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ABSTRACT

The Arctic and subarctic seas have been experiencing dramatic reductions in sea
ice extent as a result of climate change. Changes in sea ice extent and surface primary
production are expected to impact the timing, composition, and quality of export
production that supports deep-water benthic food webs, having cascading effects on
energy transfer, carbon (C) cycling, and food web functioning in Arctic and subarctic
ecosystems. Enhanced understanding of primary production, export production, and
carbon sequestration in sea-ice influenced regions is key to predict future productivity
and community responses to the changing climate. The traditional approach to interpret
stable isotope values of bulk organic materials has been widely used to study organic
matter sources and cycling in different ecosystems. However, bulk stable isotopes can be
difficult to interpret due to variations in source signatures and effects of metabolic
processes, trophic transfer, and microbial alteration. Stable isotope values of carbon and
nitrogen (8!°C and §'°N) in amino acids (AAs) have been proven to provide specific
information about C and N sources, shifts in nutrient sources, and physiological and
heterotrophic processing of the organisms. Compound-specific isotope analysis (CSIA)
of AAs has emerged as a powerful tool for tracing organic C and N in marine food webs,
sinking particles, and ancient sediments, allowing for more accurate interpretation of
stable isotope data.

With the novel CSIA-AA techniques, this thesis investigates different components
of the biological pump in the Canadian Arctic and subarctic seas: sea ice algae and
pelagic algae, exported sinking particles, and archived marine sediments. Chapter 2
explores differences in §'3C-AA and §'°N-AA signatures between sea ice and pelagic
algae collected in Canadian Arctic and subarctic seas. For the first time, distinct §'*C-
EAA fingerprints and different degrees of heterotrophic reworking are revealed between
sea ice and pelagic algae. These results highlight the potential of CSIA-AA to trace C
sources from sea ice and pelagic origins and to evaluate the efficiency of the biological
pump in polar marine environments. Building on these findings, Chapter 3 applies CSIA-
AA proxies on a two-year time-series of exported sinking particles collected in sediment
traps in the northwestern Labrador Sea to explore the sources and composition of organic
C and N in sinking OM. I reveal that sea ice algae and exported zooplankton fecal pellets
can be a critical source of C and N for benthic fauna. Chapter 4 reports the first coupled
AA §3C and 8"°N sediment core records spanning most of the Holocene period in
northeastern Baffin Bay. I demonstrate robust long-term preservation of CSIA-AA
proxies despite noticeable alteration in AA concentrations. These results expand limited
existing CISA-AA data on multi-millennial sediments from temperate seas to polar
regions and highlight the potential of AAs as reliable tracers to provide novel information
for longer-term paleo-reconstruction. Together, this thesis paves the way for the use of a
newly developed biomarker for sea ice algae and other existing CSIA-AA proxies that are
proven to be reliable OM tracers across different sedimentary regimes and time scales in
ice-covered Arctic and subarctic seas, which is essential for predicting future responses of
Arctic/subarctic ecosystems to long-term climate change.
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CHAPTER 1 INTRODUCTION

1.1 Overview

The overall goal of this thesis is to develop and apply a novel biogeochemical

proxy to investigate the composition of export production in Arctic and subarctic seas.

Accelerating warming and sea ice reduction are expected to affect the timing,
quantity, and quality of primary, secondary, and export production in the Arctic and
subarctic seas. The thinning and loss of sea ice represents a habitat loss for sea-ice algae,
which are a major contributor to primary production and important food sources to the
sea ice, pelagic, and benthic food webs, and ultimately impacts human communities that

rely on marine food resources in ice-covered regions.

To evaluate the role that sea ice algae play in export production, first, we need a
biogeochemical proxy that can detect the presence of sea ice algae in detrital materials.
Second, this proxy should be able to quantify the proportional contribution of sea ice
algae versus other major components in export production (pelagic algae, zooplankton,
and zooplankton fecal pellets). Finally, this proxy should be well preserved over long
time scales in ancient marine sediments and biological archives such as long-lived deep-

sea corals.

Here I leverage the novel technique of compound-specific isotope analysis of
amino acids (CSIA-AA). CSIA-AA proxies have been extensively applied to cultured or
field collected pelagic algae, zooplankton, and zooplankton fecal pellets from a wide
range of geographical locations but never to sea ice algae, exported sinking particles, and

ancient marine sediments from the eastern Canadian subarctic and Arctic seas.

The geographical focus of this thesis is the eastern Canadian subarctic and Arctic
seas, from northwest Labrador Sea to Baffin Bay, driven largely by ship-time availability

on the Canadian Coast Guard Ship Amundsen.

The research content of this thesis is organized into three chapters, each

investigating the baseline signatures and the composition of 1) surface water primary



production, 2) exported sinking particles, and 3) a sediment core spanning the past ca.

9,000 years.

1.2 Biological Pump in the Arctic and Subarctic Seas

The ocean sequesters one-fourth to one-third anthropogenic carbon dioxide (CO»)
from the atmosphere each year (Sabine et al., 2004; Sabine and Tanhua, 2010). This is
done by two principal mechanisms: the biological pump and the solubility pump (Fig.
1.1). The biological pump refers to biologically driven or mediated processes that
transport photosynthetically fixed carbon (C) from the ocean’s euphotic zone to deeper
waters via passive sinking, advection or vertical mixing, and animal transport (Fig. 1.1;
Turner, 2015). The solubility pump refers to air-sea exchange of atmospheric CO; into
dissolved inorganic carbon (DIC) and the subsequent downwelling into the ocean interior
(Fig. 1.1; Volk and Hoffert, 1985). The biological pump accounts for two thirds of
oceanic CO; sequestration and the solubility pump accounts for the other third (Gruber
and Sarmiento, 2002; Reid et al., 2009). The efficiency of the biological pump is
quantified as the fraction of net primary production that leaves the euphotic zone (i.e.,
“export efficiency”’) multiplied by the fraction of exported production that makes it to a
specified reference depth (i.e., “transfer efficiency”; Buesseler and Boyd, 2009; Buesseler
et al., 2020). The total efficiency is controlled by a wide range of physical, chemical, and
biological processes, such as nutrient availability, the composition of sinking particles,
aggregation and disaggregation processes, microbial degradation, and zooplankton
grazing and fecal pellet production (Fig. 1.1; De La Rocha and Passow, 2007). For most
of the open ocean, biological pump efficiency is about 5-25% immediately below the
euphotic zone and only about 1-3% in the deep sea (Buesseler, 1998; De La Rocha and
Passow, 2007). There is considerable regional and temporal variability in the efficiency,
with higher export and transfer during spring blooms and on productive shelves in polar

seas (> 10—-100%; Buesseler, 1998)

Rising anthropogenic CO», temperature, ocean stratification and acidification, and
changing nutrient availability are predicted to impact the biological pump efficiency by
altering surface phytoplankton abundance, composition, and phenology, and modifying

the quantity, quality, and composition of exported organic matter (De La Rocha and



Passow, 2007; Finkel et al., 2010; Passow and Carlson, 2012; Arrigo and van Dijken,
2015; Turner, 2015; Durkin et al., 2016). However, sampling and accessibility challenges
in the open ocean have left fundamental aspects of biological pump functioning under-
constrained, especially over seasonal and longer timescales. These challenges are even
greater in polar seas, which are particularly sensitive to climate change due to unique
oceanographic conditions (sea ice, snow and solar dynamics, freshwater input, deep water
convection, etc.; Wassmann, 2011, Passow and Carlson, 2012). An improved mechanistic
understanding of different components in the biological pump, including the contribution
of sea ice algae to export productivity and the role of bacterial heterotrophy in altering
the composition of sinking particles is necessary to better predict future trends in global

and regional biological pumping and to help inform climate mitigation and adaptation

policies.
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Figure 1.1 Simplified schematic of the biological (green arrows) and the solubility (blue

arrows) pumps in Arctic/subarctic seas modified from Passow and Carlson, 2012. Particulate and
dissolved organic matter (POM and DOM) produced via photosynthesis of carbon dioxide (CO»)
are transported to depth via migrating animals, passive sinking, and advection or vertical mixing.
The sinking flux of POM and DOM decreases with depth with POM and DOM remineralized
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back into dissolved inorganic carbon (DIC). Primary production transported below the euphotic
zone is termed export production, whereas that transported below mesopelagic zone is called
sequestration.

The Arctic and subarctic seas include the Arctic Ocean, comprising deep basins
surrounding the north pole and encircled by broad continental shelves of Europe, Russia,
Alaska, Canada, and Greenland (Coachman and Aagaard, 1974), and its marginal seas
located between 50°N and 70°N (Fig. 1.2). Despite the relatively small size (3% of
Earth’s surface), the Arctic Ocean, as well as its marginal subarctic seas, plays an
important role in global carbon uptake through surface water cooling, sea ice dynamics,
and intense primary production on extensive shelf seas (Aagaard and Carmack, 1989;
Kaltin et al., 2002; Anderson et al., 2004; Kaltin and Anderson, 2005; MacGilchrist et al.,
2014). Cooling of low saline surface water increases CO> solubility, drawing down more
CO; from the atmosphere whereas sea ice formation, cover, and melting affect air-sea
exchange of CO; in different ways (Kaltin et al., 2002; Anderson et al., 2004).
Intermediate and deep-water formation transports part of the dissolved CO- to deeper
layers that have a longer residence time compared to surface and halocline layers in
Baffin Bay (Top et al., 1980) and the Arctic shelves (Becker and Bjork, 1996). The local
and seasonal uptake of COz is further amplified by the intense primary production on
Arctic shelves: for example, the biological pump was found to be almost twice as
effective as the solubility pump in drawing down CO: on the highly productive Bering-
Chukchi shelves (Kaltin and Anderson, 2005).

The Arctic and subarctic seas are characterized by long, cold winters, short, cool
summers, and permanent or seasonal sea ice covers due to seasonal extremes of solar
radiation (Coachman and Aagaard, 1974; Hanna et al., 2021). Sea ice is formed by the
freezing of seawater and is further modified by physical, chemical, and biological
processes. Small ice crystals (frazil) first form in the water column when temperatures
drop to the freezing point, and later float to the surface, accumulate and further freeze
together into a contiguous ice sheet (Mundy and Meiners, 2021). Once ice sheets are
formed, they can continue to grow in the winter as first-year ice and start to melt with
increasing temperatures in spring and summer. If the ice is thick enough and survives the

melt seasons, it is classified as multiyear ice (Mundy and Meiners, 2021). Both first-year



and multiyear ice provide a range of habitats for sea ice algae (Smith et al., 1990) and
ice-associated grazers (e.g., amphipods and fish; Lenne and Gulliksen, 1991; Hop et al.,
2000; Gradinger and Bluhm, 2004) and foraging, reproduction, and resting grounds for
marine vertebrates (e.g., polar bears and ringed seals; Post et al., 2009, 2013).
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Figure 1.2 The Arctic Ocean and major subarctic seas. The white area shows Arctic sea ice
extent for September 19, 2023 (sea ice minimum). The orange line shows the 1981 to 2010
average extent for that day. Figure modified from National Snow and Ice Data Center (Fetterer et
al., 2017). BS, Bering Strait; DS, Davis Strait; FS, Fram Strait; HS, Hudson Strait; JS, Jones
Sound; LS, Lancaster Sound; NS, Nares Strait.

Sea ice algae are a major contributor to primary production in Arctic and
subarctic seas, especially in central Arctic Ocean with year-round multiyear ice (up to
60%; Legendre et al., 1992; Gosselin et al., 1997). Light is the main limiting factor of

primary production in ice-covered Arctic/subarctic seas, which is not available (or very
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limited) during late fall, winter, and early spring due to annual polar darkness and light
attenuating snow and ice covers (Berge et al., 2015; Mundy and Meiners, 2021). Sea ice
algae are adapted to grow at low-light conditions, freezing temperatures, and wide
salinity gradients that fluctuates with ice melting and forming (Kirst and Wiencke, 1995;
Lizotte, 2003; Janech et al., 2006; Bayer-Giraldi et al., 2011). In winter, sea ice algal
biomass remains low due to low temperature and solar irradiance. With increase in day
length and solar radiance and thinning of snow cover and sea ice, sea ice algal blooms
occur first before phytoplankton (pelagic algae) blooms in the water column, mostly in
the lower-most part of sea ice and in the ice-water interface (Fig. 1.3; Leu et al., 2015).
The two most important representatives of sea ice algae in the Arctic and subarctic seas
are Nitzschia frigida, a pennate diatom often dominating algal blooms in first-year ice,
and Melosira arctica, a centric chain-forming diatom that can produce concentrated
aggregates beneath multiyear ice and first-year ice (Leu et al., 2015; Mundy and Meiners,
2021). Towards summer, with further increase in air temperature and solar radiation, sea
ice and snow cover begin to reduce, followed by the onset of pelagic algae blooms (Fig.
1.3; Leu et al., 2011, 2015). Sea ice algal biomass is either released to the water column
by ice melting or maintained by the insulating snow layer that delays the melt process
(Fig. 1.3; Fortier et al., 2002; Mundy et al., 2005; Campbell et al., 2015). During ice-free
seasons, nutrients become limited due to the intense stratification of surface waters
associated with freshwater discharge from sea-ice melt (Arrigo et al., 2008; MacGilchrist
et al., 2014). The timing of sea ice algae and pelagic algae growth is critical for the
quantity and quality of primary and secondary production, and for the energy transfer to
higher trophic levels (Sereide et al., 2010). The production of sea ice algae is patchy and
highly variable in the Arctic/subarctic seas, averaging 5-10 g C m™ yr'! while that of
phytoplankton averages 12-50 g C m yr'!, depending on the latitude and the length of
ice-free seasons (Legendre et al., 1992; Gosselin et al., 1997; Leu et al., 2011). In areas
with extensive sea ice cover, sea ice algal production is of greater importance of the total
primary production (Gosselin et al., 1997). Sea ice algae are important food sources for
sea-ice, pelagic, and benthic grazers (Werner, 1997; Renaud et al., 2007; Sereide et al.,
2010; Leu et al., 2011). Isoprenoid biomarkers have revealed a high contribution of ice-

algae produced carbon to both pelagic and sea-ice food webs: 23—48% in pelagic



zooplankton, 58-92% in sea-ice associated zooplankton, and 72—100% in polar bears
(Kohlbach et al., 2016). Taken together, changes in sea ice extent and dynamics are
expected to impact the solubility pump by affecting air-sea exchange of CO», light and
nutrient availability for primary production, timing, quantity, and quality of primary and
secondary production, efficiency of biological pump (export production and
sequestration), habitats and food sources for sea ice, pelagic, and benthic organisms, and

thus have cascading effects on the overall Arctic/subarctic productivity and ecosystem

functioning.
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Figure 1.3 Simplified schematic of three developmental phases of sea ice algal and
phytoplankton (pelagic algae) blooms from winter to spring in Arctic/subarctic seas. Figure
modified from Leu et al., 2015.

The Arctic and subarctic oceans have been experiencing dramatic changes as a
result of climate change since the industrial era. The average monthly sea ice extent in
September has been declining on average at a rate of 12.5% per decade from 1979 to
2023 (Fig. 1.2; Sea Ice Index, Version 3. Fetterer et al., 2017). The reduction in sea ice
extent is accompanied by younger and thinner ice, freshening surface water, and less ice-

covered area in the Arctic, which affects light penetration, nutrient availability and
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density stratification in the water column (Post et al. 2013; Meredith et al., 2019). As a
result, the decline in sea ice has caused an increase in pelagic (open-sea) primary
production, a reduced surface nutrient availability, and a shift in plankton community
structure toward smaller-size picoplankton (Arrigo and van Dijken 2015; Li et al. 2009).
Further, the loss of sea ice represents a habitat loss for highly productive sea-ice algae,
which are a major contributor to primary production in the Arctic and subarctic seas
(Legendre et al., 1992; Gosselin et al., 1997). Recent studies also pointed out that
changes in timing, duration, and magnitude of sea ice and pelagic algal blooms due to the
loss of sea ice may induce potential mismatches for the timing of zooplankton production
and hence alter the quantity and quality of secondary production, biomass and energy
transfer to higher trophic levels, and biological pump efficiency in the Arctic and
subarctic seas (Post et al., 2013; Leu et al., 2011, 2015). Enhanced understanding of
primary production, export production, and sequestration in sea-ice influenced regions is
key to predict future productivity and community responses in the changing Arctic and

subarctic seas.

1.3 Compound-specific Isotope Analysis of Amino Acids

The use of stable carbon and nitrogen isotopes (5!°C and §!°N) on bulk organic
matter (OM) is well established in marine biogeochemistry and ecology studies to
explore source-sink and process information of C and N in marine primary production,
export production, and sequestration (Peterson and Fry, 1987; Altabet et al., 1999). The o
notation describes the relative difference (in parts per thousand; reported in %o or per mil)
of the isotopic ratios (e.g., *C/!2C, ’'N/!*N) of a sample and an internationally accepted
standard (Vienna PeeDee Belemnite for §'°C and the nitrogen gas (N2) in air for §!°N;
Peterson and Fry, 1987). A'*C and §'°N of marine OM are primarily controlled by 1)
source variability and the degree of utilization by autotrophs (Altabet and Francois, 1994;
Waser et al., 1998), 2) trophic transfers (Fry, 1988), 3) biochemical composition
(Abelson and Hoering, 1961; DeNiro and Epstein, 1977; Hayes, 2018), and 4) microbial
degradation (Freudenthal et al., 2001). In food web studies, §'3C and &'°N values of
primary producers are known as “baseline isotope values” and vary in space and time,

influenced by physiological differences in species and environmental parameters such as



temperature, CO» and nitrate concentrations (Peterson and Fry, 1987; Altabet and
Francois, 1994; Goericke and Fry, 1994; Needoba et al., 2003). When baseline C and N
isotopes are integrated into consumer tissues through diet, mixing of various diet sources
leads to alterations in 8'3C, while metabolic fractionation causes enrichment in §'"°N
(Peterson and Fry, 1987; Fry, 1988). Therefore, isotopic values of marine consumers and
detrital materials record changes in source contribution and trophic transfers (Peterson
and Fry, 1987; Altabet and Francois, 1994; Goericke and Fry, 1994). In marine
environments, bulk stable isotope values of OM represent a mixture of sources and
processes and thus are difficult to interpret (Boecklen et al., 2011). For example, it can be
difficult to determine whether changes in the bulk stable isotope values in a consumer is
caused by its trophic position or changes in the baseline level, or both (Post, 2002).
Additional complications arise when the material is subject to microbial degradation
(Harvey and Macko, 1997; Freudenthal et al., 2001). Microbes consume detrital OM
through the release of extracellular hydrolytic enzymes, which favor the breakage of
chemical bonds containing isotopically lighter isotopes (Silfer et al., 1992). To address
the confounding issues in bulk stable isotope measurements, compound-specific isotope
analysis (CSIA) is increasingly used in biogeochemical and ecological studies, which
measures the isotope values of individual monomers that form a macromolecule (e.g.,

amino acids in protein).

