 4.
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4.2.2 Bulk Community FTIR Sample Preparation

FSWe-ice core solution, between 15 and 60 ml, was filtered onto a 5-um pore, 25-mm
polycarbonate membrane filter (SterliTech Corp. USA) for later FTIR analysis. Filters were
folded in half, wrapped in a pre-labelled aluminium casing, and stored at -80°C for up to 18
months prior to analysis. The technique described here closely follows that of the diatom-FTIR
procedures that have been described elsewhere in more detail (Findlay et al. 2015, Pogorzelec et
al. 2017, refer to Chapter 3). All FTIR samples were prepared in a darkened environment to
minimize light exposure. Diatoms were released from the polycarbonate filters and onto a 25 mm
diameter, 1 mm thick calcium fluoride (CaF; single element experiment) or 2 mm thick barium
fluoride (BaF2; focal plane array experiment) crystal substrate. Several 4 pl Milli-Q water
droplets were applied to the surface with a micropipette; a portion of the filter (roughly ") was
placed against the droplet, agitated, and quickly removed to release the cells. The cells were left
suspended in the droplet for roughly 30 seconds in order for them to settle to the substrate. After,
the excess water was carefully wicked away with lens tissue (low water absorption). This
technique greatly reduced the formation of sea salt crystals, which can negatively impact FTIR
spectral quality. The diatoms were examined under a white light microscope, coupled with a red-
light-photo-filter (650 nm) over the light source, to assess diatom abundance and location across
the window. The red-light-photo-filter was used to prevent or at least reduce, the photo-oxidation
of biomolecular content (Sattar et al. 1976, Stitt et al. 2012) within diatom cells. Before FTIR
analysis, cells were placed in a dark desiccator and dried for about 18 hrs to remove IR-active

water molecules from the sample.
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4.2.3 FPA Bulk FTIR Spectrochemical Imaging

An Agilent Cary 670 FTIR Spectrometer and a 620 IR Imaging Microscope was used to
analyse the diatom community biomolecular composition in transmission mode. This mode
refers to the IR light passing through the sample and IR-inactive crystal substrate. Infrared light
may be absorbed by the sample when the vibrational energies of the molecular functional groups
match the IR electromagnetic wavelengths. The IR light that is not absorbed travels to the
detector; the result is first recorded as percent transmittance, then converted into absorbance, via
Beer’s Law ((Absorbance = -log [%Transmittance]); Griffiths & de Haseth, 2007). All bulk
spectra of diatom cells were obtained with a 15x, 0.62 numerical aperture (NA) objective and
condenser. The FPA bulk imaging technique required the use of a focal plan array (FPA). An
FPA detector projects the entire imaged area onto a 64 x 64-pixel array of detectors, to yield
4096 individual IR spectra. The field of view (FOV) on the sample is 352 x 352 pum, thus each
IR spectrum comes from an area of 5.5 x 5.5 um, at normal magnification. For this study, the
entire spectra array was binned to produce a single summed IR spectrum (containing between 30
to 100 cells) of an entire FOV. A sum of 512 background scans or “blank image” was first
collected from a clean FOV; bulk diatom spectra were collected as a sum of 256 co-addition

scans and ratioed to the background.

4.2.4 FPA Single Cell FTIR Spectrochemical Imaging

Similar procedures (as described above) were followed for the FPA single cell technique.
Individual diatom cells of N. frigida (average cell size of 68 x 8 um) and Attheya spp. (average
cell size of 9 x 10 um) were imaged using the high magnification optics (geometric pixel area:

1.1 x 1.1 um), with a FOV of 70.4 x 70.4 um. Depending on the size of the diatom, 1 to 3
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diatoms could be imaged within a single FOV. Single celled diatoms were imaged at a sum of
512 background scans and 256 co-addition scans. Final FTIR image spectra were imported into

Matlab™ for further processing (Finlay et al. 2015, Pogorzelec et al 2017).