Amino acids (AAs) are the major form of nitrogen (N) and organic C found in
both living organisms and non-living organic matter (OM) and thus represent important
fractions in plankton, bacteria, and marine sediments in the ocean (Cowie and Hedges,
1992; Hedges et al., 2001). For example, AAs typically comprise a dominating portion of
the characterizable OM from surface plankton (> 60%) to deep sediments (> 50%) during
progressive degradation with depth in the Pacific Ocean (Fig. 1.4; Wakeham et al., 1997;
Middelburg, 2019). Recent advances in gas chromatography-isotope ratio mass
spectrometry (GC-IRMS) have made CSIA-AA a powerful tool for tracing organic C and
N in food webs (Larsen et al. 2013). Interpretation of 3'°C is based on the classification
of AAs into essential and non-essential groups according to their dietary requirements by
animals (Karasov and del Rio, 2007; Larsen et al., 2013; McMahon et al., 2013). Carbon

skeletons of essential amino acids (EAAs: phenylalanine, threonine, isoleucine, leucine,
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and valine) can only be synthesized by plants and bacteria de novo. Consumers cannot
synthesize EAAs in adequate amounts to support growth and maintenance, and thus
EAAs in consumer tissues are directly acquired from their diet with minimal changes to
the C skeletons (“dietary routing”; O’Brien et al., 2002; Wu, 2009). Thus, §'*C values of
EAAs remain unchanged when EAAs are entirely incorporated into consumers’ tissues
(McMahon et al., 2010, 2013; Larsen et al., 2013), while non-EAAs can be synthesized
de novo (e.g., from isotopically distinct carbohydrates or lipids) and their §'3C values
undergo large fractionations during de novo biosynthesis (McMahon et al., 2010, 2013).
In autotrophs, the diverse biosynthetic pathways and associated isotopic effects between
different phylogenic groups (e.g., terrestrial plants, fungi, eukaryotic microalgae, and
bacteria) lead to distinct and consistent 3'*C-EAA patterns, which are passed, unaltered,
to higher trophic levels and eventually preserved in paleo-archives such as proteinaceous
deep-sea corals and marine sediments (Larsen et al. 2015; McMahon et al. 2015). As a
result, 5'1°C-EAA patterns in consumers record the isotopic signatures of primary

producers fueling the food web.

Interpretation of §'°N is based on different groupings that are independent of
those based on 8'°C. §!°N-AA values in autotrophs mainly derive from transamination of
individual AA from the central glutamate pool (Macko et al., 1986). When incorporated
into consumers or detrital OM, the autotrophic baseline signatures are altered due to
trophic transfers or microbial degradation (Keil and Fogel, 2001; McCarthy et al., 2013).
Different classes of AAs undergo different degrees of alteration: The §'°N values of
“source” AAs (SrcAAs: phenylalanine and lysine) undergo little or no 8'°N enrichment
during trophic transfers and hence preserve baseline N values. §'°N-Phenylalanine is
proven to be the most reliable baseline N proxy for not only animals (McClelland &
Montoya, 2002; Chikaraishi et al., 2009), but for heterotrophic protists (Gutiérrez-
Rodriguez et al., 2014; Décima et al., 2017), heterotrophic bacteria, fungi, and archaea
(Yamaguchi et al., 2017), and plant materials (Fogel and Tuross, 1999). By contrast, the
5'°N values of “trophic” AAs (TrAAs: glutamine/glutamic acid, asparagine/aspartic acid,
alanine, leucine, isoleucine, proline, and valine) become enriched with increasing trophic
position or microbial processing (McClelland & Montoya, 2002). The decoupled changes
in 3!°N of SrcAAs and TrAAs enable direct estimation of trophic position, and the
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scattering patterns of TrAAs have been proposed as a new proxy for the extent of
microbial resynthesis (McClelland and Montoya, 2002; McCarthy et al., 2007, 2013;
Popp et al., 2007; Chikaraishi et al., 2009; Hannides et al., 2009, 2013; Nielsen et al.,
2015). Hence, the complementary but fully independent §'*C-AA and §'N-AA analyses
provide detailed information about C and N sources, trophic changes, and microbial
modification in marine OM and allow for more accurate interpretation of stable isotope

data (McMabhon et al., 2013; McMahon & McCarthy, 2016).
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Figure 1.4 Changes in the biochemical composition of organic matter (OM) during
progressive degradation from surface plankton and sediment traps at different depths to surface
and subsurface sediments in the Pacific Ocean (Wakeham et al., 1997). Figure modified from
Middelburg, 2019.

Compared to bulk stable isotopes, CSIA-AA requires a larger sample size for
analysis: approximately 5—10 mg of organic carbon per sample was required for §'3C-AA
and §'°N-AA analyses versus only about 0.1-0.3 mg for bulk stable isotope analysis.
AAs are extracted from the samples and purified by acid hydrolysis and cation-exchange
chromatography (Ohkouchi et al., 2017). The extracted AAs are converted into volatile
derivatives by derivatization, which includes esterification and acylation using

isopropanol and trifluoroacetic acid anhydride respectively (Silfer et al., 1991; Ohkouchi
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et al., 2017). The volatile derivatives are then separated by the Gas Chromatography
(GC) and converted into CO or N> gas by combustion, allowing for continuous flow
measurement of '2C/'?C on the CO> gas or ’N/*N on the N gas by the Isotope Ratio
Mass Spectrometry (IRMS; Meier-Augenstein 1999). A total of twelve AAs is typically
resolved: alanine (Ala), glycine (Gly), proline (Pro), valine (Val), leucine (Leu),
isoleucine (Ile), asparagine + aspartic acid (Asx), threonine (Thr), serine (Ser), glutamine
+ glutamic acid (GIx), phenylalanine (Phe), and lysine (Lys). Final §'*C values are
corrected for the isotopic fractionation and the introduction of C atoms during
derivatization according to Silfer et al. (1991) and normalized against instrument drift
between successive triplicate injections of the AA standard by applying linear regression.
Final §'°N values are calibrated based on the offset between known and measured values
of calibrated standards and normalized against instrument drift by applying linear
regression (Yarnes and Herszage, 2017). In this thesis, the reproducibility of AA
calibration standards ranges from 0.2%o to 0.8%o for both §!°C and §'°N.

1.4 Objectives

As a key component of Arctic and subarctic primary and export production, sea
ice algae are relatively understudied compared to pelagic algae. Data on sea ice algal
dynamics have become more widely available since the 1990s but the number of field
studies are still limited due to the difficulties in accessing sea ice environments and
sampling under-ice algae (Legendre et al., 1992; Gosselin et al., 1997). Current estimates
on Arctic and subarctic productivity mainly rely on satellite observations, which cannot
account for under-ice algal growth and phytoplankton blooms (Mundy et al., 2009;
Arrigo et al., 2012; Arrigo and van Dijken, 2015; Ardyna et al., 2020), and thus Arctic
productivity may be drastically underestimated. Existing biomarkers for sea ice algae are
either confounded by high uncertainties (bulk 313C; Pineault et al., 2013; Sereide et al.,
2013; De La Vega et al., 2019) and rapid degradation (fatty acids; Sereide et al., 2013;
Kohlbach et al., 2016; Middelburg, 2019), or cannot provide community-level
information on sea ice algal production, as is the case for biomarkers that are species
specific (highly branched isoprenoids; Belt et al., 2007; Belt and Miiller, 2013; Brown et

al., 2014). Hence, additional ice-algal specific and well-preserved biomarkers are needed
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for enhancing understanding of sea ice algal dynamics in the changing Arctic and

subarctic seas.

Exported sinking particles are typically collected, measured, and characterized
using moored sediment traps (Honjo and Doherty, 1988). Extensive effort has led to an
improved understanding of regional fluxes and composition of exported particles in
Beaufort Sea (Carey, 1987; Forbes et al., 1992; Lalande et al., 2009a), Canadian Arctic
Archipelago (Hargrave et a., 1989, 1994; Dezutter et al., 2021), northern Baffin Bay
(Hargrave et al., 2002; Lalande et al., 2009a), Laptev Sea, and East Siberian Sea (Lalande
et al., 2009a, b, 2019). Nevertheless, challenges remain to describe organic matter
composition in sediment traps: microalgae and zooplankton counts are time-consuming
and labour-intensive, which can be complicated by large morphological variability within
and between species, lack of taxonomic expertise, and inconsistency in identification
methods (McQuatters-Gollop et al., 2017). Applications of CSIA-AA on exported
sinking particles collected by moored sediment traps are scarce (e.g., Shen et al., 2021).
An improved quantification of exported sinking particles is key to predicting future
responses of Arctic/subarctic biological pump, marine ecosystems, and benthic

communities to a rapidly changing climate.

Baffin Bay is a semi-enclosed deep basin (> 2,300 m) that is almost completely
covered by sea ice from December to April (as of 2023, National Snow & Ice Data
Center; Tang et al., 2004), connecting the Arctic to the subarctic Labrador Sea and the
North Atlantic (Fig. 1.1). Thus, it is a good location to study past biogeochemical and
ecological changes in response to sea ice dynamics in a mid-Arctic region. A number of
studies on sediment cores from northeastern Baffin Bay have been conducted to
investigate changes in oceanic conditions over the Holocene (0—11,700 yrs) period (e.g.,
Levac et al., 2001; Mudie et al., 2005; Knudsen et al., 2008; St-Onge and St-Onge, 2014;
Caron et al., 2019a, b; Giraudeau et al., 2020; Hansen et al., 2020; Limoges et al., 2020;
Saini et al., 2020; Jackson et al., 2021). However, applications of CSIA-AA proxies on
ancient marine sediments are scarce, from only a few locations (Peru margin: Larsen et
al., 2015; eastern tropical Pacific: Sauthoff, 2016; North Pacific: Batista et al., 2014;
North Pacific and Pacific Arctic: Choi et al., 2022), but never from Baffin Bay.
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With the novel CSIA-AA techniques, this thesis investigates different components
of the biological pump in the Canadian Arctic and subarctic seas: sea ice algae and
pelagic algae, exported sinking particles, and archived marine sediments. The focus of
the study is to develop a new biomarker for Arctic/subarctic sea ice algae using CSIA-
AA and to evaluate the fidelity of the CSIA-AA proxies in exported sinking particles and
ancient marine sediments by addressing the following questions: 1) Are 8'*C-AA and
8!°N-AA patterns of sea ice algae can be distinguished from pelagic algae? 2) What are
the ultimate and proximal sources in exported sinking OM? and 3) What are the C and N
baseline signatures, and trophic and microbial processing recorded in Holocene

sediments?

In this thesis, each of chapters 2, 3, and 4 are presented as a stand-alone
manuscript. Chapter 2 has been published at the time of writing and the others were
prepared as manuscripts for publications in winter, 2023 and spring, 2024. The sequence
of chapters maintains a cohesive and logically structured flow, commencing with surface
primary production and moving on to the export of OM at greater depths, finally delving
into the exploration of paleo-records in subsurface Holocene marine sediments. By
exploring the differences in §'°C-AA and §!°N-AA patterns of sea ice algae and pelagic
algae in Chapter 2, the diagnostic potential of 3'3C-EAA for sea ice algae was
demonstrated, which were then applied to investigate the sea ice algal contribution to
exported sinking particles in Chapter 3 and Holocene sediments in Chapter 4. Building on
the findings of Chapter 2 and previous work of other CSIA-AA proxies, we constrained
the sources and proportional contributions of sinking organic matter to export flux in the
northern Labrador Sea in Chapter 3 and carry out the first CSIA-AA measurements on
Holocene sediments in northeastern Baffin Bay in Chapter 4. Chapter 3 and 4 highlighted
the potential of AAs as reliable tracers to document detailed information on C and N
baseline levels, and trophic and microbial processing in different sedimentary regimes

over different time scales.

Chapter 2, “Amino acid §'°C and 8'°N fingerprinting of sea ice and pelagic algae
in Canadian Arctic and Subarctic Seas” by myself, P. Mudie, and O. A. Sherwood was

published in the journal Frontiers in Marine Science in October, 2022. This manuscript
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explores differences in 8'*C-AA and §'°N-AA signatures between sea ice and pelagic
algae collected in Canadian Arctic and subarctic seas. For the first time, distinct §'°C-
EAA fingerprints and different degrees of heterotrophic reworking were revealed
between sea ice and pelagic algae. These results highlight the potential of CSIA-AA to
trace C sources from sea ice and pelagic origins and to evaluate the efficiency of
biological pump in polar marine environments, paving the way for our next chapter on
exported sinking OM. In this study, O. A. Sherwood and I contributed to conception and
design of the study. I carried out the sampling. O. A. Sherwood and I contributed to
sample processing, measurements, and data analysis. P. Mudie provided up-to-date
references and taxonomic data from sea ice and phytoplankton studies in Frobisher Bay

for comparison with our data. I wrote the manuscript with input from all the co-authors.

Chapter 3, “Sea ice algae and zooplankton fecal pellets fuel tight benthic-pelagic
coupling in the northern Labrador Sea” by myself, T. Dezutter, D. Cote, E. Edinger, C.
Lalande, and O. A. Sherwood was prepared as a manuscript, to be submitted in winter,
2023. Building on the findings of Chapter 2, this manuscript applies CSIA-AA proxies on
two-year time-series of sinking particles collected in two sediment traps in the
northwestern Labrador Sea to explore the sources and composition of organic C and N in
sinking OM. The location of sediment traps was at ca. 60°N, the southern border of the
Arctic Ocean, in the transition zone from the Canadian Arctic to Labrador Sea. Our
findings revealed that sea ice algae and exported zooplankton fecal pellets can be a
critical source of C and N for benthic fauna. In this study, D. Cote, E. Edinger, and O. A.
Sherwood and I contributed to conception and design of the study. T. Dezutter and I
contributed to sampling. T. Dezutter contributed to flux measurements and microalgal
and zooplankton counts. O. A. Sherwood and I contributed to sample processing, CSIA-
AA and bulk stable isotope measurements, and data analysis. D. Cote, E. Edinger, and C.
Lalande contributed to data interpretation. I wrote the manuscript with input from all the

co-authors.

Chapter 4, “Holocene preservation of amino acid §'C and §'°N signals in a
sediment core from off Northwest Greenland over the Holocene” by myself, A. Limoges,

and O. A. Sherwood was prepared as a manuscript, to be submitted in spring, 2024. This
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manuscript presents the first coupled AA §'3C and 3'°N sediment core records spanning
most of the Holocene period in northeastern Baffin Bay. Our measurements show robust
long-term preservation of CSIA-AA proxies despite noticeable alteration in AA
concentrations. These results expand limited existing CISA-AA data on multi-millennial
sediments from temperate seas to polar regions and highlight the potential of AAs as
reliable tracers to provide novel information for longer-term paleo-reconstruction. In this
study, O. A. Sherwood and I contributed to conception and design of the study. A.
Limoges contributed to measurements of bulk OM stable isotope analyses, diatoms, and
sea-ice biomarkers. O. A. Sherwood and I contributed to CSIA-AA sample processing,
measurements, and data analysis. [ wrote the manuscript with input from all the co-

authors.
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CHAPTER 2 AMINO ACID 613C AND 615N FINGERPRINTING OF
SEA ICE AND PELAGIC ALGAE IN CANADIAN ARCTIC AND
SUBARCTIC SEAS?

Abstract

The on-going decline in Arctic sea ice represents a significant loss of habitat for
sea ice algae, which are a major contributor to primary production in the Arctic. Data on
sea ice algal production is limited due to difficulties in both accessing sea-ice and
sampling under-ice algae. Compound-specific isotope analysis (CSIA) of amino acids
(AAs) is emerging as a powerful tool to trace element origins and biogeochemical
processes in marine food webs and may address the knowledge gaps in sea ice algal
productivity dynamics. Here we measured 8'°C-AA and 8'°N-AA in natural communities
of sea ice and pelagic algae collected from regions offshore Labrador and Nunavut,
Canada. Significant difference in §'*C-AA patterns between sea ice and pelagic algae was
observed in different size classes. This difference was further supported by multivariate
analyses based on normalized 8'3C of essential amino acids (EAAs), which demonstrated
a clear separation between sea ice and pelagic algae. Beta (p) values and trophic position
(TP) calculated from §'°N of Glutamic Acid and Phenylalanine (Phe) and Y’V parameter
for microbial resynthesis indicated a slightly higher heterotrophic biomass in pelagic and
sea ice samples as compared to cultured samples. This finding is consistent with the Phe-
normalized 8'°N of Alanine and Threonine, which provided better separations between
sea ice/pelagic algae and other end-member groups. Overall, our study provides first
insights into the potential differences in '3 C-AA and 5'°N-AA patterns between sea ice
and pelagic algae and suggests carbon of sea ice origins may be distinguished from
pelagic sources using CSIA-AA approach. These observations highlight the potential of
CSIA-AA to estimate proportional contributions of sea ice and pelagic algae to export

production and efficiency of benthic-pelagic coupling in polar marine environments.

!Chen, S.M., Mudie, P. and Sherwood, O.A., 2022. Amino acid §'*C and 3"°N fingerprinting of sea ice and
pelagic algae in Canadian Arctic and Subarctic Seas. Frontiers in Marine Science, 9, p.976908.

Student Contribution: I contributed to conception and design of the study. I carried out sampling, sample
processing, measurements and data analysis. I wrote the manuscript with input from all the co-authors.
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2.1 Introduction

The Arctic Ocean has been experiencing unprecedented reductions in sea ice
extent as a result of climate change. The average monthly sea ice extent in September has
been declining on average at a rate of 12.8 + 2.3% per decade from 1979 to 2018
(Meredith et al., 2019). This reduction is accompanied by younger and thinner ice,
freshening surface water, and less ice-covered area in the Arctic, which may alter
ecosystem dynamics by affecting light penetration, nutrient availability, and density
stratification in the water column (Post et al., 2013). The decline in sea ice has caused an
increase in pelagic primary production, a reduced surface nutrient availability, and a shift
in plankton community structure toward picoplankton (Li et al., 2009; Finkel et al., 2010;
Arrigo & van Dijken, 2015; Gérikas Ribeiro et al., 2020; Dhifallah et al., 2022). Further,
the loss of sea ice represents a loss of habitat for highly productive sea ice algae, which
can be a major contributor to primary production in the Arctic (3—25% and up to 60% in
the central Arctic; Legendre et al., 1992; Gosselin et al., 1997; Arrigo 2014). Therefore,
changes in sea ice extent and sea ice algal production are likely to have cascading effects
on energy transfer, carbon (C) cycling, and food web functioning in Arctic ecosystems.
Since 1997, data on sea ice algal activity and biomass have become more available, but
the number of field studies with a sufficient spatial and temporal resolution are still
limited (Gosselin et al., 1997; Leu et al., 2015). Despite an increase in primary
production being reported, current estimates on Arctic/subarctic productivity have been
mainly based on satellite observations, which cannot account for under-ice algal growth
and phytoplankton blooms (Mundy et al., 2009; Arrigo et al., 2012; Arrigo & van Dijken,
2015; Ardyna et al., 2020), and thus Arctic productivity may be drastically
underestimated. Recent studies also pointed out that changes in timing, duration, and
magnitude of the different types of algal blooms due to the loss of sea ice may induce
potential mismatches for the timing of zooplankton production and hence alter the
biomass and energy transfer to higher trophic levels (Post et al., 2013; Leu et al., 2015).
Enhanced understanding of sea ice algae production and clear distinction of their
dynamics from pelagic algae is essential to evaluate future productivity and community

responses in the changing Arctic.
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A key to improved understanding of sea ice algae is the use of highly specific
biomarkers. Existing proxies include bulk stable carbon isotopes (8'>C), fatty acids, and
highly branched isoprenoids (HBI; e.g., IP2s). Sea ice algae have been reported to be
more enriched in §'°C compared to phytoplankton, due to the C-limiting environment in
the semi-closed sea ice system (Kohlbach et al., 2016; De La Vega et al., 2019). This
difference in bulk 8'*C has been widely used to trace C from sea ice algae and pelagic
phytoplankton, yet interpretation of bulk §'3C can be complicated by the variations in
source signatures, effects of metabolic processes and other environmental factors
(Pineault et al., 2013; Sereide et al., 2013; Kohlbach et al., 2016). To account for the
uncertainties in bulk §'*C, fatty acid proxies were often used along with stable isotope
analyses to provide a more accurate estimate of ice algal production (Budge et al., 2008;
Sereide et al., 2013; Kohlbach et al., 2016). As a common biomarker for marine primary
producers, fatty acids alone are not able to distinguish sea ice algae from phytoplankton,
because both communities consist of mainly diatoms which produce the same fatty acids
(Sereide et al., 2013; Kohlbach et al., 2016). The small biomass (5-14% of the C
biomass) in marine phytoplankton and rapid degradation in detrital materials, however,
pose challenges to preservation of fatty acid proxies in marine sediments or bioarchive
organisms (e.g., mussels and deep-sea corals; De Troch et al., 2012; Jonasdottir, 2019). A
HBI proxy, 1P2s (“Ice Proxy with 25 carbons”), was discovered to be exclusively
produced by a few Arctic sea-ice diatoms and has been used as a presence/absence
indicator of sea ice taxa in marine sediments (Belt et al., 2007; Brown et al., 2014).
However, being highly species specific, this biomarker may not provide community-level
information on sea ice algal production (Belt & Miiller, 2013). Hence, additional ice-
algal specific and well-preserved biomarkers are needed for advancing knowledge of sea

ice algal dynamics in the Arctic.

Compound-specific isotope analysis (CSIA) of amino acids (AAs) has emerged as
a powerful tool for tracing organic C and nitrogen (N) in marine food webs and
sediments (Larsen et al., 2009; Larsen et al., 2013; McMahon et al., 2013; Batista et al.,
2014; Ohkouchi et al., 2017). The traditional approach to interpret stable isotope values
of bulk organic materials has been widely used to study organic matter sources and

cycling in different ecosystems (Fry 1998). However, bulk isotopes can be difficult to
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interpret due to modification by a wide range of environmental factors, including
variations in C or N sources, trophic transfer, and microbial alteration (Boecklen et al.,
2011). With the emerging CSIA-AA approach, these confounding factors can be
addressed by measuring stable isotope values of carbon (§'3C) or nitrogen (§'°N) atoms
in individual compounds, e.g., amino acids, that provide specific information about their
sources and the physiology of the organisms (Close, 2019). Isotopic fractionation of C in
AAs is largely determined by their assimilation and biosynthesis. Amino acids are
conventionally classified into essential and non-essential AAs based on their dietary
requirements by animals (Karasov & del Rio, 2007; McMahon et al., 2013). Essential
amino acids (EAAs) can only be synthesized by autotrophs or resynthesized by bacteria
de novo and utilized directly by consumers with minor alteration to their C skeletons
(Larsen et al., 2013; McMabhon et al., 2013). Diverse biosynthetic pathways and
associated isotopic effects lead to distinct and consistent §'°C of EAAs in different
functional groups of primary producers (Hayes, 1993; Larsen et al., 2009), which are
transferred to higher trophic levels with little or no trophic discrimination (McMahon et
al., 2013). Therefore, 3!’ C-EAA patterns of consumers reflect the isotopic signatures of
primary producers at the base of the food web (McMabhon et al., 2013). In the ocean, the
813C-EAA signatures of primary producers are passed, unaltered, to higher trophic levels
and eventually preserved in paleo-archives such as proteinaceous deep-sea corals and
marine sediments (Schiff et al., 2014; Larsen et al., 2015; McMahon et al., 2015). Such
stable isotope “fingerprints” have been developed for primary producers from terrestrial
and aquatic ecosystems (Larsen et al., 2009; Larsen et al., 2013; McMahon et al., 2015)
and used in Bayesian mixing models to reconstruct plankton community structure from
archived materials (McMahon et al., 2015). The changes in §'°N in AAs during trophic
transfers lead to different groupings of AAs that are independent of those based on §'°C.
The !N values of source AAs (SrcAAs) remain basically unchanged while those of
trophic AAs (TrAAs) become enriched with increasing trophic position (McClelland &
Montoya, 2002). The scattering of 3'°N-AA values has been used to investigate the
relative contribution of heterotrophic biomass (the Y V parameter; McCarthy et al., 2007).
Hence, the ability of '°N-AA to provide specific information about trophic transfers, N

sources and microbial biomass disentangles the confounding effects for bulk isotope

20



values and allow for more accurate interpretation of stable isotope data (McMahon et al.,

2013; McMahon & McCarthy, 2016).

Sea ice algae are subject to extreme variations in light, temperature, and salinity
during ice formation and melting, and are therefore adapted to a wide range of
environmental conditions (Kirst & Wiencke, 1995). These adaptations include changing
chlorophyll characteristics in response to low-light conditions (Kirst & Wiencke, 1995)
and production of anti-freeze proteins (Janech et al., 2006; Bayer-Giraldi et al., 2011),
which may impact the biosynthetic pathways of AAs and generate unique 6'°C-AA and
8!°N-AA patterns that can be distinguished from algae of pelagic origins. We therefore
hypothesize that the §'3C-AA and §'°N-AA patterns of sea ice algae can be distinguished
from those of pelagic algae. Here we present the first preliminary test of this hypothesis
by determining 8'3C-AA and §'°N-AA values of sea ice and pelagic algae collected
offshore Labrador and Nunavut, Canada. By measuring §'°C-AA and §'°N-AA values
and comparing with existing data of other end-member autotrophs (Larsen et al., 2013;
McCarthy et al., 2013; Sauthoff, 2016; Doherty et al., 2021), we assess the potential to
develop a new quantitative biomarker for sea ice algae. With this proxy, it may be
possible to reconstruct the relative contribution of sea ice algae to export production
recorded in deep-sea corals and marine sediments, which will enhance our understanding

of sea ice algae dynamics and contributions to export productivity.

2.2 Materials and Methods

2.2.1 Sample collection and processing

Brash ice and pelagic algae were collected opportunistically during expeditions of
the Canadian Coast Guard Ship Amundsen to the northern Labrador Sea and Baffin Bay
during late June to early July in 2019 and during mid-July to mid-August in 2021 (Fig.
2.1, Table A1l). Brash ice algae were collected in Frobisher Bay (Station: FB) in 2019 and
Baffin Bay in 2021 (Station: SF and CF) while pelagic algae were collected on the
Labrador Shelf (Station: NS and IC) in 2019 and Baffin Bay in 2021 (Station: SF and

CF). Both regions are subject to seasonal sea ice cover (Yashayaev et al., 2021).
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Figure 2.1 Map of sampling locations off Labrador and Nunavut, Canada. Light blue circles:

sea ice algae collected by coring of spring fast ice; Green circles: sea ice algae collected by
melting of late spring and early summer brash ice; Orange circles: pelagic algae collected by a
CTD-Rosette. Location/station abbreviations: CB, Cambridge Bay; CF, Clark Fjord; SF,
Southwind Fjord; FB, Frobisher Bay; NS, Non-sponge Site; IC, ISECOLD1-1500. Figure made
with Ocean Data View, Schlitzer, 2021.

Pelagic algae were collected using a CTD-Rosette (Seabird SBE-911 plus)
equipped with a fluorometer and 24 12-L Niskin bottles (Fig. 2.1). Fluorometer readings
during the descent of the CTD were used to identify the depth of the deep chlorophyll
maximum (DCM). Samples were then taken at depths at or above the DCM (Table Al).
Seawater from each depth was then drawn directly from the Niskin bottles into a pre-
rinsed 20-L plastic containers and kept in darkness before and during subsequent
filtration. Algae were isolated by size-fractionated filtration through nylon filters of 180-
um and 20-um pore size and polycarbonate filters of 3-um and 0.2-um pore size,
respectively, using a peristaltic pump. Depending on the concentration of particulate
organic matter (POM) in each sample, the volume of seawater filtered was between 10
and 20 L. Immediately following filtration, each filter was then packed into a piece of

aluminum foil, placed in a plastic bag, and stored at -20°C until further analysis.

Sea ice algae were collected by scooping pieces of brash ice using a cage lowered

by a crane from the bow of the ship. The ice was immediately placed in 0.2-um filtered
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seawater at an approximately 1:1 volume ratio and melted at room temperature in the
dark upon collection. Melt water was filtered with the same size-fractionated system
described above in 2021 (through 180-pum, 20-pum, 3-um and 0.2-um pore size filters). In
2019, due to time and equipment constraints, melt water was only filtered through 3-um
and 0.2-um pore size filters. Every 0.5—1 L melted ice water was filtered through the

size-fractionated system in a descending order for each sample.

Additional samples of sea ice algae were provided by Centre for Earth
Observation Science, Manitoba. The samples were collected during the 2017 ICE-
CAMPS field campaign (26 April to 12 May 2017) within a tidal strait area between the
Finlayson Islands near Cambridge Bay, Nunavut (~69°00.033°N, 105°48.967°W; Fig.
2.1, Table A1), by filtration of landfast ice-core melt (30—100 ml) onto pre-combusted

GF/F filters (Pogorzelec et al., in review).

Upon return to the laboratory, all the filters were freeze-dried and weighed to
estimate the biomass collected on each filter by subtracting the average weight of blank
filters (n = 10 for each type with a standard deviation up to 1.0 mg). Sea ice algae filters
had approximate biomass ranging from < 0.1 to 12.2 mg while pelagic algae filters
ranging from 0.7-11.9 mg. All the freeze-dried filters were stored at -20°C in dark again
until further analysis.

2.2.2 Amino acid 813C and 81>N analyses

Approximately 2—5 mg of biomass was required for §'3C-AA and 5'°’N-AA
analyses per sample. For algae filters with a biomass < 1 mg, 2 or 3 filters of the same
pore size from the same piece of ice or the same water depth were combined as one
sample. Individual or combined filters of algae were transferred to Pyrex culture tubes in
preparation for AA acid hydrolysis. Since some sea ice algae filters were collected
through different pore sizes (only 3 and 0.2 pm), to make them comparable with pelagic
algae, sea ice and pelagic algae filters with pore size of 180 um, 20 pm and 3 um
collected from the same piece of ice or the same depth were combined to one sample. We
found that nylon filters of 180-um and 20-um pore size reacted during AA derivatization

and introduced contamination peaks during isotopic analyses. Therefore, biomass was
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extracted from the nylon filters before hydrolysis. To carry out the extraction, 180-pum
and 20-um filters collected from the same depth were placed in 5 ml Milli-Q water in a
Pyrex culture tube and ultrasonicated at 40 kHz for 45 min. Thereafter, the Pyrex tubes
were centrifuged at 3000 rpm for 10 min, and the supernatant and the filters were
removed from each tube. The 3-um filter from the corresponding depth or the same piece
of ice was then added to each Pyrex tube, so that each tube contained biomass from the
180-um, 20-pm and 3-um filters. The 0.2-um filters from different depths or ice were
treated as individual samples and transferred to Pyrex tubes for further hydrolysis. It is
important to note that ultrasonic extraction may induce cell disruption which releases a
portion of water-soluble proteins and free AAs (Rahman & Lamsal, 2021). The impact of

ultrasonication on AA composition and CSIA values is discussed in the supplementary.

Individual or combined filters/biomass of sea ice algae and pelagic algae in Pyrex
culture tubes were hydrolyzed in 2-ml 6-N HCI (Sigma-Aldrich) at 110 °C for 20 hours
(Larsen et al., 2013; Batista et al., 2014; McMahon et al., 2015). Following hydrolysis,
the liquid phase in each sample was transferred into a 4- or 7-ml dram vial (Sigma-
Aldrich). Preparation was done in batches of 6—7 samples, two calibration standards of
AA mixtures with known §'*C and 8'°N values and a lab standard (homogenized
Chlorella powder; Organika) processed in the same way as samples. Each sample was
spiked with a norleucine (Nle) internal standard (Sigma-Aldrich) and purified using
Dowex 5S0WX8 200-400 (H) cation exchange resin following Fabian et al. (1991) and
Takano et al. (2010). To reduce polarity and increase volatility of AAs for GC-IRMS
analysis, AAs were converted into volatile derivatives by esterification of carboxyl
groups and subsequent acylation of amine groups using isopropanol and trifluoroacetic
acid anhydride respectively (Silfer et al., 1991; McMahon et al., 2015). Derivatized
samples were purified and extracted with a phosphate buffer (P-buffer) solution (Mixture
of 1 M KH;PO4 and 1 M Na;HPO4 solution) prepared in deionized water (Millipore,
Milli-Q; adjusted to pH = 7) and chloroform (Sigma-Aldrich) following the procedures
described by Ueda et al. (1989), Carstens et al. (2013) and Broughton et al. (2015).
Samples were well mixed with 2-ml P-buffer and 2-ml chloroform by shaking the vials
for 30 sec and then centrifuged at 3000 rpm for 5 min. The P-buffer layer was removed

followed by an addition of another 2-ml P-buffer solution to repeat the mixing and
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centrifugation twice or three times. After the last centrifugation, the chloroform layer
containing derivatized AAs was transferred to a new dram vial. The remaining P-buffer
layer was washed by shaking and centrifugation with another 2-ml chloroform, which
was pooled together with the previously obtained chloroform in the new dram vial.
Purified samples in chloroform were acylated again, dried and dissolved in ethyl acetate

(Sigma-Aldrich) for further analysis.

Samples were injected in triplicate or quadruplicate, bracketed by triplicate or
quadruplicate injections of calibration standards, and analyzed for §'3C or §'°N using a
Trace 1310 Gas Chromatograph (GC) coupled with a Delta V IRMS (Thermo Scientific).
The following AAs were typically measured under our analytical conditions: alanine
(Ala), glycine (Gly), proline (Pro), valine (Val), leucine (Leu), isoleucine (Ile),
asparagine + aspartic acid (Asx), threonine (Thr), serine (Ser), glutamine + glutamic acid
(GIx), phenylalanine (Phe), lysine (Lys) and tyrosine (Tyr). Measured §'°C values were
corrected for isotopic fractionation and introduction of C atoms during derivatization
according to Silfer et al. (1991). Linear regression was used to normalize samples against
instrument drift between successive triplicate injections of the amino acid standard
(Yarnes & Herszage, 2017; denoted as calibrated §'*C). Measured 8'°N values were
calibrated based on the offset between known and measured values of calibrated
standards and normalized against instrument drift with linear regression (denoted as
calibrated §'°N). The average reproducibility of §!°C was =+ 0.3%o for the internal
standard Nle, and from + 0.2%o (Asp) to = 0.6%o (Leu and Lys) for AA standards,
respectively (n = 27 for each AA). The average reproducibility of §'°N was =+ 0.5%o for
the internal standard Nle, and from + 0.3%o (Pro) to = 0.8%o (Thr) for AA standards,
respectively (n = 26 for each AA). The relative abundance (mol%) of amino acids was
quantified by calibration of mass 44 peak areas measured during §'3C analysis using
relative response factors between each AA and the Nle internal standard, following

Kaiser and Benner (2005).

2.2.3 Calculations and statistical analyses

25



To account for region-specific differences in baseline §'°C, calibrated §'>C values
were internally normalized by subtracting the mean of 5 EAAs (Phe, Leu, Ile, Thr and
Val) for each sample (denoted as normalized §'3C). Normalization accounts for variations
in inorganic C sources and other environmental parameters, whereas the internal
variations between AAs are driven by the underlying biochemical mechanisms (Larsen et
al., 2015; McMabhon et al., 2015). Larsen et al. (2015) examined the §'>C-AA fingerprints
of a cultured marine diatom (Thalassiosira weissflogii) under a wide range of
environmental parameters (light, salinity, temperature, and pH). They found that despite
natural variability in bulk §'3C and absolute 5'°C-AA values, the normalized §'°C-EAA
values remained unaltered under different growing conditions, suggesting that internally-
normalized §'3C-EAA signatures are diagnostic of the biosynthetic origins of AAs across
environmental gradients (Larsen et al., 2015). This spatiotemporal consistency in §'*C-
EAA signatures of marine primary producers was further validated by controlled
experiments by Stahl (2021) and analyses of 135 field samples by Elliott Smith et al.
(2022).

The trophic position (TP) of samples was estimated based on the calibrated 5!°N
values of Glx and Phe, following the equation proposed by Chikaraishi et al. (2009) and
modified by Nielsen et al. (2015):

TP =

(65 Ngy,, — 6 Nppe — 2.9%0) 1

6.6%0 M

Where 2.9%o is the beta () value representing the difference between the trophic
AA §N-GIx and the source AA §'°N-Phe in marine primary producers and 6.6%o is the
trophic enrichment factor representing the §'°N enrichment in Glx relative to Phe with
each trophic transfer (Chikaraishi et al., 2009; Nielsen et al., 2015). To compare with
published B values, Bcix/phe and PBaixLys values were calculated for sea ice and pelagic

algae from the calibrated 3'°N values of Glx and Phe, and Glx and Lys, respectively.

To examine the degree of heterotrophic resynthesis, > 'V was calculated based on
the deviation in calibrated §'°N values of trophic AAs, following the formula McCarthy
et al. (2007):
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XV = E ZABS(615Ni - 615Nmean) (2)

Where n is the number of trophic AAs used in this calculation, §1°N; are the
calibrated §'°N values of each trophic AA (Ile, Leu, Asx, Glx, Pro and Ala) and
85 Nppean is the average 5'°N value of these AAs. Higher Y’V values indicate a higher
degree of heterotrophic resynthesis (McCarthy et al., 2007).

Prior to testing the differences between sea ice and pelagic algae using Two
Sample T-test and one-way ANOVA with Tukey HSD test, normalized §'°C and
calibrated 5'°N values were tested for univariate normality with Shapiro-Wilks test (R
package: stats). Principal component analysis (PCA, R package: FactoMineR) and Linear
discriminant analysis (LDA, R package: MASS) were performed in R version 4.1.1 with
RStudio interface version 1.4.1717. To examine the differences between sea ice and
pelagic algae, PCA was performed on normalized 5'°C-AA values and calibrated 5'°N-
AA values, respectively. To assess to what extent sea ice algae can be distinguished from
pelagic algae, an LDA classification model was built based on their normalized §'*C-
EAA values and a leave-one-out cross validation approach was used to calculate the
probability of group membership of the classifier samples. Standard ellipse areas (SEA)
were plotted for the groups' bivariate means in the PCA and LDA plots, each enclosing

~40% of the data.

2.3 Results

2.3.1 Amino acid 813C and 815N patterns

The overall 3'*C-AA patterns for all measured algae were similar to eukaryotic
microalgae reported elsewhere (Larsen et al., 2013), with relatively more positive values
for NEAAs (Fig. 2.2). For EAAs, all the algae groups had normalized §'*C values of -3
to -6%o for Phe, Leu and Val, and ~2%o for Ile. The §'>C of Thr was more variable,
ranging from 7.8%o to 14.9%o. Sea ice algae collected from brash ice (B) had higher Thr
values than those of pelagic algae (P) for both size groups (Two Sample T-test, p < 0.01)
while their Val values were significantly lower than pelagic algae for the 0.2—3 um group

(p < 0.05).
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To validate if the difference between sea ice and pelagic algae was consistent
across different ice types, we compare the results from the brash ice with sea ice algae
from fast ice (F) from Cambridge Bay. Similarly, sea ice algae from the fast ice (> 0.7
um; n = 6) exhibited a higher Thr value than those of pelagic algae for both sizes (n =9
for each size; Two Sample T-test, p < 0.01; Fig. 2.2). Leu and Val values from the fast
ice algae were significantly different from those of pelagic algae for both sizes (p < 0.01).
The NEAA patterns were relatively similar between all groups, except for Gly which was
significantly higher in both size groups of pelagic algae (p < 0.05; Fig. 2.2). Variations in
normalized §'3C-EAA values were significantly different between different groups (one-
way ANOVA, p <0.001), with a higher variation in sea ice algae, ranging 21.7 £+ 1.0%o
for > 0.7 um fast ice algae, 18.3 £ 1.6%0 and 18.5 £ 3.4%o for > 3 um and 0.2—3 pum brash
ice algae, and 15.2 + 2.0%o and 13.7 &+ 1.5%0 for > 3 um and 0.2-3 um pelagic algae,
respectively. The Tukey HSD test revealed that the differences between > 3 pm and 0.2—
3 wm brash ice algae, > 0.7 um fast ice algae and 0.2—-3 um brash ice algae, and > 3 um

and 0.2-3 pum pelagic algae were not significant (p > 0.05).
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Figure 2.2 Normalized 3'*C-AA values of pelagic algae (P) and sea ice algae from the fast
ice (F) and brash ice (B). Error bars show £1 standard deviation for each group (n = 5-9).
Asterisks indicate significant differences between brash ice algae and pelagic algae for both sizes
(Two Sample T-test, p < 0.05). Daggers indicate significant differences between fast ice algae and
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pelagic algae for both sizes (Two Sample T-test, p < 0.05). Abbreviations: EAAs, essential amino
acid; NEAAs: non-essential amino acid.