4.2.5 Single Element Bulk FTIR Spectrochemical Imaging

Bulk spectra of diatom cells, about 50 to 200 cells per field of view (FOV), were obtained
within a Single Element detector (SE). Unlike an FPA detector, a SE detector produces a single
IR spectrum from the entire FOV area (~530 x 440 um; Fig. 4.2). As the SE FOV is larger than
the FPA (both in high and normal mag), 50 to 200 cells could be captured at a time within a
single SE image. For all SE bulk diatom community data, a background was first collected as a
sum of 256 scans from a FOV that had no diatoms present. Bulk diatom community spectra were
then collected as a sum of 128 co-addition scans and ratioed to the background to obtain the final

FTIR spectrum.

4.2.6 Bulk Diatom Community FTIR Spectral Analysis

The saturated lipid, protein, and silica band areas were determined by integration of the area
under the absorption band of the spectral peaks to establish the total integrated biomass content
of the community, illustrated for SE imaging in Fig. 4.2 (refer to Chapter 3 for band integrations
parameters). The number of diatom cells in each FOV or per FTIR image/spectrum were
counted from a light microscope image. Diatoms were counted to whole numbers (no fractions)
by placing a 5 x 4 grid on the photo of the imaged area and manually counting the number of

diatoms within each cell of the grid. Damaged cells were counted only if >50% of the cell
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remained intact. For the single cell FPA technique, spectra were summed on a per cell basis for

Attheya spp. and N. frigida, via Matlab™ processing (Pogorzelec et al. 2017; refer to Chapter 3)
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Figure 4. 2: An example of SE imaging highlighting cell abundance per absorbance spectrum.
(A) SE field of view for 217 diatom cells, (B) SE field of view for 49 diatom cells, and (C)
summed IR absorbance spectrum per number of cells within a SE field of view.

4.2.7 Statistical Analysis

Least-squares linear regression analysis (y = b, + b;x) and non-linear regression (y =
b,x¢) were conducted to obtained the coefficient of determination (R?) and significance (p-
value) between pairs of biomass variables (i.e. number of cells, integrated FTIR band areas of Si-

O, CH>+CH3s, Amide I, and number of pixels).

4.4 RESULTS & DISCUSSION

4.3.1 0-2 cm FPA Bulk Correlation
The FPA detector bulk community 0-2 cm method was rapid, efficient, and precise in
collecting bulk community biomolecular measurements, with image acquisition times ranging

between 8-10 min per FOV. Least-squares linear regression analysis between the sum of
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integrated Si-O (x-axis) and sum of cells (y-axis) produced a strong positive linear trend (i.e.

86% of the cell number is explained by the model: Fig. 4.3A). This strong regression is
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Figure 4. 3: FPA 0-2 cm linear correlations (y = by + b;x) between (A) sum of integrated Si-O
vs. sum of cells (y = —3.21 + 0.01x), (B) sum of cells vs. sum of integrated CH>+CH3 (y =
934.10 + 24.67x), (C) sum of cells vs. sum of integrated Amide I (y = 1182.51 + 16.95x),
(D) sum of integrated Si-O vs. sum of integrated CH>+CH3 (y = 273.47 + 0.26x), and (E) sum
of integrated Si-O vs. sum of integrated Amide I (y = 721.24 + 0.18x).
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likely because the number of cells within a FOV directly influences the spectral Si-O absorption
peak, and therefore, more cells will result in greater Si-O content (vice versa; Round et al. 1990).
The sum of integrated CH>+CH3 (Fig. 4.3B) and Amide I (Fig. 4.3C) exhibited a significant and
positive linear correlation when normalized to the sum of cells. However, the correlation
between the sum of integrated Si-O and sums of integrated CH>+CH3 (Fig. 4.3D) and Amide I
(Fig. 4.3E), displayed a stronger relationship then that with number of cells (Fig. 4.3B-C). This
strong linear relationship is likely because Si-O is a measurement of integrated cell volume of
biogenic silica (similar for CH>+CH3 and Amide I) and takes into account cell size, unlike the

sum of cells variable, which carries an inherent error (i.e. cell size is not constant within a FOV).

4.3.2 0-10 cm FPA Single Cell Correlation

The FPA detector single cell (0-10 cm) analysis provided a more precise measurement, but
was not as rapid as the FPA bulk method (0-2 cm), with image acquisition times ranging
between 8-16 min per cell (cell size dependent). Single cell data analysis of the combined
Attheya spp. and Nitzschia frigida biomolecular composition within a 0-10 cm sea ice layer is
shown in Fig. 4.4. Non-linear regression analysis (i.e. power fit) between the sum of integrated
Si-O (x-axis) and sum of pixels (i.e. number of pixels that comprise of one cell; y-axis) produced
a strong positive regression (Fig. 4.4A). This is understandable as both the integrated Si-O and
sum of pixels remove the diatom size factor from the equation (i.e. the number of pixels and Si-
O that make-up the diatom cell is indictive of the diatom’s original size). The cells that have
lower pixel and Si-O values consist mainly of the centric diatom Attheya spp. (avg. size of 9 x 10
um), while larger pixel and Si-O values belong to the pennate diatom Nitzschia frigida (avg. size

of 68 x § um).
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Figure 4. 4: FPA Attheya spp. and Nitzschia frigida 0-10 cm linear (y = by + b;x) and power
(y = byx?) correlations between (A) sum of integrated Si-O vs. sum of pixels (y = 1.96x°74),
(B) sum of pixels vs. sum of integrated CH,+CH3 (y = —30.86 + 1.24x), (C) sum of pixels vs.
sum of integrated Amide I (y = 8.45 + 0.32x), (D) sum of integrated Si-O vs. sum of integrated
CH>+CHj3 (y = —42.84 + 0.94x), and (E) sum of integrated Si-O vs. sum of integrated Amide |
(y = —13.86 + 0.25x).
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Regardless of the dependent variable (x-axis) chosen, either the sum of pixels or the sum of
integrated Si-O, the sum of integrated CH>+CHj3 (Fig. 4.4A and D) and Amide I (Fig. 4.4C and
E) correlated well against both independent variables (sum of pixels and sum of Si-O). CH>+CHj3
versus either the sum of pixels or the sum of integrated Si-O resulted in similar R? values.
Similarly, Amide I versus either the sum of pixels or the sum of integrated Si-O resulted in
strong R? values of 0.76 and 0.80, respectively. In essence, either parameter could serve to be

used to determine CH>+CH3 or Amide I content on a per cell bases.

4.3.3 0-10 cm Single Element Bulk Correlation

The SE detection method was very rapid in comparison to both FPA methods for bulk
community biomolecular measurements, with data acquisition times ranging between 2-5 min
per FOV. However, the SE FOV is not well established and has only been estimated to be 530 x
440 mm. Least-squares linear regression analysis between the sum of integrated Si-O (x-axis)
and sum of cells (y-axis) resulted in a positive significant linear relationship. However, the
number of cells did not strongly increase with an increase in integrated spectral Si-O (see Fig.
4.34 for cell and Si-O relationship). This weak correlation might be due to a disconnect between
the area imaged and cells counted. Additionally, the greater imaging area of the SE will include
more background and debris (non-cells) signal, producing a greater error in the spectrum. In
Figure 4.3B and C (0-2 FPA) the sum of cells versus the sum of the integrated CH>+CH3 and
Amide I dataset also exhibited a weak correlation. However, the comparison between the sum of
integrated Si-O (Fig. 4.5D and E) and the sum of integrated CH>+CH3 and Amide I content

exhibited a much stronger relationship.