Patterns of §'°N-AA for pelagic and sea ice algae were also broadly similar to
marine algae and particulate organic matter reported globally (McCarthy et al., 2007,
2013) with relatively lower values for source AAs and higher values for trophic AAs
(Fig. 2.3). Note that §'°N-AA in the fast ice samples from the Cambridge Bay was not
analyzed due to low biomasses from small filtration volumes (see Sect. 2.2.1). Different
algal and size groups shared similar calibrated 3'°N-AA values in Phe (mean: 5.3 +
1.3%0) and Lys (mean: 5.5 £+ 1.4%o; one-way ANOVA, p > 0.05; Fig. 2.3). There were
significant offsets in trophic AAs between brash ice algae and pelagic algae (Two Sample
T-test; Asx, Ala, and Gly for >3 um, p < 0.05; Gly and Val for 0.2-3 um, p < 0.05; Fig.
2.3). Compared to Phe, which is an indicator of §!°N of baseline N sources, most trophic

AAs had similar or higher §'°N values while Gly and Thr were lower (Fig. 2.3).
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Figure 2.3 Normalized 3'°N-AA values of pelagic algae (P) and sea ice algae from the brash
ice (B). Error bars show +1 standard deviation for each group (n = 4-8). Asterisks indicate
significant differences between > 3 um sea ice and pelagic algae (Two Sample T-test, p < 0.05).
Daggers indicate significant differences between 0.2—3 um sea ice and pelagic algae (Two Sample
T-test, p < 0.05). Abbreviations: SrcAA, source amino acid; TrAA, Trophic AA.
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2.3.2 Multivariate analysis

To explore the differences in normalized '*C-AA patterns between sea ice and
pelagic algae, principal component analysis (PCA) was performed on pelagic algae (P)
and sea ice algae from the fast ice (F) and brash ice (B). PCA using normalized §'*C
values of 11 AAs explained 60.6% of the total variation between individual samples. The
first principal component (PC1) accounted for 37.1% of the total variation and separated
the pelagic algae from the fast ice algae (Fig. 2.4a). The standard ellipses of brash ice
algae and pelagic algae showed a more constrained and separated distribution when
performing PCA using only the normalized §'*C values of EAAs, with variation
explained by PC1 increased by 11.6% (Fig. 2.4b). Phe, Leu, and Thr contributed the most
to the variation of PC1 (30.1%, 29.3%, and 23.1%, respectively). PC2 explained 24.6%
of the total variation, mostly contributed by Ile (58.7%) and Thr (32.1%).

PCA was performed on brash ice and pelagic algae using §'°N-SrcAAs and §'°N-

TrAAs respectively, and no clear separations were observed between algal groups (data

not shown).
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Figure 2.4 Principal Component Analysis based on normalized 3"3C values of (a) 11 amino

acids and (b) 5 essential amino acids of pelagic algae (P) and sea ice algae from the fast ice (F)
and brash ice (B). Values in parentheses of the axis titles are the percentage variation explained by
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each axis. The colored ellipses represent standard ellipse area (SEA) for each corresponding
group, containing ~40% of the data.

The separation between brash/fast ice algae and pelagic algae became more
pronounced in the LDA classification model (Fig. 2.5). The first linear discriminant
(LD1) explained 80.2% of group variation (Fig. 2.5). The re-classification using the
leave-one-out cross validation approach showed that 8 out of 12 brash ice samples were
classified as brash ice algae (87.0 = 12.6%), 15 out of 18 pelagic samples were classified
as pelagic algae (86.9 £ 16.1%), and all 6 fast ice algae were classified as fast ice algae

(93.8 = 15.1%; Table A3).
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Figure 2.5 Linear discriminant analysis based on normalized 3'°C values of 5 essential

amino acids of pelagic algae (P) and sea ice algae from the fast ice (F) and brash ice (B). Values
in parentheses of the axis titles are the percentage variation explained by each axis. The colored
ellipses represent standard ellipse area (SEA) for each corresponding group, containing ~40% of
the data.

2.3.3 TP and }V, Phe-normalized 815N of Ala and Thr,

Beta (B) values calculated from the calibrated !N of Phe and Glx averaged 3.8 +
0.5%0 and 4.4 + 0.9%o for > 3 um and 0.2-3 um brash ice algae, and 6.1 = 1.3%0 and 5.6 +
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0.9%o for > 3 um and 0.2-3 um pelagic algae, respectively. The BaixLys values were
similar across different size and algal groups (one-way ANOVA, p > 0.05), with means
of 4.4 + 0.7%o and 5.2 £ 0.9%o for > 3 um and 0.2-3 um brash ice algae, and 5.1 = 1.1%o
and 4.8 + 1.0%o for > 3 pum and 0.2-3 pm pelagic algae, respectively.

Table 2.1 Calculated Bgivene and Poiviys values (sample size, mean, and standard deviation)

of different algal groups from published literature and this study. Asterisks indicate significant
differences between > 3 pm brash ice and pelagic algae (Two Sample T-test, p < 0.01).

BGix/Phe PcrLys
Group n Mean SD n Mean SD
Nielsen et al. (2015)
Phytoplankton 47 2.9 1.9 - - -
Ramirez et al. (2021)
Eukaryotic algae 39 3.8 1.3 8 4.6 2.6
This study
Brash ice algae
>3 um’ 8 3.8 0.5 8 4.4 0.7
0.2-3 um 4 4.4 0.9 4 52 0.9
Pelagic algae
>3 pm” 7 6.1 1.3 7 5.1 1.1
0.2-3 um 7 5.6 0.9 6 4.8 1.0

Trophic position (TP) values estimated based on the calibrated 8'°N of Phe and
Glx averaged 1.2 £0.1 (n=12) and 1.5 + 0.2 (n = 21) for sea ice algae from the brash ice
and pelagic algae (Fig. 2.6a). Values of the ) V parameter for microbial resynthesis were
similar between the two algal groups, with means of 1.8 & 0.5%o and 1.9 £ 0.5%o,
respectively (Two Sample T-test, p > 0.05; Fig. 2.6a). Both sea ice and pelagic algae
showed significant differences in TP from cultured algae (0.7 = 0.5, n = 12), and
zooplankton (2.5 = 0.4, n = 7). The ) 'V values of sea ice algae were significantly
different from sediment values reported in the literature (2.3 & 0.7%o, n = 28; p < 0.05)

while those of pelagic algae showed no difference from sediment (p > 0.05; Fig. 2.6a).

Another way to distinguish different end-members is to examine their Phe-

normalized §'°N of Ala and Thr, which have been found useful in previous studies
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(Doherty et al., 2021). Sea ice algae from the brash ice and pelagic algae were examined
and compared with previously published end-members (McCarthy et al., 2013;
Yamaguchi & McCarthy, 2018; Doherty et al., 2021). Sea ice algae had similar Phe-
normalized Ala values with cultured algae (p > 0.05), which were significantly different
from pelagic algae, and all the other end-members (p < 0.05; Fig. 2.6b). Pelagic algae had
higher Ala §'°N than sea ice algae and cluster closer to microbial degraded POM and
sediment (Fig. 2.6b).

< Seaice algae < Pelagic algae <> Cultured algae
< Zooplankton & Sediment @ Degraded OM < Fecal pellets

(a) (b)
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Figure 2.6 Estimation of trophic transfers and microbial reworking from §'°N-AA. (a) End-

member trophic position (TP) and the ¥ V parameter of sea ice (brash-ice) and pelagic algae were
calculated based on calibrated §'°N-AA values (semi-transparent circles) with end-member means
and £1 standard deviations (diamonds with error bars). (b) End-member data based on Phe-
normalized 8'°N of Ala and Thr (semi-transparent circles) are shown with end-member means and
+1 standard deviations (diamonds with error bars). Other end-member means and standard
deviations are shown in diamonds with error bars from previously published studies: cultured
algae, McCarthy et al., 2013; sediment, Sauthoff, 2016; degraded OM, Yamaguchi & McCarthy,
2018; fecal pellet and zooplankton, Doherty et al., 2021). Abbreviations: OM, organic matter.

2.4 Discussion

2.4.1 Distinct essential amino acid 813C fingerprints

Our study characterized for the first time, distinct 3'*C-EAA patterns between sea

ice and pelagic algae (Fig. 2.2). Despite a different size range (> 0.7 um), this distinction
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from pelagic algae was found consistent in another set of sea ice algae from the fast ice
from Cambridge Bay. The distinction between sea ice and pelagic algae is further
evidenced by the increase in variation explained by PC1 and PC2 and a clear separation
between groups with loadings of only EAAs in the PCA (Fig. 2.4b). This finding was
consistent with previous observations that EAAs were among the most informative AAs
for separating different primary producers (Larsen et al., 2013). The separation between
sea ice and pelagic algae became more pronounced in the LDA classification model that
correctly predicted the classes of most samples (Fig. 2.5; Table A3), which is not
surprising because, unlike PCA, LDA is a supervised technique that maximizes the
separability between the classes. The strong classification probability in LDA
demonstrated the potential to use §'*C-EAA fingerprints to trace C sources from sea ice
and pelagic origins. Typical sea ice and pelagic communities in Arctic/subarctic regions
consist of a mixture of diatoms, dinoflagellates, and flagellates (Lizotte, 2003; Poulin et
al., 2011; Harrison et al., 2013; Hop et al., 2020), which was evidenced by the similar
513C-AA patterns for all measured algae to eukaryotic microalgae reported by Larsen et
al. (2013). Although the community composition of sea ice and pelagic algae from the
northern Labrador Sea and Baffin Bay was not characterized in this study due to the lack
of taxonomic identification, previous studies can provide some taxonomic information of
sea ice and pelagic communities in Frobisher Bay (Hsiao, 1979; Hsiao & Pinkewycz,
1985; Hsiao, 1992). Ice cores, seawater and sediment trap samples revealed a dominance
of diatoms in both sea ice algae in spring and phytoplankton in summer in Frobisher Bay
(Hsiao, 1979; Hsiao & Pinkewycz, 1985; Hsiao, 1992). Moreover, the community
composition of sea ice algae from the fast ice in Cambridge Bay was surveyed and over
80% of the total population was dominated by pennate and centric diatoms (Pogorzelec et
al., in review). Hence, we speculate that the unique §'*C-EAA signatures between the sea
ice and pelagic communities are less likely to be driven by their similar community
composition, and instead, they may be linked to the underlying biochemical and

physiological differences between these two groups.

To date, unique 3'*C-EAA patterns have been identified in algae, seagrass, plants,
fungi and bacteria (Larsen et al., 2009; 2013; Lehman, 2009; Vokhshoori et al., 2014).

Distinct and consistent 3'*C-EAA patterns in different phylogenic groups result from
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their associated biosynthetic pathways and isotopic effects (Macko et al., 1987; Abraham
& Hesse, 2003; Scott et al., 2006), which can be used as “fingerprints” to trace organic C
sources in consumers and detrital materials (Larsen et al., 2013; 2015; McMahon et al.,
2015). Larsen et al. (2013) analyzed a wide range of field and culture samples and
suggested that microalgae, such as chlorophytes and diatoms, shared similar §'°C-EAA
patterns and therefore should be categorized into a single group. Based on their work, one
would expect similar §'*C-EAA patterns between sea ice and pelagic algae, which are
typically dominated by diatoms in summer (Kirst and Wiencke, 1995; Lovejoy et al.,
2002; Lizotte, 2003; Hop et al., 2020). Whereas, we proposed that sea ice and pelagic
algae may generate distinct §'*C-EAA fingerprints based on the unique adaptations of sea
ice algae to their extreme habitats. Our findings in general supported this hypothesis (Fig.
2.2), but the specific mechanisms remain unclear. There are several hypothetical
explanations for their unique 8'*C-EAA patterns. Sea ice algae are typically selectively
developed from algal cells that incorporate into sea ice during ice formation or colonize
the sea ice following ice formation (Kirst & Wiencke, 1995; Lizotte, 2003; Mundy and
Meiners, 2021). The sea ice assemblages are subject to large gradients of temperature,
irradiance, and salinity during their life cycles. Adaptations to these special growing
conditions require specific physiological and metabolic properties, e.g., changes in
enzyme activities (Kirst & Wiencke, 1995; Lizotte, 2003). First, sea ice algae are adapted
to low-light conditions within or beneath sea ice with higher chlorophyll to C ratios and
hence require fewer photons to complete their life cycles compared to phytoplankton
(Kirst & Wiencke, 1995). Sea ice algae are also found to have optimal photosynthetic
rates at lower salinity during ice melting or at higher salinity during colder seasons,
depending on specific species (Lizotte, 2003). Studies on sea ice prokaryotic diversity
demonstrated a higher number of cultivatable species compared to planktonic
communities, indicating that sea ice communities may be better adapted to large substrate
gradients (Junge et al., 2002; Lizotte, 2003). In addition, anti-freeze proteins have been
reported to be produced by some polar sea ice assemblages, which are characterized by
their ability to influence ice formation and protect sea ice diatoms from freezing (Ewart et
al, 1999; Janech et al., 2006; Bayer-Giraldi et al., 2011). Amino acid composition

analysis showed a high abundance in Ala, Gly and Thr in anti-freeze proteins (Bayer-
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Giraldi et al., 2011), while our study found significant differences in §'°C values of Gly
and Thr between sea ice and pelagic algae for both sizes (Fig. 2.2). AA mol% of sea ice
and pelagic algae were well-balanced and consistent with previously reported values in
marine phytoplankton (Cowie & Hedges, 1992), but significantly increased abundance of
Thr was not observed in both fast-ice and brash-ice algal groups (Fig. Al). To our
knowledge, it is not yet known whether expression and biosynthesis of anti-freeze
proteins are associated to the C fractionation of those abundant or §'*C-enriched amino
acids in sea ice algae. Nevertheless, the generation of unique 8'°C signatures in other
source-specific molecules are produced by Arctic sea ice diatoms (Belt et al., 2008). Belt
et al. reported that Arctic sea ice diatoms can produce a sea-ice-specific isoprenoid
biomarker with distinctive 8'*C signatures from that originated from planktonic or
terrigenous organic matter (2008). As amino acids are the building blocks of life and
contribute to the majority of organic C in plankton and sinking particulate organic matter
(Hedges et al., 2001), their §'*C signatures controlled by biosynthetic and metabolic
pathways are likely to be impacted and modified by specific adaptations to extreme living
conditions in sea ice organisms. Future investigation is necessary for enhanced
understanding of specific processes that control stable isotope fractionation of individual

amino acids in sea ice algae.

2.4.2 N sources, trophic level, and microbial reworking

Amino acid §'°N analysis is a powerful tool to trace N cycling, reconstruct trophic
relationships in marine food webs and estimate the degree of microbial resynthesis in
marine organic matter (Ohkouchi et al., 2017; Close, 2019). In this study, both sea ice
and pelagic algae shared similar 3'°N values of SrcAAs (Phe: 5.3 £ 1.3%o; Lys: 5.5 +
1.4%o), consistent with the near-surface 8'°N values of nitrate (§'°N-NO3) in the study
region (5-6%o; Sherwood et al., 2021). This similarity with near-surface 3'°N-NOs has
two implications. First, from a nutrient uptake perspective, the §'°N-SrcAAs in pelagic
and sea ice algae could be interpreted to represent the accumulated product in Rayleigh
isotope fractionation dynamics during algal growth on nitrate (e.g., Waser et al., 2000).
Water column nutrient concentrations were not measured alongside the algae collection

in 2019 and 2021, but euphotic zone nitrate (and ammonium) along the western Labrador
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Sea and Baffin Bay margins is generally exhausted to < 1 uM by July each year (Harrison
et al., 2013). In this regard, the algal §'°N-SrcAA values appear to converge on that of
8!°N-NOs under conditions of complete nutrient utilization. Second, from a trophic
processing perspective, the 5'’N-SrcAA values in sea ice and pelagic algae were the
same, despite the indication of higher trophic position and microbial resynthesis in the
pelagic algae (Fig. 2.6). This adds to the growing body of evidence that §'°N-SrcAA
signatures are minimally altered during trophic processing of both living and detrital
biomass (e.g., Chikaraishi et al., 2009; Shen et al., 2021). Together, these interpretations
lend support to the use of §'"°N-SrcAA values recorded in benthic organisms and
sediments for tracking changes in baseline §'°N variability spatially and temporally

(Sherwood et al., 2014; Vokhshoori & McCarthy, 2014).

The higher TP in pelagic versus sea ice algae may be attributed to the different
degrees of heterotrophic processing in these field samples (Fig. 2.6). The Bgix/phe (2.9%0)
used in the TP calculation was derived mostly from cultured marine phytoplankton
(Nielsen et al., 2015). Compared to cultured samples, field-collected algae samples
include varying amounts of heterotrophic bacteria, protozoa and microzooplankton. The
influence of heterotrophic biomass is evident from the higher calculated Bgix/phe values for
sea ice and pelagic algae (Table 2.1). Hence, application of a smaller Baixphe value from
cultured samples led to slightly higher TP values in both the pelagic and sea ice algae
samples as compared to cultured algae (Table 2.1; Fig. 2.6a). Recent studies revealed that
Baixphe Values are more variable and more influential on TP estimation than typically
considered while BaixLys showed less variation across primary producer taxonomic groups
(Ramirez et al., 2021). The smaller variability in BcivLys was also reflected by the lack of
significant differences between different size and algal groups in our samples (Table 2.1).
To account for variability in B values and to obtain realistic TP estimation, future
research should sample in-situ primary producers concurrent to sampling of consumers,
establish/apply B values from in-situ primary producers, and when feasible, include

estimation based on §'°N-Lys for cross validation.

Although Glx is often used to compute TP for its chemical stability, high
abundance, and the pronounced trophic enrichment of §'°N (Chikaraishi et al., 2009),
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questions have been raised on whether GIx reflects reliable trophic enrichment in
plankton food webs (Gutiérrez-Rodriguez et al., 2014; Décima et al., 2017). Through a
series of chemostat experiments, Décima et al. suggested that under-estimation of Glx-
based TP for protistan consumers can be outstanding, and Ala instead may provide a
more robust trophic signal for protistan and metazoan consumers (2017). Our results
showed that Ala and Thr provide an improved separation between the primary end-
members (algae, fecal pellet, zooplankton, degraded OM and sediment) from the
microbial and plankton food webs compared to the TP-Y 'V model (Fig. 2.6). The
resemblance of sea ice algae with cultured algae and the clustering of pelagic algae
towards degraded OM and sediment demonstrated again the slightly higher contribution
of heterotrophic reworking in pelagic algae. Previous studies have revealed that Ala has a
higher trophic sensitivity to consumers involved in microbial food webs than Glx, while
Thr can distinguish animal metabolism (zooplankton and fecal pellet) from microbial
metabolism (microalgae and sediment; Gutiérrez-Rodriguez et al., 2014; Décima et al.,
2017; Doherty et al., 2021). Combined, Phe-normalized §'°N values of Ala and Thr
indicated slightly higher microbial metabolism in pelagic algae and minimal impacts of
animal metabolism on both sea ice and pelagic algae. Our observations provide support to
the use of 8!°N-Ala-Thr models for improved characterization of the end-member

distribution and contribution in microbial food webs.