69



300

250 +

200 -

Sum of Cells

1001 o

50

150 A

R?= 0.46
p < 0.0001

Sum of Integrated Si-O

25

12 14

Sum of Integrated CHy+CH3
5

054

R’=0.28
p <0.0001

20

D

R’= 0.68
p <0.0001

20

Sum of Integrated Amide |
.‘o“ E

o
w

R?= 0.31
. P <0.0001

054

00

R?2=0.77
p <0.0001

0.0

L L L L
150 200 250 300

Sum of Cells

6 8 10

Sum of Integrated Si-O

12 14

16

Figure 4. 5: SE 0-10 cm linear correlations (y = by + b;x) between (A) sum of integrated Si-O
vs. sum of cells (y = 60.88 + 13.53x), (B) sum of cells vs. sum of integrated CH>+CH3 (y =
0.01 + 0.004x), (C) sum of cells vs. sum of integrated Amide I (y = 0.04 + 0.004x), (D) sum
of integrated Si-O vs. sum of integrated CH>+CH3 (y = —0.01 + 0.13x), and (E) sum of
integrated Si-O vs. sum of integrated Amide I (y = 0.03 + 0.12x).

Although both detectors are built into the FTIR microscope, the absorbance measurements

between the two methods are dissimilar (i.e. record different absorbance values for a similar
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image). Therefore, they cannot be directly compared by absorbance values. This can be
improved with further direct comparison tests on the two detectors to develop a calibration or

transformation method, using identical samples and imaging area (i.e. 352 x 352 um).

4.4 CONCLUSION

FTIR spectrochemical imaging has previously proven to be successful in analysing the
biomolecular composition of diatom cells (Giordano et al. 2001, Stehfast et al. 2005, Heraud et
al. 2008, Dean et al. 2010, Sackett et al. 2013, 2016, Findley et al. 2015, Pogorzelec et al. 2017).
Here, we presented three different methods that would be suitable for of measuring the
biomolecular composition of the diatom community in a rapid, efficient, and precise manner.
Each method has its own particular set of pros and cons. For instance, both FPA methods give
similar image acquisition times of 8-10 min and are comparable to the results observed in
Chapter 3. The FPA bulk community method (5.5 x 5.5 um pixel resolution or normal mag.)
results in a larger imaging area and the ability to capture multiple cells, while the FPA method
for individual cell analysis (1.1 x 1.1 um pixel resolution or high mag.) cannot. Though the FPA
individual cell method likely yields more accurate results, due to the exclusion of the background
in summed biomolecular composition, the increased time would make this method inefficient for
bulk analysis. The SE bulk community method provides a much larger FOV and faster image
acquisition time by ~ 2-5 min per sample but did not reproduce the same quality of results as
observed in Chapter 3. Therefore, we believe the FPA bulk community (normal mag.) method is
best for acquiring bulk community biomolecular composition in a precise and efficient manner.
This is because the FPA bulk community method has a smaller FOV and, thus, removes most of

the background error in the summed measurements (observed in SE method). It also closely
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follows the measurements that were presented in Chapter 3 for single cell analysis. However,
more testing is required to truly determine the best bulk analysis method, via FTIR

spectrochemical imaging.
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CHAPTER 5: CONCLUSION & RECOMMENDATIONS

5.1 CHAPTER SUMMARY

Chapter 1 briefly introduces the thesis topic and outlines the general goals, thesis objectives,
and hypotheses. Chapter 2 illustrates a detailed, but brief literature review that includes
referenced material describing ice algal habitat and characteristics (i.e. location within sea ice,
seeding/colonization mechanisms and dominant ice algal taxa). The review also briefly discusses
the role of light availability and nutrient cycling mechanisms as well as how ice algae are
influenced by these environmental factors. Lastly, the chapter ends with a description of Fourier
Transform Infrared Spectrochemical imaging and the various techniques that can be used to
monitor the biomolecular composition of ice alga cells.

Chapter 3 is the first of two data chapters, consisting of a manuscript in final preparation for
submission to the international journal, Elementa: Science of the Anthropocene. It examines
changes in the biomolecular composition of individual diatom cells exposed to two expected
nutrient supply gradients in their natural environment: (1) a spatial gradient across a tidal strait
and (2) a vertical gradient up into the bottom ice matrix. Diatom samples were collected from the
bottom-ice 0-10 cm section (0-2, 2-5, and 5-10 cm) along a transect across a tidal strait between
the Finlayson Islands (Dease Strait, near Cambridge Bay, NU, CA). We hypothesized that an
increase in ocean-ice nutrient supply would occur towards the centre of the strait where sub-ice
currents and turbulence were greatest (Dalman et al. 2019). Two diatom taxa, Nitzschia frigida
and Attheya spp., were selected for Fourier Transform Infrared (FTIR) spectrochemical analysis
for lipid and protein content. The existence of spatial and vertical nutrient gradients across the