2.4.3 Uncertainties in the CSIA-AA proxies

Our results showed clear separation of pelagic and sea ice algae based on §'°C-
EAA patterns. However, it should be emphasized that the measured 3'*C-EAA patterns
represent the integrated isotopic effects of a natural community. Previous studies
characterized §'*C-EAA values mostly at a family/species level and explored their unique
patterns for each phylogenic group (Larsen et al., 2009, 2013). Even though Canadian
Arctic sea ice and pelagic assemblages are known to be often dominated by centric and
pennate diatom species, among which Atteya spp., Fragilariopsis cylindrus, and
Nitzschia frigida are the most frequently reported (Poulin et al., 2011; Szymanski and
Gradinger, 2016; Hop et al., 2020; Pogorzelec et al., in review), our samples may be

influenced by other C imprints including other eukaryotic and prokaryotic algae and
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bacteria. Contribution from heterotrophic bacteria can be estimated from TP-) 'V and
8'"N-Ala-Thr models (Fig. 2.6). Our results suggest the modification by heterotrophic

biomass was in general insignificant.

As stated above, we hypothesized that the distinct §'°C-EAA pattern in sea ice
algae from pelagic algae is governed by their unique physiological adaptations to extreme
conditions. Nevertheless, the distinctions in §'*C-EAA patterns between sea ice and
pelagic algae could be impacted by the differences in algal community composition. To
assess the role community composition played in separating the algal groups, we
measured different size classes of sea ice and pelagic algae. Size classes are an important
functional trait for marine microalgae, and it has been previously reported that
picoplankton has distinct taxonomic composition from micro- and nanophytoplankton
(Lizotte, 2003; Finkel et al., 2010; Balzano et al., 2012). Hence, differences in the §'*C-
EAA patterns between size classes can serve as a rough proxy for 8'*C-EAA variations
due to community composition. In our study, the differences between sizes were less
pronounced compared to the differences between sea ice and pelagic origins (Fig. 2.2,
2.4), indicating community composition played a minor role in separating the algae
groups. It is yet difficult to draw a conclusion based on the moderate sample size of our
algae samples, especially for sea ice algae which were collected opportunistically. Hence,
extensive sampling of sea ice and pelagic algae of different sizes across a wide range of
geographical locations in different seasons is fundamental to test the consistency in §'*C-
EAA patterns of sea ice and pelagic algae across size, space, and time (Close, 2019;

Whiteman et al., 2019).

It is extremely hard to build an end-member library for each phylogeny due to the
difficulties in isolating substantial biomass for different species from field samples. Lab
cultures require specific facilities to maintain suitable growing conditions which could be
expensive and time consuming, and therefore constrain the number of species that can be
grown at a time, especially for sea ice algae. To our knowledge, few facilities can
simulate sea ice growth and mimic the natural sea ice environment for growing sea ice
algae (Geilfus et al., 2016). Moreover, not all the species are cultivatable. Although easier

to cultivate, planktonic communities are known to have a lower number of cultivatable
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species compared to sea-ice communities, which may result in biases when characterizing
species-specific end-members (Junge et al., 2002; Lizotte, 2003). On the other hand, field
assemblages are easier to be processed and less time-consuming with less or no
taxonomic identification and cultivation effort. Characterization of their §'*C-EAA
patterns from different types of habitats helps us obtain a general idea of contributions

from different C sources to marine organic matter.

In our study, the consistency in 8'*C-EAA patterns and the degree of
heterotrophic processing in sea ice and pelagic algae were validated by application of
different multivariate analyses, linear models and comparison with published data. A
tremendous advantage of using CSIA-AA proxies is the ability of amino acid §'*C and
81N to provide independent evidence and information about the source contributions and
heterotrophic processing in marine organic matter. However, the underlying biochemical
or metabolic mechanisms remained largely unclear. For example, the > V parameter was
defined as the average deviation of trophic AAs that reflects the degree of microbial
resynthesis (McCarthy et al., 2007). This application has been broadly reported and
yielded consistent observations across different types of samples (McCarthy et al., 2013;
Batista et al., 2014; Yamaguchi & McCarthy, 2018). Yet the fundamental relationships
between microbial resynthesis and the deviation of 8'°N values of each trophic AA are
uncertain. Similar constraints can be found in the distinct '3 C-EAA patterns between
certain phylogenic classifications and the use of Ala and Thr to trace heterotrophic
processing in microbial food webs (Larsen et al., 2013; Décima et al., 2017; Doherty et
al., 2021). A thorough understanding of the amino acid §'*C and §'°N dynamics at
molecular, cellular, and physiological levels is crucial for accurate data interpretation of
CSIA-AA data in marine biogeochemistry and ecology (Whiteman et al., 2019). Lastly,
amino acid 8'°C and 8'°N data have been rapidly and widely generated in the last decade.
However, inter-laboratory variations across different amino acids are variable and yet,
inter-laboratory comparisons of CSIA-AA data are scarce, especially for 8'°'N-AA
(Yarnes & Herszage, 2017). Future work should also consider the effects of
ultrasonication and removal of supernatant on selective loss of AAs (see Sect. 2.2.2).
Without accounting for such variation in CSIA-AA data due to inconsistent derivatization

and calibration techniques, data generated from different laboratories may not be directly
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comparable. Hence, sample preparation protocols and quality assurance procedures need

to be standardized across laboratories.

2.5 Conclusion

Taken together, our study presented for the first time, distinct §'°C-EAA patterns
between sea ice and pelagic algae and explored the N sources, trophic transfers, and
microbial resynthesis from the §'°N-AA data of these samples in remote polar settings.
Our observations support the hypothesis that the §'*C-AA and §'°N-AA patterns of sea
ice algae can be distinguished from those of pelagic algae. Multivariate analyses further
demonstrated the diagnostic potential of §'*C-EAA to differentiate eukaryotic microalgae
from sea ice and pelagic origins. These findings may enhance our understanding of C
sources and transfers in ecologically important areas that are subject to sea-ice dynamics
in the changing Arctic Ocean. Our study also examined the degree of trophic transfers
and microbial resynthesis in the field-collected algae samples from §!°N-AA. The use of
Ala and Thr illustrated better relationships and separations between sea ice/pelagic algae
and other end-member groups, reflecting a slightly higher degree of heterotrophic
reworking in pelagic algae. These 8'°N-AA based proxies can provide valuable
information about the general composition and purity of field samples. With the on-going
sea ice decline in the coming century, it is key to understand sea ice algae production to
predict future productivity and plankton community responses in the changing Arctic.
Our dataset provides new insights into the differentiation in §'*°C-AA and §'"°N-AA
between sea ice and pelagic algae and highlights the potential to address crucial

knowledge gaps in sea ice algae dynamics using CSIA-AA.

Despite the powerful potential in CSIA-AA, limitations and challenges remain to
be addressed in future research. Establishment of a larger repository of end-member data
from laboratory cultures under various growing conditions and extensive sampling of
marine primary producer end-members across size, space, and time are fundamental to
assess the consistency in §'3C-EAA patterns of different functional groups and the
robustness in §'°N-AA proxies to reflect N cycling processes. To improve data

interpretation of the multi-dimensional CSIA-AA proxies, specific processes that control
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stable isotope fractionation of individual amino acids are worth investigating.
Standardization of sample processing and data calibration techniques is essential to

ensure direct comparisons of cross-study datasets.
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CHAPTER 3 SEA ICE ALGAE AND ZOOPLANKTON FECAL
PELLETS FUEL ORGANIC PARTICLE EXPORT IN THE SEASONALLY
ICE-COVERED NORTHWEST LABRADOR SEA?

Abstract

Ocean warming and Arctic sea ice decline are expected to affect biological pump
efficiency by altering the timing, quantity, quality, and composition of export production.
However, the origins and composition of sinking organic matter are still understudied for
the oceans generally, and in ice-covered areas especially. Here we use compound-specific
isotope analysis (CSIA) of amino acids (AAs) to investigate the sources and composition
of exported organic matter from a sediment trap-derived time-series of sinking particles
collected at depths of 469 m and 915 m at the edge of Saglek Bank in the northern
Labrador Sea from 2017 to 2019. The outer edge of Saglek Bank is located at the
confluence of cold and fresh Arctic outflow and relatively warmer Atlantic waters. The
area is subject to seasonal sea ice cover and is a biological hotspot for benthic organisms
including deep-sea corals and sponges. Sea ice was present for ~50—60% of the
deployment days in both cycles. Primary production at our study site was initiated by sea
ice breakup, which modulates light availability to under-ice algal blooms. Microalgal
taxonomy indicated the presence of ice-associated diatoms in the sinking particles during
the spring bloom in 2018, confirming that sea ice algae contributed to the organic particle
export at our study site. Abundant copepods and copepod nauplii in the sinking particles
was consistent with a high abundance of copepods in overlying epipelagic waters. Stable
carbon isotopes (8'°C) of essential amino acids (EAAs) revealed a potentially important
contribution of sea ice algae as the ultimate carbon source for sinking particles, with only
minor modification by microbial resynthesis. Stable nitrogen isotopes (3'°N) of AAs
provided independent evidence of the minor bacterial contribution and revealed dominant

animal sources (4—15% zooplankton and 70-92% fecal pellets) to the sinking particles.

2Chen, S.M., Dezutter, T., Cote, D., Edinger, E., Lalande, C., and Sherwood, O.A. Sea ice algae and
zooplankton fecal pellets fuel organic particle export in the seasonally ice-covered northwest Labrador Sea.
In prep.
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Together, our study demonstrates the importance of sea ice algae and fecal pellets to the
biological pump in the seasonally ice-covered northwest Labrador Sea, with sea ice algae
exported either directly via passive sinking or indirectly via zooplankton grazing and

fecal pellets dominating the organic particle fluxes.

3.1 Introduction

The ocean’s biological pump sequesters about 10 Pg of carbon per year, which
represents up to one-third of anthropogenic carbon emissions to the atmosphere (Sabine et
al., 2004; Sabine and Tanhua, 2010). The pump operates by exporting unrespired
particulate organic matter (POM) via three pathways: passive sinking (“gravitational
pump”), active transport by animals (“migrant pump”), and physical mixing (“mixing
pump”’; Volk and Hoffert, 1985; Turner, 2015; Nowicki et al., 2022). In deep waters, most
of the POM is remineralized to CO; and inorganic nutrients (Martin et al., 1987); a small
fraction (< 5 %) of exported POM is sedimented and buried (Middleburg, 2019). Despite
its importance in global biogeochemical models, the proportional contribution of each
biological pump export pathway is poorly estimated. Recent ensemble numerical modeling
suggests that the gravitational pump accounts for about 70% of total carbon export, while
migrating zooplankton and physical mixing account for 10% and 20%, respectively
(Nowicki et al.,, 2022). However, biogeochemical models may overestimate the
gravitational pump fluxes due to complex dependencies on factors such as the composition
of sinking particles, aggregation and disaggregation processes, microbial degradation,
zooplankton grazing, and fecal pellet production (De La Rocha and Passow, 2007; Turner,
2015; Durkin et al., 2016). The effects of climate change (i.e., rising temperatures,
enhanced ocean stratification and acidification, and changing nutrient availability)
compound the uncertainties in biological pump functioning and efficiency (Finkel et al.,

2010; Passow and Carlson, 2012; Arrigo and van Dijken, 2015).

The effects of climate change are amplified in the Arctic and subarctic seas. These
regions are thought to represent a globally important carbon sink (Bates and Mathis, 2009;
MacGilchrist et al., 2014) due to high rates of primary productivity across the expansive
continental shelves (Kaltin and Anderson, 2005; Harrison et al., 2013), high nutrient

availability (Kaltin et al., 2002, Murata and Takizawa, 2003), and sea-ice and solar
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dynamics (Rysgaard et al., 2007; Harrison et al., 2013). However, ongoing declines in
seasonal sea ice extent and enhanced freshwater input due to global warming has affected
carbon export and cycling in these regions (Steele et al., 2008; Lalande et al., 2009b;
Grebmeier, 2012; Arrigo and van Dijken, 2015). An increase in primary production has
been observed in the Arctic (Arrigo and van Dijken, 2015), which could lead to an increase
in POM export (Lalande et al., 2009a, b). On the other hand, the loss of sea ice has also
been shown to cause a reduction in surface nutrient availability and a shift in plankton
community structure from larger celled plankton to picoplankton, which may decrease the
POM export to the deep sea (Li et al., 2009; Finkel et al., 2010). The accelerating loss of
sea ice necessitates a deeper understanding of factors controlling POM export in ice-

covered ecosystems and responses to accelerating sea ice loss.

Exported sinking particles comprising the gravitational pump are typically
collected, measured, and characterized using moored sediment traps (Honjo and Doherty,
1988). These tools allow for direct sampling of sinking particles in remote regions,
especially where seasonal sea ice coverage constrains remote sensing of ocean colour,
which does not account for widely reported under-ice algal growth and phytoplankton
blooms (Strass and Nothig, 1996; Yager et al., 2001; Fortier et al., 2002; Mundy et al.,
2009; Arrigo et al., 2012, 2014). The collection of sinking particles, combined with flux
measurements, plankton counts and geochemical analyses, provides information about 1)
sources, cycling, and fate of key elements in the ocean, e.g., carbon and nitrogen; 2)
processes and mechanisms that control the fluxes of sinking particles; and 3)
biogeochemical and ecological roles of particles in the cycling of key elements. Extensive
effort has led to an improved understanding of regional fluxes and composition of exported
particles in Beaufort Sea (Carey, 1987; Forbes et al., 1992; Lalande et al., 2009a), Canadian
Arctic Archipelago (Hargrave et al., 1989, 1994; Dezutter et al., 2021), northern Baffin
Bay (Hargrave et al., 2002; Lalande et al., 2009a), Laptev Sea, and East Siberian Sea
(Lalande et al., 2009a, b, 2019). Nevertheless, it is difficult to identify and quantify the
main sources contributing to sinking particles collected in sediment traps. Microalgae and
zooplankton taxonomy has been the traditional approach for describing and quantifying
dynamics of exported communities and is critical for ground-truthing biomolecular

methods that depend on cross-referencing both molecular and morphological information
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(McManus and Katz, 2009; Joo et al., 2022). However, taxonomic enumeration is time-
consuming and labour-intensive and is complicated by large morphological variability
within and between species, lack of taxonomic expertise, and inconsistency in
identification methods (McQuatters-Gollop et al., 2017). Estimates of biomass or
particulate organic carbon (POC) based on composition and abundance data may also be
confounded by the wide range in cell sizes within and between functional groups (e.g.,
diatoms, dinoflagellates, etc; Leblanc et al., 2012). An improved quantification of the
composition of exported sinking particles is key to better understanding and predicting the
responses of Arctic/subarctic biological pump, marine ecosystems, and benthic

communities to a rapidly changing climate.

Stable isotopes of carbon (8'*C) and nitrogen (8'°N) have been widely used to
investigate biogeochemical processes in marine ecosystems (Peterson and Fry, 1987;
Altabet et al., 1999). Isotopic compositions of sinking organic matter collected in long-
term sediment traps record information about sources and cycling of carbon and nitrogen
on timescales of months to years (Nakatsuka et al., 1997; Altabet et al., 1999; Montes et
al., 2013). However, traditional measurements of stable isotope values of bulk organic
matter can be difficult to interpret due to confounding factors of source variability and
heterotrophic modifications (Boecklen et al., 2011). Recent advances in carbon and
nitrogen compound-specific isotope analysis (CSIA) of amino acids (AAs) has helped to
address these complications (Larsen et al., 2009; Larsen et al., 2013; McMahon et al.,
2013; Batista et al., 2014; Ohkouchi et al., 2017; Close, 2019; Shen et al., 2021).
Interpretation of 3'*C-AA analysis is based on the classification of AAs into essential and
non-essential groups. Essential amino acids (EAAs) are synthesized only by autotrophs,
and hence their 8'°C values remain unchanged with trophic transfers (Larsen et al., 2013;
McMabhon et al., 2013). Diverse biosynthetic pathways and associated isotopic effects
result in distinct and consistent §'*C-EAA signatures of different primary producers,
which are reflected in §'*C-EAA patterns of consumers (Hayes, 1993; Larsen et al.,
2009). Interpretation of §!°N-AA, on the other hand, is based on different groupings that
are independent of those based on §'3C. The §'°N values of source AAs (SrcAAs)
undergo little or no §'°N enrichment during trophic transfers while those of trophic AAs

(TrAAs) are enriched with increasing trophic position or modified by microbial
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processing (McClelland & Montoya, 2002). Hence, the complementary but fully
independent §'°C-AA and §'"N-AA analyses offer detailed insights about carbon and
nitrogen origins, trophic changes, and microbial degradation and allow for more accurate
and detailed interpretation of stable isotope data (McMabhon et al., 2013; McMahon &
McCarthy, 2016).

The goal of this study is to investigate the biotic carbon and nitrogen sources and
trophic and microbial processing of sinking particles in a seasonally ice-covered ocean,
northern Labrador Sea. Two sediment traps were deployed at different depths at the outer
edge of Saglek Bank in the northern Labrador Sea from October 2017 to August 2018
and from August 2018 to July 2019, respectively. We combine traditional measurements
of particle flux, phytoplankton and zooplankton taxonomy, and bulk stable isotopes, with
CSIA-AA to characterize the origins, alteration, and transport mechanisms of sinking
particles. Together these data help constrain the sources and proportional contributions of
sinking organic matter to export flux in the northern Labrador Sea and provide valuable

context for biogeochemical processes and responses in other high-latitude seas.

3.2 Material and methods
3.2.1 Study site

Located in the north-western section of the Atlantic Ocean, the Labrador Sea is a
high-latitude marginal sea of the Atlantic Ocean and an important transition zone
connecting Arctic and subarctic ecosystems, bounded by the Labrador and Newfoundland
shelves to the west and the southern tip of Greenland to the east (Fragoso et al., 2017). The
overall circulation of the Labrador Sea is cyclonic, with layers of distinct water masses in
the boundary currents. The upper layer of boundary currents comprises cold and fresh
Arctic waters from mixing between the water entering Baffin Bay from eastern Davis
Strait, that is cooled in the winter as it circulates within the bay, and the inflow from the
Arctic Ocean, that are mainly identified as the Baffin Island Current (BIC) and the
Labrador Current (LC; Fig. 3.1; Tang et al., 2004). Underneath are the relatively warm and
saline waters of West Greenland Current (WGC), with a dominant inflow through eastern
Davis Strait and a branch deflecting westwards forming a counter-clockwise gyre (Irminger

Current) while the remaining waters propagate north (Fig. 3.1; Yashayaev, 2007; Frajka-
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Williams et al., 2009). In Baffin Bay, below the WGC water lies Baffin Bay Deep Water
at 1200—1800 m and Baffin Bay Bottom Water below 1800 m, which have no direct access
to the Arctic and Atlantic Oceans due to the relatively shallow sill depths of the Arctic
channels and Davis Strait (Tang et al., 2004). The inner shelf of the Labrador Sea is covered
by landfast ice with drifting pack ice cover further offshore from January to May each year
(Hall et al., 1999; National Snow and Ice Data Center). The study area lies in a transitional
zone between the ice-dominated Boreal Polar Province (BPLR) of the Labrador Shelf, and
the largely ice-free and deeply convective Atlantic Arctic Province (ARCT) of the Atlantic
Polar Biome (Longhurst, 2010), within the path of high iceberg drifts from the north
(Baffin Bay) and the west (Hudson Strait; Marson et al., 2018). Differences in physical-
chemical parameters shape variability in phytoplankton community composition and the
seasonality of phytoplankton blooms between and within these two provinces (Fratantoni
and Pickart, 2007; Yashayaev, 2007; Frajka-Williams and Rhines, 2010; Fragoso et al.,
2017). Phytoplankton blooms start on the Labrador shelf from April to early May. These
blooms are typically dominated by diatoms, favoured by high silicate concentrations in
Arctic waters (Fragoso et al., 2018), and facilitated by vigorous tidal mixing in Hudson
Strait (Drinkwater and Harding 2001). From mid-May to June, weaker blooms occur in the
central Labrador Sea induced by increased light levels (Frajka-Williams and Rhines, 2010).
The strong bottom currents on the Labrador shelf expose hard substrates, providing suitable
habitats for deep-sea corals and sponges (Wareham & Edinger, 2007). Observations of
abundant and diverse deep-sea corals and sponges are reported at Saglek Bank, forming
important habitats for many fish and invertebrate species (Wareham & Edinger, 2007; Dinn
et al., 2020). With ongoing global warming and sea ice decline, the ocean and ice
conditions at the study site are projected to be impacted, with up to 70% decrease in winter
sea ice extent and a shorter winter ice duration (Han et al., 2019), which may have
cascading effects on the phytoplankton community, export fluxes, and in turn, benthic
communities.
3.2.2 Environmental Data

Satellite derived daily-average sea ice concentrations were retrieved at a 12.5 km
resolution from the Centre ERS d’Archivage et de Traitement (CERSAT) of the French
Research Institute for the Exploration and Exploitation of the Sea (IFREMER) and
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averaged for a 3° x 3° grid centred at the mooring location (59-62°N, 60—63°W; Fig. 3.1).
Weekly-average chlorophyll a (chl @) concentrations for the same selected grid (59—62°N,
60—63°W) were derived from Ocean Color (Aqua MODIS, 4 x 4 km; missing data are due
to obstacles in observing conditions; https://oceancolor.gsfc.nasa.gov/) and BIO remote

sensing group (https://github.com/BIO-RSG). The large areal grid (333 km x 172 km) grid

used for sea ice and chl a retrieval was necessary to smooth out data coverage gaps.

3.2.3 Sample collection and processing

Two sediment traps were deployed off Saglek Bank on the northern Labrador slope
from October 2017 to August 2018 at a depth of 469 m (bottom depth: 509 m; 60.47°N,
61.26°W; denoted as trap “SB-500") and from August 2018 to July 2019 at a depth of 915
m (bottom depth: 1015 m; 60.46°N, 61.16°W; denoted as trap “SB-1000") during the
annual ArcticNet expeditions of the CCGS Amundsen (Table 3.1; Fig. 3.1). Both sediment
traps (Technicap PPS 3/3; 0.125 m? aperture) were equipped with a baffle sieve (diameter:
9.5 mm) covering the trap opening and 24 sampling bottles (265 ml) programmed to rotate
every 14 days. Before deployment, each sampling bottle was filled with filtered seawater
with a salinity > 36 PSU adjusted using sodium chloride. Sodium borate-buffered
formaldehyde (2% v/v) was added to preserve the collected particles during and after
deployment. In August 2018 and July 2019, both sediment traps were recovered before the
final sampling bottle rotation, therefore the last sampling bottles remained open and were
excluded from the study. Zooplankton were sorted from half of the volume of each trap
sample under a stereomicroscope and preserved in 4% formalin solution. Zooplankton
were counted and identified to the lowest taxonomic level possible (Dezutter et al., 2021).
Following the removal of zooplankton, subsamples were analyzed for total particulate
matter (TPM), particulate organic carbon (POC) and particulate nitrogen (PN) and
converted to daily fluxes (mg m™ d!) following Dezutter et al. (2021). Microalgal cells
were enumerated and counted to the lowest taxonomic level possible using an inverted
microscope (Wild Herbrugg) in accordance with Lund et al. (1958). For each sample, a
minimum of 100 cells were enumerated along three transects (Genin et al., 2021) at a
magnification of 20x for the 2017-2018 deployment and of 60x for the 2018-2019

deployment. Microalgal counts were converted to daily fluxes (cells m? d™!). For bulk and
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amino acid stable isotope analyses, samples were washed with Milli-Q water, freeze-dried,

and homogenized prior to further analyses.

Zooplankton was opportunistically sampled with a multi-net plankton sampler
(Hydrobios, mesh size 200 um) close to the HiBio-C mooring site (60.47°N, -61.16°E)
on July 25, 2021, during the annual CCGS Amundsen expedition. The plankton sampler
was deployed with one of the nets programmed to be opened at ~ 200 m, pulled up to
surface and closed. Once retrieved, zooplankton from the targeted net were gently poured
into incubation chambers filled with filtered seawater (0.2 um) to clear their gut content
for 612 hours (Doherty et al., 2021; Stamieszkin et al., 2021). After incubation,
zooplankton were transferred into a labelled plastic bag and immediately frozen and

stored at -20 °C until further analysis.

In the laboratory, 30 to 50 copepods were subsampled from the zooplankton
samples under a binocular microscope (Motic SMZ-168). The subsampled copepods
were freeze-dried and homogenized until further analysis. Detritus aggregates (clumps of
dark-color materials; Fig. 3.4b) that were collected along with the zooplankton from the
incubation chambers were hand-picked into a Petri dish filled with Milli-Q water under
the microscope. The collected detritus aggregates were then filtered onto 0.7-um GF/F

filters (Whatman) and freeze-dried until further analysis.
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Figure 3.1 Map and inset detail of study site off Labrador and Nunavut, Canada (a) with

bathymetry (grey contours), simplified representation of the main boundary currents (arrows) and
sediment trap locations (circles), and (b) cross section of the continent slope where the two
sediment traps (SB-500 and SB-1000) were deployed and their depth profiles. Black rectangle
represents the area where sea ice concentration and surface chlorophyll a concentration were
derived for (59-62°N, 60—63°W). Abbreviations: BIC, Baffin Island Current; LC, Labrador
Current; IC, Irminger Current; WGC, West Greenland Current. Figure made with Ocean Data
View, Schlitzer, 2021.
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Table 3.1 Sediment trap deployment information and sea ice conditions during the deployment in the northern Labrador Sea.

Percent of Average areal
Trap Mooring Latitude  Longitude Trap Deployment  Recovery  Deployment l?ate of f:,“t !)ate of loast deployment days extent of ice cover
depth date date* days* ice (> 10%) ice (>10%) . o/ P
with >10% ice cover during ice-in
CN) (E) (m)
SB-500 HiBioA-17 60.47 -61.26 469 16-Oct-17 16-Jul-18 274 01-Jan-18 30-Jun-18 62% 44+£19%
SB-1000 HiBioC-18 60.46 -61.16 915 03-Aug-18 18-Jun-19 319 19-Dec-18 28-May-19 49% 42 + 14%

*Deployment days for the final sampling bottle rotations were excluded.



3.2.4 Bulk and amino acid 613C and 615N analysis

Due to limited material in sinking particles, subsamples were taken for bulk and
amino acid stable isotope analyses (Table B1, B2). Bulk §'*C and §'°N were measured in
duplicate or triplicate (based on the available dry weight). Subsamples for bulk §'3C
analysis were decarbonated in 4% HCI at 80°C for one hour and rinsed in Milli-Q water
repeatedly until pH neutralized, following the method of Galy et al. (2007). Decarbonated
samples were dried at 50°C overnight. Subsamples for bulk §'°N analysis were not pre-
treated. Bulk 8!°C and §'°N analysis were carried out at the Canada Excellence Research
Chairs Laboratory at Dalhousie University using an Elemental Analyzer (EA; Elementar
microcube) coupled with an Isotope Ratio Mass Spectrometer (IRMS; Isoprime 100).
Isotopic values were calibrated to co-analyzed reference material and reported in delta
notation () in units of per mill “%o” relative to Vienna PeeDee Belemnite (VPDB) and
air for 8'3C and 8'°N, respectively. Analytical precision based on differences between

sample replicates was < 0.15 %o for both §'°C and §'°N.

Approximately 5 mg of organic carbon per sample was required for '3C-AA and
8!°N-AA analyses. Samples with insufficient organic carbon were combined with
adjacent samples, if available. Each sample composite included not more than three
samples (6 weeks) in total. Combined periods are January 31 to March 3, 2018; April 3 to
May 1, 2018; and August 3 to September 18, 2018. Sample composites were hydrolyzed
in 6-N HCIl (Sigma-Aldrich) at 110 °C for 20 hours, purified and derivatized in batches of
6—7 samples following previously established protocols (Silfer et al. 1991; Larsen et al.
2013; Batista et al. 2014; McMabhon et al. 2015; Chen et al. 2022). Each sample batch
contained two calibration standards of AA mixtures with known §!°C and §'°N values
and a lab standard (homogenized Chlorella powder; Organika) processed in the same way
as samples. Samples were measured in triplicate for '3C and §'°N, bracketed by
triplicate injections of calibration standards, using a Trace 1310 Gas Chromatograph
(GC) coupled with a Delta V IRMS (Thermo Scientific). A total of twelve AAs were
typically resolved: alanine (Ala), glycine (Gly), proline (Pro), valine (Val), leucine (Leu),
isoleucine (Ile), asparagine + aspartic acid (Asx), threonine (Thr), serine (Ser), glutamine
+ glutamic acid (GIx), phenylalanine (Phe), and lysine (Lys). Final §'*C values were

corrected for the isotopic fractionation and the introduction of carbon atoms during
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derivatization according to Silfer et al. (1991) and normalized against instrument drift
between successive triplicate injections of the amino acid standard by applying linear
regression (Yarnes and Herszage, 2017). Final §'°N values were calibrated based on the
offset between known and measured values of calibrated standards and normalized
against instrument drift by applying linear regression. The average reproducibility of §'3C
was * 0.3%o for the internal standard Nle (n = 12), and from + 0.3%o (Ala, Leu, Asp, and
Phe) to = 0.8%o (Lys) for AA standards, respectively (n = 12 for each AA). The average
reproducibility of !N was =+ 0.4%o for the internal standard Nle (n = 11), and from +
0.2%o (Glu) to £ 0.6%o0 (Ala, Val, and Ile) for AA standards, respectively (n =11 for each
AA). The absolute (mol) and relative (mol%) abundances of amino acids were estimated
by calibration of mass 44 peak areas against that of internal standard (Nle) using a
relative response factor for each AA, following Kaiser and Benner (2005). Yields of total
hydrolysable AAs (THAAs) were determined by dividing the total abundance of AAs by

the amount of hydrolyzed material.

3.2.5 Calculations and statistical analyses

To account for the spatio-temporal variations in baseline §'3C (Larsen et al. 2015;
Chen et al. 2022), the §'*°C-AA values were internally normalized by subtracting the
mean of 5 EAAs (Phe, Leu, Ile, Thr and Val) for each sample (denoted as normalized
5'3C). Normalization accounts for influences from inorganic carbon sources and other
environmental parameters, whereas the internal variations between AAs reveal the
underlying biochemical mechanisms (Larsen et al., 2015; McMahon et al., 2015; Stahl,
2021; Elliott Smith et al., 2022).

The 8'°N values for THAASs (§'°Ntuaa) were calculated by summing the mol%-
weighted §'°N values following McCarthy et al. (2013):

8™ Nryaa = X(6*°N; x mol%;) (1)

Where §1°N; is the calibrated §'°N value of individual AA and mol%; is the

mol% of the corresponding AA.
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The “metazoan” trophic position (TPme) of samples was calculated based on
calibrated §'°N values of Glx and Phe, following the equation proposed by Chikaraishi et
al. (2009) and modified by Nielsen et al. (2015):

(615NGlx - 615NPhe - 29%0) + 1

TPmer = 6.6%0

(2)

The “protozoan” trophic position (TPpr) was calculated based on calibrated §'°N

values of Ala and Phe, following Décima et al. (2017) and Décima and Landry (2020):

_ (SISNAla - SISNP}'LE - 32%0)
Thpro = 4.5%o

+1 (3)

Three proxies are commonly used to evaluate the degree of heterotrophic bacterial
degradation in organic material, based on changes in AA composition or average
deviation of 3'°N-TrAAs. The percentage of N represented by THAA in total N (THAA-
N%) is used as a degradation indicator, where THAA-N% below 38% is considered to
indicate diagenetic alteration (Cowie and Hedges, 1992). THAA-N% was calculated,

following:

THAA — Nojp = —2mOL X1 000 4)
DW X TN% = My

Where n is the number of N atoms in individual AA, mol;is the absolute
abundance of this AA, DW is the dry weight of hydrolyzed material, TN% is the weight
percentage of total N, and My is the atomic mass of N. Similarly, the percentage of
carbon represented by THAA in total organic carbon (THAA-C%) was calculated based
on the number of carbon atoms, total organic carbon percentage, and the atomic mass of

carbon.

The degradation index (DI) is based on the changes in the mol% of AAs with
diagenetic alteration (Dauwe and Middelburg, 1998; Dauwe et al., 1999), and was
calculated following Dauwe et al. (1999):

Dl = Z [vari - AVGi] c
=7 STD X fac.coef; (5)
L

i
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Where var; is the mol% of each AA in this dataset (Ala, Asp, Glu, Gly, lle, Leu,
Phe, Thr, and Val), and AV G; and STD; are the mean and standard deviation of individual
AA in the reference dataset from Dauwe et al. (1999), and fac. coef; is the factor
coefficient for the corresponding AA based on the first principal component factor from
Table 1 in Dauwe et al. (1999). Note that DI was calculated without Ser in this study due

to unavailability of Ser data for some samples.

The degree of heterotrophic resynthesis can also be evaluated by calculating the
YV based on the average deviation of calibrated 3'°N values of TrAAs from their mean,

following the formula from McCarthy et al. (2007):
1 15 15
XV = n YABS(6*°N; — 6" °Nipean) (6)

Where n is the number of TrAAs used in the calculation, §1°N; are the calibrated
815N values of each TrAA (Ile, Leu, Asx, GIx, Pro, and Ala) and §1° N0y, is the average
815N of these AAs. Higher YV values suggest a higher degree of heterotrophic
resynthesis (McCarthy et al., 2007).

Differences in CSIA-AA patterns and parameters were tested between sediment
traps, detritus, copepods, and other published end-members using Two Sample T-tests.
Prior to carrying out the Two Sample T-test, the residuals of normalized §'*C and calibrated
8" N values were tested for univariate normality with Shapiro-Wilks test (R package: stats).
To compare the normalized §'°C signatures between sediment traps and sea ice and pelagic
algae, principal component analysis (PCA, R package: FactoMineR) and linear
discriminant analysis (LDA, R package: MASS) were performed in R version 4.1.1 with
Rstudio interface version 1.4.1717. Standard ellipse areas (SEA) were plotted for each

group’s bivariate means in the PCA, each enclosing ~40% of the data.

Bayesian mixing models were performed in R (MixSIAR; Stock and Semmens,
2016) to estimate the proportional contributions of three end-members (phytoplankton,
fecal pellets, and zooplankton) using Phe-normalized 8'°N-Ala and §'°N-Thr to sediment
traps. The models were parameterized using means and standard deviations of chosen

biotracers with an uninformative prior and a MCMC chain length of 10° (Stock and
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Semmens, 2016). Model convergence was tested with Geweke and Gelman-Rubin
diagnostic tests (Stock and Semmens, 2016). We report the median of results for each end-

member to account for skewed distributions of model results.
3.3 Results

3.3.1 Environmental Conditions

Sea ice in the study area began forming in early January for both sediment trap
deployments and persisted until June in 2018, and May in 2019 (Table 3.1, Fig. 3.2a). The
areal extent of sea ice during the ice season averaged around 40% during both deployments
(Table 3.1). Due to the lower number of deployment days, SB-500 experienced a higher
percentage of ice days as compared to SB-1000 (Table 3.1).

Remotely sensed chl a concentration showed one major bloom peak in each year,
in late April 2018 and early May 2019, when ice coverage was still > 25% in areal extent
(Fig 3.2a). The timing of these blooms coincided with the appearance of > 15 hours of
daylight (Astronomical Applications Department of the United States Naval Observatory,
“Duration of Daylight”), followed by phytoplankton blooms with a smaller magnitude (<
2 mg m™) during the open-water period (defined as sea ice concentration < 10%; Fig.

3.2a).
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Table 3.2 Total particulate matter (TPM) and particulate organic carbon (POC) daily fluxes, and bulk and amino acid stable isotopes of
sinking particles collected from October 2017 to July 2019 in the northern Labrador Sea (deployment days for the final sampling bottle rotations
were excluded).