Finlayson Island tidal strait was strongly supported by trends and differences observed in cellular
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biomass composition, estimated via the FTIR technique. In contrast, bulk measurements (e.g.,
nutrient concentrations, particulate organic carbon (POC) and POC:Chl a) were difficult to
interpret with respect to a spatial trend, except for chlorophyll a (Chl @) concentration. However,
all bulk measurements detected a vertical nutrient gradient into the bottom-ice matrix. The larger
pennate diatom, N. frigida, was more sensitive to the spatial gradient where lipid (protein)
increased (decreased) and the lipid:protein ratio increased towards the outside of the tidal strait
(i.e. site 4). The non-motile diatom, Attheya spp., was observed to be more sensitive to the
vertical gradient (i.e. exhibited greater change in the cellular lipid:protein ratio). It was surmised
that Attheya spp. cells were likely trapped above the 0-2 cm ice section with very limited nutrient
supply. The FTIR technique proved to be a powerful technique to observe individual diatom
sensitivity to nutrient supply, seen as changes in biomolecular composition along spatial and
vertical nutrient gradients.

Chapter 4 is the second of the data chapters. It evaluates and compares three different FTIR
methods that are capable of examining the bulk diatom community in a rapid and efficient
manner. The diatoms cell wall consists of a glass-like matrix composed of biogenic silica, called
a frustule. FTIR spectrochemical imaging has continued to prove to be a successful technique for
measurement of the biomolecular composition of diatom cells. However, the speed at which
FTIR diatom image acquisition is accomplished has the potential to be greatly improved. Diatom
section samples were collected between the Finlayson Islands within the Dease Strait, near
Cambridge Bay, NU, CA. Out of the three techniques examined, the FPA 0-2 cm bulk
community (normal magnification) method was determined to be the most optimal method in
measuring bulk community biomolecular composition in a short period of time, as well as being

closely relatable to the single cell high magnification FTIR analysis data observed in Chapter 3.

76



Chapter 5 concludes this thesis by summarizing the key conclusions and providing future
recommendations for the application of FTIR spectroscopy in support of ice algae, and more

generally, diatom autecological research.

5.2 FUTURE RECOMMENDATIONS & CONCLUSIONS

With climate change rapidly affecting the Arctic icescape (i.e. decreasing sea ice extent and
thickness, earlier melt, and later freeze-up), more research is urgently needed to better
understand how these changes will impact the important ice algal community and their annual
spring bloom. My thesis research identified trends in diatom taxa sensitivities to natural nutrient
gradients. From this research, there are still open questions and potential future avenues of
research that will help improve our understanding of ice algal dynamics and the application of
FTIR imaging to diatom autecological research. Below are future research recommendations that
I suggest will push forward the research presented in this thesis.

1. In order to fully identify key patterns and trends between primary producers and their
natural environment, two experimental studies are recommended: (1) new FTIR time
series data collection and (2) a controlled light-nutrient exposure experiment.

Experiment 1: The tidal strait experiment in Chapter 3 should be re-visited for different

regions across the Arctic, with a few minor modifications:

a. Similar to Chapter 3, ice cores can be collected along a tidal strait region and
segmented into 0-2, 2-5 and 5-10 cm ice sections. However, the number of sites
sampled should be increased in order to capture tighter transitional trends between

sites.
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b. Under-ice nutrients and intra-cellular nutrients should be collected in addition to
in-ice nutrients. These additional nutrient measurements will serve as a baseline to
help set nutrient concentrations for the controlled experiment (part 2).

c. The study should measure under-ice currents to establish a better understanding of
its relationship to nutrient fluxes and incorporation into the bottom ice.