Trap  Cup D(f‘;zl?f D;ffs:f TPM POC Bulk 3"°C ];,‘;g‘ TPue TPy YV DI Tyli{e‘:‘f THAA-C THAA-N

(mg 1‘;1'2 ¢ Gt (%) (%) (molg") (%) (%)
2(1)3(; 1 16-Oct-17  01-Nov-17 1955 255 NA NA NA NA NA NA NA NA NA
2 01-Nov-17  16-Nov-17 959 2238 NA NA NA NA NA NA NA NA NA
3 16-Nov-17  01-Dec-17 982 193 253 6.8 2.1 23 22 NA 114.9 15.2 50.7
4 01-Dec-17  16-Dec-17 1116 22 253 6.8 2.0 23 1.8 11 59.1 10.7 33.6
5 16-Dec-17  01-Jan-18 591 143 247 7.5 NA NA NA NA NA NA NA
6 0l-Jan-18  16-Jan-18 1007 12.9 246 7.0 NA NA NA NA NA NA NA
7 16-Jan-18  31-Jan-18 603 10.6 25.0 72 NA NA NA NA NA NA NA

8  3lJan-18  15-Feb-18 785 15.1 256 6.3
2.1 29 1.8 NA NA NA NA

9% 15-Feb-18  03-Mar-18 449 105 NA 6.7
10 03-Mar-18  18-Mar-I8 179 5.7 246 72 NA NA NA NA NA NA NA
11 18Mar-18  03-Apr-I8 379 7.8 NA 7.7 2.0 24 22 -0.9 69.9 NA 36.4

125 03-Apr-18  17-Apr-18 294 7.3 254 8.1
13*  17-Apr-18  01-May-18 384 8.5 NA 6.3 = 26 1 08 a4 124 281
14 01-May-18  16-May-18 132 46 249 6.3 NA NA NA NA NA NA NA
15 16-May-18  0l-Jun-18 285 12.5 243 5.9 2.0 2.0 1.8 0.4 170.8 18.9 424
16 0lJun-18  16-Jun-18 86 43 238 56 NA NA NA NA NA NA NA
17 16Jun-18  0l-Jul-18 139 5.3 2538 6.1 NA NA NA NA NA NA NA
18 Ol-Jul18  16-Jul-18 167 44 2438 9.3 NA NA NA NA NA NA NA

Mean = SD 5834482 119468 '2‘0‘2 £ 69409 2(')(_)]i 2(';_11* 2&* 'Oo'ii 97.8 + 46.0 1‘;%* 388'.37i

Annual flux (g m? yr') 214 43
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Trap  Cup D(f‘;g;’f Dcﬁ:fs;’f TPM POC gglé‘ gg{{; TPue TPy TV DI Ty}ile?; THgA' THAA-N
(mg 1';"2 ¢ (mg C.)“"z T ) (%) (molg") (%) (%)
Sy 1F 03Augl8  19-Auglg 243 8.4 NA NA
2% 19-Aug-18  03-Sep-18 248 93 -25.9 NA 23 NA L5 0.0 120.0 NA NA
3% 03-Sep-18  18-Sep-18 587 16.3 25.0 8.6
4 18-Sep-18  03-Oct-18 1085 237 252 6.0 2.1 25 23 0.7 782 1.5 303
5 03-Oct-18  19-Oct-18 1436 304 25.0 6.7 NA NA NA NA NA NA NA
6 19-Oct-18  03-Nov-18 719 18.8 254 NA 22 26 22 0.9 86.0 11.6 NA
7 03-Nov-18  18-Nov-18 1181 252 255 6.7 NA NA NA NA NA NA NA
8 18Nov-18  03-Dec-18 798 16.8 251 NA 2.1 26 2.1 0.8 710 9.4 NA
9 03-Dec-18  19-Dec-18 282 9.9 254 76 NA NA NA NA NA NA NA
10 19-Dec-18  03-Jan-19 210 52 26,0 NA NA NA NA NA NA NA NA
11 03Jan-19  19-Jan-19 1029 229 246 75 22 29 28 13 129.3 17.9 53.1
12 19-Jan-19  02-Feb-19 223 5.9 266 NA NA NA NA NA NA NA NA
13 02-Feb-19  16-Feb-19 631 11.4 25.1 6.9 NA NA NA NA NA NA NA
14 16-Feb-19  03-Mar-19 1711 245 2438 7.1 2.0 23 1.9 1.0 446 8.4 2438
15 03-Mar19  19-Mar-19 2383 28.4 245 7.8 1.9 25 NA 0.5 175 1.9 117
16 19-Mar-19  03-Apr-19 3017 320 2438 72 2.0 27 1.9 22 12.4 35 9.3
17 03-Apr-19  18-Apr-19 884 13.4 249 NA 2.1 28 18 A1 618 1.2 NA
18 18-Apr-19  03-May-19 1360 19.3 25.0 NA NA NA NA NA NA NA NA
19 03-May-19  19-May-19 2241 28.4 247 45 1.8 2.0 1.6 NA NA NA NA
20 19-May-19  03-Jun-19 2784 35.1 249 53 1.9 23 1.9 0.0 36.8 7.8 19.9
21 03-lun-19  18-Jun-19 2036 28.4 252 6.5 NA NA NA NA NA NA NA
Mean + SD 11954871 19.7+9.1 '2(5)? = 68+l 2(')(_); 2(')5_; 26(?4i '01'.3; 658+39.5 9247 2;‘5?9*
Annual flux (g m? yr') 438 7.2

*CSIA-AA values were combined for adjacent sampling periods (cups).
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Figure 3.2 Time-series of (a) satellite derived daily sea ice concentration at a 12.5 km

resolution from the Centre ERS d’Archivage et de Traitement (IFREMER) and weekly-averaged
chl a concentration derived from Ocean Color (Aqua MODIS, 4 x 4 km; missing data are due to
obstacles in observing conditions; https://oceancolor.gsfc.nasa.gov/) and BIO remote sensing
group (https://github.com/BIO-RSG) for the 3° x 3° grid centred at the mooring site (59—-62°N,
60—-63°W), (b) total particulate matter (TPM) and particulate organic carbon (POC) fluxes, (c)
microalgal flux (diatoms + Chlorophyceae + flagellates) and copepod flux (including copepod
nauplii), (d) bulk 3'*C and average 8'°C of five essential amino acids (Avg EAA; Phe, Thr, Ile,
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Leu, Val), and (e) bulk 8'°N, average 8"°N of trophic AAs (Avg TrAA), Phe, and total
hydrolysable AAs (THAA) of SB-500 and SB-1000 sinking particles. Vertical error bars show +1
standard deviation for each sample (n = 3—4). Horizontal error bars show temporal ranges of
individual or combined samples (see Sect. 3.2.4).

3.3.2 Particulate matter and organic carbon fluxes

The annual TPM flux (438 g m™ yr'!') was ~2 times higher during the 2018-2019
cycle (SB-1000) than during the 2017-2018 cycle (214 g m™ yr'!; SB-500 trap; Table
3.2). The POC flux of the SB-1000 trap was also ~2 times higher than at 469 m (7.2 and
3.8 g C m? yr! respectively; Table 3.1). Daily fluxes of TPM shared similar trends with
POC in both cycles (Fig. 3.2b). In SB-500, TPM and POC showed an overall decreasing
trend from late October 2017 to July 2018, with a small peak in May (Fig. 3.2b). In SB-
1000, TPM and POC peaks were observed in early October and late March and May
2019 (Fig. 3.2b).

3.3.3 Microalgal and copepod fluxes

Diatoms, Chlorophyceae and flagellates dominated the microalgal flux in both
cycles (~97%). The total fluxes of diatoms, Chlorophyceae and flagellates peaked in late
October 2017 and late May 2018 in SB-500 and early November 2018 in SB-1000 (Fig.
3.2¢). Peaks of diatoms were observed in late October, 2017, and from May to June, 2018
in SB-500 (Fig. 3.3a). Centric diatoms contributed the majority of the diatom export in
both cycles (Fig. 3.3b). Shortly before the diatom peak in late May, 2018, surface chl a
maximum was observed in April (Fig. 3.2a, 3.3a). During the phytoplankton bloom in
late May 2018, sea ice exclusive species Nitzschia frigida and Melosira arctica were
reported (Fig. 3.3). Centric and pennate diatom species that are ice-associated, for
example, Chaetoceros/Attheya spp., Fragilariopsis spp., and Nitzschia/Pseudo-Nitzschia
spp. were also reported during the spring bloom in 2018 (Fig. 3.3). High fluxes of
Chlorophyceae (> 2 million cells m? d!') were observed in late October and November
and early December, 2017 in SB-500 and from early September to early November, 2018
in SB-1000 (Fig. 3.3a). Dominances of flagellates were only observed in sinking particles
of SB-1000, contributing to up to ~75% of the microalgal flux (Fig. 3.3b).
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Figure 3.3 (a) Fluxes of diatoms, Chlorophyceae (listed as “unknown” in 2017-2018 cycle),
and flagellates and (b) percent contribution of diatoms, Chlorophyceae, and flagellates in sinking
particles collected in SB-500 and SB-1000 sediment traps.

Copepods and copepod nauplii dominated the zooplankton community for most of
the deployment periods in both cycles, except when the empty shells of pteropod
Limacina spp. were dominant in late November in 2017 and September in 2018 (data not
shown). Peaks of the copepod fluxes were observed in early November, 2017, and early
April and late May, 2018 in the SB-500 sinking particles and in early August, 2018, late
March and late May in 2019 in the SB-1000 sinking particles (Fig. 3.4a). In July 2021,
large-bodied copepods, e.g., Calanus sp., dominated the zooplankton community

collected near HiBio-C mooring site (Fig. 3.4b, c).
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Figure 3.4 (a) Fluxes of copepods and copepod nauplii in sinking particles collected in SB-
500 and SB-1000 sediment traps and example images of zooplankton collected in the northern
Labrador Sea in 2021. (b) A mixture of copepods and detritus aggregates in the multi-net samples
and (c) example of individual copepod subsampled for CSIA-AA analyses

3.3.4 Temporal changes in bulk and amino acid §13C and 815N

Bulk §'3C values for the SB-500 and SB-1000 traps were similar, varying from -
25.8%o to -23.8%o and from -26.6%o to -24.5%o, respectively (Fig. 3.2d). The average §'°C-
EAA values of the sinking particles were more variable than the bulk §°C values,
fluctuating from -26.0%o to -22.3%o with no significant difference (Fig. 3.2d). Bulk §'°N
values of the SB-500 and SB-1000 traps ranged from 5.6%o to 9.3%0 and from 4.5%o to
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8.6%o, respectively (Fig. 3.2e). The §'N-Phe values, which is commonly used to indicate
N source §'°N value, averaged 6.6 + 0.7%o and 6.8 + 0.6%o for the SB-500 and SB-1000
traps, respectively, with both minima occurring in May shortly after the surface water
chlorophyll peaks (Fig. 3.2e). The §'°N-TrAA values in both sediment traps averaged
~8.0%o more elevated than the §!°N-Phe, varying from 11.5%o to 17.2%o (Fig. 3.2¢). The
8N of total hydrolysable AAs (THAA) averaged 10.5 £ 1.7%o and 10.7 + 1.2%o for the
SB-500 and SB-1000 traps, respectively, ranging between 8'°N-Phe and §'°N-TrAA (Fig.
3.2¢).

3.3.5 Amino acid 813C and 815N patterns

To explore potential carbon sources to export production, we compared the
normalized 8'3C-AA patterns with algae collected from melted brash ice and pelagic
algae collected from deep chlorophyl maximum depth in the northern Labrador Sea and
Baffin Bay in 2019 and 2021 (see details in Chen et al., 2022). Sinking particles obtained
during both sampling periods and at both depths shared similar §!*C-EAA patterns, with
313C values of ~-4.3%o for Phe and Val, ~12.5%o for Thr, ~2.9%o for Ile and ~-6.8%o for
Leu (Fig. 3.5a). The §'3C-EAA patterns of sinking particles were overall similar to those
measured previously for sea ice algae (Two-Sample T-Test on individual EAAs, p > 0.05
except Leu; Chen et al., 2022) than to those of pelagic algae (< 0.05 for Phe, Thr, and
Leu; Fig. 3.5a; Chen et al., 2022).

Patterns of calibrated 5'°N-AA (Fig. 3.5b) were broadly similar to those for
sinking particles reported in other geographical locations, with more enriched §'°N-TrAA
and more depleted §!°N-Thr compared to §'°N-SrcAA (Monterey Bay, Shen et al., 2021;
Gulf of Maine, Golombek et al., 2024). No significant differences were found in §'°N-
AA values between SB-500 and SB-1000 particles (Two Sample T-test, p > 0.05). The
8'°N values of individual TrAAs fluctuated from ~12.0%o to ~17.0%o (Fig. 3.5b). The
8'°N values of TrAAs and Thr for sinking particles showed significant distinctions from
sea ice and pelagic algae (p < 0.05) and detritus (p < 0.05 except Val). No significant
differences were observed in §'"N-TrAAs between sediment traps and copepods (except
Ala). The §'°N-Phe of sinking particles was comparable with sea ice algae (p > 0.05) but
significantly higher than pelagic algae, copepods, and detritus (p < 0.05; Fig. 3.5b).
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Figure 3.5 Normalized §'*C-AA patterns (a) and calibrated §'°N-AA patterns (b) of SB-500
and SB-1000 sinking particles, copepods and detritus collected close to the mooring site. Data are
compared with normalized 8'*C-AA and calibrated 5'°N-AA patterns of > 3 um and 0.2-3 pm sea
ice and pelagic algae collected from the Northern Labrador Sea and Baffin Bay, respectively
(Chen et al., 2022; dashed and dotted rectangles; range: mean +1 stdev). Error bars show +1
standard error for each group (SB-500: n = 4-6; SB-1000: n = 7—11; Copepods: n = 3; Detritus =
3). EAA, essential amino acid; NEAA, non-essential amino acid; TrAA, trophic amino acid;
SrcAA, source amino acid.
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3.3.6 Microalgal and bacterial contribution to sinking particles

To evaluate the potential contributions of sea ice and pelagic algae to the sinking
particle fluxes, normalized §'*C-AA patterns were compared using PCA (Fig. 3.6a). PCA
based on normalized §'>°C-EAA explained 66.3% of the total variation, with the first two
principal components (PC1 and PC2) accounting for 36.5% and 29.8%, respectively (Fig.
3.6a). The standard ellipses of sinking particles mostly overlapped with each other as

well as sea ice algae while clustered apart from pelagic algae (Fig. 3.6a).

To investigate the degree of bacterial biomass in sinking particles, we performed
LDA based on a training dataset comprising eukaryotic microalgae and bacteria from
Larsen et al. (2009; 2013). While bacteria and eukaryotic microalgae demonstrated
distinct 8'*C-EAA patterns from each other, 13 out of 14 sinking particle samples were
classified as eukaryotic microalgae with 100% probability (one classified as bacteria with

58% probability; Fig. 3.6b).
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Figure 3.6 Principal component analysis (a) based on normalized 8'°C values of five

essential amino acids of sinking particles collected in SB-500 and SB-1000 sediment traps, > 3
um and 0.2-3 pm sea ice algae and pelagic algae and (b) linear discriminant analysis based on
normalized 8'"°C values of five essential amino acids of a training dataset comprising bacteria
(open crosses) and eukaryotic microalgae (open diamonds) from Larsen et al. (2009; 2013).
Values in parentheses of the axis titles are the percentage variation explained by each axis. The
coloured ellipses represent standard ellipse area (SEA) for each corresponding group, containing
~40% of the data. Sea ice and pelagic algae data are from Chen et al., 2022.
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The “metazoan” trophic position (TPme) values of both sediment traps averaged
2.0 (Fig. 3.7a). The “protozoan” trophic position (TPr) averaged 2.4 and 2.6 for the SB-
500 and SB-1000 traps, respectively, significantly different from but ranging between
detritus (1.7 + 0.3) and copepods (3.4 + 0.3; Two Sample T-test, p < 0.01; Fig. 3.7b).
Values of the ) V parameter for microbial resynthesis for SB-500 and SB-1000 sediment
traps ranged from 1.8 to 2.2%o and from 1.5 to 2.8%o, respectively, similar to detritus
(1.6—1.9%0; Two Sample T-test, p > 0.1) and slightly lower than copepods (2.2—2.7%o; p
< 0.05; Fig. 3.7¢). No significant offsets were found in TPmet, TPpro, and >V values
between SB-500 and SB-1000 sediment traps (p > 0.1).

Phe-normalized 6'°N of Ala and Thr has been shown to improve characterization
of potential end-member contributors to sinking particles (Doherty et al., 2021; Chen et al.,
2022; Wojtal et al. 2023). The Phe-normalized §!°N-Ala and 6'°N-Thr values were similar
between SB-500 and SB-1000 sediment traps (Two Sample T-test, p > 0.1), ranging around
10.0%o0 and -9.5%o, respectively and overlapping with fecal pellets (p > 0.1; Fig. 3.7d).
Copepods shared similar 6'°N-Ala and 8§'°N-Thr values with zooplankton (p > 0.1).
Detritus values ranged between phytoplankton, fecal pellets, and zooplankton end-

members (Fig. 3.7d).

A three-end-member Bayesian mixing model based on Phe-normalized §'°N of Ala
and Thr demonstrated a dominant contribution (70-92%) of fecal pellets to sinking
particles in both sediment traps (Fig. 3.8). Zooplankton contributed 4-15% and
phytoplankton contributed 1-23% to the sinking particles (Fig. 3.8). Phytoplankton
contribution peaked during the spring bloom in 2018 (Fig. 2a, 3a, 8). No significant
differences were found in the modelled contributions of phytoplankton, zooplankton, and

fecal pellets to the sinking particles between the SB-500 and SB-1000 traps.
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Figure 3.7 8'"N-AA parameters for trophic positions and microbial resynthesis of sinking

particles collected in SB-500 and SB-1000 sediment traps, detritus, and copepods (semi-
transparent shapes), compared with means of phytoplankton, fecal pellets, and zooplankton end-
members (shapes with error bars). (a) “metazoan” trophic position (TPme), (b) “protozoan”
trophic position (TPpr,), and (¢) the >V parameter in different water layers. (d) Phe-normalized
85N of Ala and Thr. Error bars show +1 standard errors. End-member distributions are from
previously published literature: McClelland and Montoya, 2002; Chikaraishi et al., 2009;
Hannides et al., 2009, 2013; Doherty et al., 2021.
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Figure 3.8 MixSIAR-derived relative contributions of different end-members in sinking
particles. The relative N contributions from zooplankton, fecal pellets, and phytoplankton were
estimated based on Phe-normalized 8'°N of Ala and Thr. End-member source data are from
previously published literature: McClelland and Montoya, 2002; Chikaraishi et al., 2009;
Hannides et al., 2009, 2013; Doherty et al., 2021.

3.4 Discussion

The benthic habitats of Saglek Bank area, including the Labrador Shelf slope, are
known to support abundant deep-sea corals and sponges, for example, the gorgonian
Primnoa resedaeformis and the large sponge Geodia spp. (Wareham and Edinger, 2007;
Dinn et al., 2020). These deep-water sessile organisms rely on deposition of POM from the
surface (Sherwood et al., 2005; Sherwood and Edinger, 2009; Dinn et al., 2020). Therefore,
an enhanced understanding of the biotic carbon and nitrogen sources and trophic and
microbial processing in the sinking particles at the Saglek Bank area is critical. In our study,
813C-EAA results revealed dominance of relatively “fresh” organic matter (i.e., less
microbially degraded) and a potentially high baseline contribution of sea ice algae to
sinking particles (at the base of food web). The §'°N-AA data suggested sinking particles
were dominated by animal sources, fecal pellets and zooplankton. Together, these results
suggested that sea ice algae and exported zooplankton fecal pellets can be a critical source

of C and N for the benthic fauna.

3.4.1 Contribution of surface primary production
Bulk 8'3C values of sinking particles at the study site (-26.6 to -23.8%o) fell toward

the lower end of the typical range of marine particulate organic matter from
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Arctic/subarctic regions (-19 to -26%o; Schubert and Calvert, 2001; Sereide et al., 2006;
Belt et al., 2008). The temporal variability of bulk §!°C was relatively small (~2.0%o) and
was not correlated to the more variable §'3C-EAA (~4.0%o; > = 0.004; Fig. 3.2d). Given
the low THAA-C% (< 20%), the bulk §'C signal in the sinking particles was likely driven
by other (non-EAA) carbon-containing compounds (i.e., NEAAs, amino sugars,
carbohydrates, lipids, molecularly uncharacterizable organic compounds) and was
therefore largely decoupled from §'*C-EAA due to biogeochemical and/or metabolic

processing during export and sinking.

In a previous study, 8'°C-EAA in sinking particles collected in sediment traps
deployed in Monterey Bay was shown to quantitatively track the bulk §'°C of surface
primary production (Shen et al., 2021). If this principle applies to sinking particles
generally, then the 8!’ C-EAA measured in the Saglek Bank traps would imply that the bulk
813C of surface water primary production ranges from -26.0 to -22.3%o over an annual
cycle. These values bracket a recently modelled estimate of mean annual baseline '*C (-
23.5%o0) at 60°N/60°W in the Labrador Sea but exceed the modelled annual variability by
about 3 %o (Espinasse et al. 2022). Given the negligible microbial influence on §'°C-EAA
values (discussed below), the §!*C-EAA results imply a potentially wider variability in

primary producer §'°C than currently captured in isoscape models of baseline §'°C.