Experiment 2: The second part of this recommendation is an experiment to examine the
epiphytic-host relationship between Attheya spp. and pennate diatoms. The observed
increase in nutrient stress among Attheya spp. cells (non-motile) further into the sea-ice
matrix was surmised to be influenced by not only the loss of the host diatom, but also cell
entrapment with no new nutrient supply. To test these relationships, I suggest to
undertake a controlled laboratory culture experiment to examine the direct impact of
varying light and nutrient stress on Attheya spp., N. frigida, and the two taxa together.
Figure 5.1 illustrates the basic outline for the controlled culture experiment (or
multifactorial experiment):

a. Light, nutrients, temperature and salinity would be monitored and controlled to
match as best as possible the parameters observed within the bottom-ice habitat.

b. Diatom groups of Attheya spp., N. frigida, and both taxa together are to be exposed
to the different treatments (Fig. 5.1).

c. Cultured diatoms from each group and treatment would be sampled regularly over
the course of a 1- to 2-week period and analyzed by FTIR spectrochemical
imaging. Changes observed within the biomolecular composition of the diatom
groups should help confirm and expand upon the diatom-diatom relationship and

cell entrapment theory that was initially suggested in Chapter 3.
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Figure 5. 1: Cultured based experiment for examining Attheya spp. and N. frigida epiphytic-
host relationship under different light and nutrient treatments.

ii.  The successful rapid FTIR technique presented in Chapter 4 will serve as a precursor in
developing a method that will allow seamless comparison between two separate FTIR
detectors (SE and FPA). This can be easily accomplished by imaging a series of identical
algal samples, switching between detectors (i.e. Single Element (SE) and Focal Plane
Array (FPA)) and adjusting the microscopes’ field of view to be more comparable.

iii.  Chapter 4 also gave rise to the consideration of developing a prediction model/
calibration curve for determining absolute concentrations of single celled diatoms’
biomolecular composition (i.e. lipid, protein, and bio-genic silica), instead of the relative
values presented in this Thesis. This is in fact possible for bulk community samples, as
reported in Wagner et al. 2010, and Laurens and Wolfrum 2011. The authors were able to
determine absolute concentrations of biomolecular content, via FTIR, that were

comparable to other chemometric analyses (e.g. HPLC). This would provide for a more
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rapid and accurate comparison with other traditional analytical techniques and would
offer an opportunity to construct a method for rapidly determining the absolute
concentration of biomolecular content within individual algal cells.

iv.  Lastly, a future project should focus on further exploring the relationship between
POC:PON (particulate organic carbon and particulate organic nitrogen) and the
lipid:protein ratio (CH2+CH3:Amide [; 0-10 cm), in order to construct a universal
calibration curve. Wagner and Jebsen (2019) observed a strong relationship between
measured carbon:nitrogen ratios and FTIR related lipid:protein peak ratios, which was
also observed below in Figure 5.1 (R = 0.87 and R? = 0.75) using the SE bulk community
measurements (method in Chapter 4) and POC:PON measurements (Elemental Analyzer

(Elementar Vario Micro Cube); Cutter et al. 2014).
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Figure 5. 2: Linear correlation (y = by + b;x) between POC:PON ratio and SE bulk community
CH>+CHjs:Amide I ratio 0-10 cm (y = 0.36 + 0.04x).
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These proposed future research recommendations will provide further insight on the ice algal
community, pushing forward the studies presented in this M.Sc. thesis. Ice algae are a critical
component within the Arctic marine ecosystem, yet a lack of understanding has impeded our
ability to predict the ecosystem's response to ongoing climate change. This M.Sc. thesis has
provided new understanding and insight into the ice algal community and how individual diatom
cells respond, via biomolecular composition, to spatial and vertical nutrient gradients within a
tidal strait area. This M.Sc. thesis has also presented new imaging techniques that can rapidly
measure the biomolecular composition of the ice algal community. This has expanded upon the
possibility of creating new experiments to increase measurement efficiency, accuracy and
precision. The new information presented here has significantly increased our understanding of
the ice algal community and will help us better to predict future responses of this community to a

constantly changing environment.
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