Beyond tracking the §'3C of primary production, §'*C-EAA signatures are
potentially even more useful for quantifying the relative contributions of different
primary producer functional groups in marine food webs (Lehman, 2009; Larsen et al.,
2013; Schiff et al., 2014; Vokhshoori et al., 2014). Both sediment traps demonstrated
similar §'°C-EAA patterns with sea ice and pelagic algae collected from Northern
Labrador Sea and Baffin Bay (Chen et al., 2022; Fig. 3.5), suggesting that exported
organic carbon primarily originated from surface primary production, assuming that sea
ice and pelagic algae are the major autotrophic sources (Irwin, 1990; Gosselin et al.,
1997). Sea ice algae are generally acknowledged to play an important role in primary and
export production in the Arctic Ocean, especially in higher latitudes of the Arctic (Hsiao,
1980; Michel et al., 1996; Gosselin et al., 1997; Fernandez-Méndez et al, 2014; Fadeev et

al., 2021). In our study, a higher similarity was observed between sinking particles and
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sea ice algae (Two Sample T-test, p > 0.1 except Leu), compared to pelagic algae (p <
0.05 for Phe, Thr, and Leu; Fig. 3.5a). This resemblance was further evidenced by the
overlap of sinking particles with sea ice algae in the PCA (Fig. 3.6b), suggesting the

carbon in EAAs of the sinking particles originates largely from sea ice algae.

The large contribution of sea ice algae to the sinking particles is operated via two
pathways: direct sinking of ice algal biomass and indirect transfers via heterotrophic
processing (e.g., zooplankton grazing). Sea ice algal biomass is generally composed of
relatively large cells (> 5 pum; 50-100%) in the Arctic (Gosselin et al., 1997) and hence is
exported more efficiently to depth, compared to pelagic algae. Sea-ice or under-ice diatoms
typically form large under-ice mats and long strands; when detached from ice, the strands
sink rapidly, sporadically contributing large amounts of C to the benthic ecosystem
(Fernandez-Méndez et al, 2014). Fast-sinking ice-associated diatom aggregates contribute
to higher export efficiency and enhanced pelagic-benthic coupling, whereas smaller and
slow-sinking flagellate-dominated aggregates are largely recycled in the epipelagic waters
(Fadeev et al., 2021). At our study site, sea ice was present for ~50—-60% of the deployment
days in both cycles (Table 3.1). Both chl ¢ maxima in early April, 2018 and early May,
2019 coincided with sea ice breakups (defined as sea ice concentration < 50% for more
than five consecutive days), suggesting surface algal blooms induced by an increase in light
availability with sea ice melt and a potential release of sea ice algae to the water column
by the ice melt (Fig. 3.2a; Michel et al., 1993). Light availability for primary production in
sea ice-covered Arctic and subarctic seas is largely governed by daylight periods, sea ice
cover, and snow depth, controlling the timing and initiation of under-ice blooms (Mundy
etal.,2009,2014; Leu et al., 2015). In the Labrador Sea, light is the primary limiting factor
to primary production for most of the year, whereas nutrients becomes co-limiting or
limiting in summer/autumn as they become depleted within the mixed layer, especially for
nitrate on the Labrador Shelf (Harrison and Li, 2007). Following the chl a maxima, the
persistent phytoplankton blooms with a smaller magnitude (< 2 mg m™) during the open-
water period could be governed by nutrient limitation (Fig. 3.2a; Leu et al., 2015).
Nevertheless, remote-sensing of ocean color only accounted for phytoplankton blooms in
open water and thus under-ice algal growth remained “invisible” and its magnitude was

uncertain.
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Direct sinking of sea ice algae was also evident by the microalgal taxonomy of our
sinking particles. Sea ice and pelagic algae are often dominated by centric and pennate
diatoms with species reported in both habitat types (Hsiao, 1980; Melnikov, 1998; Poulin
et al., 2011), for example, Chaetoceros/Attheya spp., Fragilariopsis spp., and
Nitzschia/Pseudo-Nitzschia spp, which were also observed in our samples (Fig. 3.3).
Microalgal counts revealed a dominance of Chaetoceros/Attheya spp. in the fall diatom
fluxes in 2017 and the fluxes in 2018 while unidentified centric diatoms dominated the fall
fluxes in 2018 and the spring fluxes in 2019 (Fig. 3.3b). Although it is difficult to tell what
fraction of the observed diatoms were originated from sea ice or pelagic habitats, the
observation of sea ice exclusive species Nitzschia frigida and Melosira arctica in the
sinking particles of the northern Labrador Sea confirmed the cooccurrence of sea ice algae
in exported carbon (Fig. 3.3; Lalande et al., 2019a). The occurrence of Nitzschia frigida
and Melosira arctica cooccurred with the dominance of Chaetoceros/Attheya spp. in May
2018, shortly after the surface chl a maximum in April associated with the ice melt,
suggesting a potential sea ice algal bloom/release induced by sea ice breakup in 2018 (Fig.
3.2a, 3.3). Although the direct export of Nitzschia frigida and Melosira arctica accounted
for only a small fraction, the magnitude of sea ice algal export remains unknown, given the
fact that Chaetoceros/Attheya spp. can be either from sea ice or pelagic habitats (Fig. 3.3b).
Due to an inconsistency among taxonomists for identification of the diatoms in our two
sediment traps, multiple diatom species, including the sea ice exclusive species, were not
identified for the 2018-2019 cycle and hence the magnitude and timing of ice algal export
remained uncertain for this cycle. Further, taxonomic analysis provides a visual
representation of plankton cells exported through passive sinking but does not account for
other organic matter components, such as fecal pellets and detritus. Therefore, the
taxonomic counts only represent a portion of exported sea ice algae whereas §'>C-EAA
can trace the other portion that cannot be visually identified (e.g., degraded, assimilated, or

excreted).

In terms of indirect carbon export from surface primary producers, flux of fecal
pellets from zooplankton grazing is an important but highly variable component, which is
governed by variation in sea ice/pelagic algae and zooplankton biomass and community

composition (Turner, 2015). Sea ice algae were found to have higher nutritional quality
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compared to phytoplankton with an elevated essential fatty acid content and thereby may
be a better food source for consumers (Park et al., 2002; Arrigo and Thomas, 2004;
McMabhon et al., 2006; Amiraux et al., 2021). The importance of sea ice algae as food
supply for zooplankton grazers has been reported in Hudson Bay (Runge and Ingram,
1988), Frobisher Bay (Grainger and Hsiao, 1990), Canadian Arctic Archipelago (Michel
et al., 1996), Barents Sea (Scott et al., 1999, 2001), and northern Baffin Bay (Michel et
al., 2002). A more recent biomolecular study also revealed active feeding on sea ice algae
by copepods Calanus glacialis under seasonal sea ice long before ice melt and the
development of ice-edge blooms in the Northern Berring Sea (Durbin and Casas, 2014).
Overall, §!°C-EAA signatures revealed a dominance of relatively “fresh” organic matter
(i.e., less microbially degraded) and a potentially high baseline contribution of sea ice
algae in sinking particles (via direct or indirect export), which was consistent with
previous observations that sea ice algae could be either exported via fast-sinking
aggregates (e.g., in Beaufort Sea, Carey, 1987; in Eurasian Basin, Fernandez-Méndez et
al, 2014), or ingested by zooplankton and exported as fecal materials (e.g., in Canadian
Arctic Archipelago, Michel et al., 1996). The contribution of fecal pellets to our sinking
particles was further evidenced by the independent §'N-AA analyses, discussed in the

section below.

3.4.2 Organic matter composition in sinking particles

The §'"°N-THAA values represent the mass-balanced N isotopic signature of all
AAs and were 2—7%o more elevated than bulk signals (Fig. 3.2e), suggesting a
contribution of isotopically lighter non-AA compounds to the sinking particles. The
changes in bulk §!°N were positively correlated with §'>’N-THAA (p < 0.05). This is not
surprising given the large contribution of THAA-N to total N (up to ~50%; Table 3.2).
Among TrAAs, §°N of Leu, Ile, Glx, and Ala were positively correlated with bulk §'°N
(p < 0.05). 5'N-Phe represents the isotopic baseline of source N while §'°N-TrAA
changes with heterotrophic modifications (McClelland & Montoya, 2002; Ohkouchi et
al., 2017). The positive correlation with THAAs and TrA As indicated that changes in
bulk §'°N were influenced by AA isotopic fractionations from trophic transfers or
microbial alteration (McMahon and McCarthy, 2016). However, the discrepancy of bulk
8N from TrAA and THAA §'°N values suggests other sources are also controlling the
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overall bulk signal, i.e., N-containing organic compounds like nucleic acids, lipids,
carbohydrates, and uncharacterizable OM (Hedges et al., 2001; Batista, 2016; McMahon
and McCarthy, 2016), which made up the other half or more of total N in sinking
particles (Table 3.2). For examples, N-acetyl-D-glucosamine from blue crab and lobster
chitin was found to be ~9%o lighter than the bulk §!°N of the whole organisms (Macko et
al., 1990) while 8'°N of chlorophyll was ~5%o lighter than the bulk §'°N of cultured
phytoplankton, and marine sinking particles and sediments collected across different

geographical locations (Sachs et al., 1999).

While 6'3C-EAA traces the ultimate autotrophic carbon sources to the sinking
particles, variations in §'°N-AA reflect three separate processes: baseline isotopic values
of source N, trophic transfers, and microbial resynthesis (Ohkouchi et al., 2017). The §'°N-
Phe is used as a proxy for baseline 6'°N because it does not undergo deamination reactions
during heterotrophic metabolism (Chikaraishi et al., 2009). To investigate the degree of
heterotrophic processing in consumer tissues and detrital materials, several parameters
have been developed based on §!°N-TrAA and §'°N-Phe. The “metazoan” trophic position
(TPmet) is calculated from 6'°N-Glu while the “protozoan” trophic position (TPpro) includes
both trophic transfers through both metazoans and protozoans (Chikaraishi et al., 2009;
Nielsen et al., 2015; Décima et al., 2017; Décima and Landry, 2020). The >V parameter
measures the degree of heterotrophic processing from the deviation of §"°N-TrAA
(McCarthy et al., 2007). In our study, the elevated §'°N of TrAAs in the sinking particles
versus sea ice and pelagic algae is indicative of alteration by heterotrophic processing (Fig.
3.5b). It is hard to infer how much alteration was driven by high trophic materials or
heterotrophic microbial biomass by looking at the §'°’N-TrAA values alone. Recent studies
have identified several §'"N-AA patterns resulting from microbial heterotrophy (McMahon
and McCarthy, 2016; Fig. 14 in Ohkouchi et al., 2017): 1) algae-like pattern when microbes
synthesize AAs de novo from inorganic N; 2) metazoan-like pattern when microbes
incorporate existing AAs; 3) both Glu and Phe increase in the same way when microbes
conduct extracellular protein hydrolysis; and 4) scattered pattern when only selected AAs
are resynthesized. The algae-like pattern exhibits a §!°N-AA pattern similar to that of algae

with low TPyt values (Ohkouchi et al., 2017), which is not consistent with our data (Fig.
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3.5b, 3.7a). Patterns with high 8'"’N-Glu and Phe from extracellular protein hydrolysis
elevates the 6'°N of all AAs with similar amplitudes, including those of SrcAAs (Ohkouchi
et al., 2017), contrary to those of our sinking particles which remained low (Fig. 3.5b) and
reflected the regional nitrate §'°N (Sherwood et al. 2021). The pattern linked to microbial
resynthesis was similar to the metazoan-like pattern but showed more scattered changes in
8'N-TrAAs with a large increase in 3V (Ohkouchi et al., 2017). In our study, given the
minimal deviations in §'°N-Phe, relatively consistent elevated §'°N-TrAA, a higher TPpmet
compared to phytoplankton, and a moderate Y}V overlapping with phytoplankton (except

for a few values in the 915m trap), our sinking particles more likely underwent “metazoan”

heterotrophy (Fig. 3.5b, 3.7a; Ohkouchi et al., 2017).

By comparing 8'°N-AA derived parameters with previously established end-
member data of major components reported in marine POM (phytoplankton, fecal pellets,
and zooplankton), we can estimate the relative contribution of these end-members to the
sinking particles (Fig. 3.7). TPmet and ) V did not clearly distinguish the three end-
members from each other, especially for fecal pellets and zooplankton (Fig. 3.7a, c). This
presumably resulted from the underestimation of Glx-based TP (TPuet) in plankton food
webs, which was observed in experimental studies by Gutiérrez-Rodriguez et al. (2014)
and Décima et al. (2017), and the confounding effects of microbial reworking (Ohkouchi
et al., 2017). Previous studies suggested that Ala and Thr provide a better separation of
end-members because Ala has a higher trophic sensitivity to protistan consumers while
Thr can distinguish animal metabolism (zooplankton and fecal pellets) from microbial
metabolism (phytoplankton; Gutiérrez-Rodriguez et al., 2014; Décima et al., 2017;
Dobherty et al., 2021). Using Ala to compute the trophic position (TPpro) of our sinking
particles, we observed a clearer separation between the three end-members (Fig. 3.7b).
The improved separation of TPy was obvious between detritus and copepods samples,
with detritus overlapping with the fecal pellet end-member and copepods falling within
the zooplankton end-member (Fig. 3.7b). The elevated TPp, compared to TPmet in
sinking particles suggested a pronounced “protozoan” food web imprint on the exported
N, that was not visible in TPmet. This demonstrated the important role of “protozoan”

food web in exporting surface production to the depth. Plotting Phe-normalized §'°N of
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Ala against Thr further provides two-dimensional separation between different samples
and end-members (Fig. 3.7d). Doherty et al. (2021) used microbial degraded OM as one
of the end-members in the Ala-Thr model. The reason why we did not include microbial
degraded OM here is that this end-member was derived from measurements of high
molecular weight dissolved OM and mesopelagic ultra-filtered POM which were not
likely to settle into our sediment traps (Yamaguchi and McCarthy, 2018). Nevertheless,
sediment traps may be influenced by lateral transport or resuspension of aged sediment
which is more degraded. Our sediment traps were deployed at the outer edge of Saglek
Bank (Fig. 3.1), exposed to strong bottom currents and vertical mixing from the Hudson
Strait outflow (Fig. 3.1; Hecker et al., 1980; Harding, 1998; Drinkwater and Harding,
2001; Wareham & Edinger, 2007). Continental margins are often subject to vigorous
bottom currents and hence lateral transport and resuspension of sediments near the
bottom (Rea and Hovan, 1995; Hwang et al., 2010). The fractional proportion of
sediment resuspension versus surface production is commonly quantified using two-end-
member '“C mass balance (Hwang et al., 2017; Golombek et al., 2024), which was not
available in this study. Nevertheless, the influence of resuspended sediments is
considered minor, at least to the AA pool, as evident from §'>*C-EAA and §'"°N-AA
serving as two independent approaches for estimating microbial POM contribution to our
sediment traps (Fig. 3.6b, 3.7). The THAA-N% in our sinking particles at times exceeded
38% (Table 3.2), falling within the range for living biomass reported by Cowie and
Hedges (1992) whereas degraded sediments and resuspended materials have much lower
values (Cowie and Hedges, 1992; Colombo et al., 1998; Golombek et al., 2024), again

evidencing the minor contribution of degraded sediments to our sinking particles.

The minimal microbial degradation of sinking particles could be attributed to rapid
export of fast-sinking diatoms and fecal pellets (Turner, 2015; Lalande et al., 2019; Genin
et al., 2021). There is considerable overlap between sinking particles and fecal pellets in
the Ala-Thr biplots (Fig. 3.7c). We then use Bayesian mixing model based on Phe-
normalized 6'°N of Ala and Thr to quantify contributions of end-members to sinking
particles. Assuming phytoplankton, fecal pellets, and zooplankton are the major N sources
to the AA pool in sinking particles, our MixSIAR mixing model suggested a dominant

contribution of animal sources throughout the two years (4—15% “zooplankton” and 70—

76



92% “fecal pellets”; Fig. 3.8). This was consistent with the observations of sustained
copepod communities in sinking particles and highly abundant large-bodied copepods
caught in the plankton sampler at our study site (Fig. 3.4b, c) as well as previous
observations of copepod dominance in subarctic Labrador Sea (Darnis et al., 2022). During
phytoplankton blooms, the contribution of direct phytoplankton export was up to 23% (Fig.
3.8). Note that fecal pellets and zooplankton end-members used in our mixing model
consist of data collected from salp, amphipod, krill and mixed community samples that
involve herbivory, carnivory, and detritivory feeding (Doherty et al., 2021). We also
applied the three end-member mixing model on our copepod and detritus samples to verify
the accuracy of the model. Copepod samples were accurately classified within the
“zooplankton” end-member (60-93%), while detritus samples were classified as
“phytoplankton” (30-50%) and “fecal pellets” (30-50%). Since the detritus aggregates
were collected along with the zooplankton from the plankton net (see Sect. 3.2.3), they
were likely contributed by large particles (marine snow) that originate from aggregated

phytoplankton (phytodetritus) and fecal matter (Turner, 2015).

3.4.3 Exported fecal pellets

The fecal-pellet-like §'°N-AA signatures in our sinking particles and Bayesian
mixing model outputs revealed a potential dominance of fecal pellets to exported POM at
the study site (Fig. 3.7d). Sinking fecal pellets serve as an important source of organic
material for benthic communities but are hard to quantify (Pilskaln and Honjo, 1987,
Wilson et al., 2013). The collection of recognizable fecal pellets and its proportion in
sinking particles largely vary with depth, season, location and is affected by zooplankton
diets and other enhancing/inhibiting mechanisms during sedimentation (Noji, 1991;
Hargrave et al., 1994; Wilson et al., 2013). Although fecal pellets are subject to bacterial
degradation and/or zooplankton grazing, they may be consumed or repackaged by deep
resident zooplankton (that produce larger pellets) or broken down and incorporated into
sinking marine snow, and eventually have a greater chance to reach the deep sea (Noji,
1991; Wilson et al., 2013; Stamieszkin et al., 2017). For example, vertical migration of
Calanus spp. may promote sinking of particles by feeding in the surface and egesting fecal

materials in deeper waters (Noji, 1991; Passow and Carlson, 2012). During sedimentation,
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fecal pellets are likely to be modified and repackaged several times and become
unrecognizable as fecal pellets, making it difficult for visual identification (Noji, 1991).
For example, an earlier study estimated a low fecal pellet contribution to POC in a sediment
trap collected under permanent ice cover in the Arctic (< 20%), which was derived from
enumeration of two types of pellets (cylindrical and ellipsoid; Hargrave et al., 1994).
Nevertheless, our results agreed with more recent studies that discovered substantial
contribution of fecal pellets from large copepods to vertical export (up to > 60% of the
POC flux) in other polar regions; e.g., Fram Strait (Lalande et al., 2011), northern Baffin
Bay (Sampei et al., 2004), Beaufort Sea (Juul-Pedersen et al., 2010), and the Southern
Ocean (Dagg et al., 2003; Gleiber et al., 2012; Décima et al., 2023). Recent applications of
Bayesian mixing model using Phe-normalized §!°N of Ala and Thr revealed an increasing
contribution of fecal pellets to both small and large particles with increasing depth in North
Pacific, indicating fecal pellet production by zooplankton and disaggregation into smaller
particles at mesopelagic depths (> 50% in the mid mesopelagic; Doherty, 2021; Wojtal et
al. 2023). A recent model study suggested that sinking fecal pellets accounted for 50-90%
of total carbon export for most low-latitude seas (Nowicki et al., 2022). Nowicki et al.
(2022) found that fecal pellets from “gravitational pump” (i.e., via passive sinking)
contributed less to total carbon export in high latitudes (40-50%) because of the larger
contribution of “mixing pump” (i.e., via active physical transport) from deep water
formation. However, the “mixing pump” in their models only includes dissolved organic
carbon component and neglected the suspended POC from eddy subduction (Nowicki et
al., 2022). Our study, on the other hand, only characterized the particulate portion in the
sediment traps, part of which may be transported via the “mixing pump”. Hence, our
estimates of higher contribution of fecal pellets are reasonable. In fact, physical transport
of suspended POC by vertical mixing, seasonal mixed layer detrainment, eddy subduction,
and large-scale ocean circulation could play an important role in exporting POC to depth
(Omand et al., 2015; Dall’Olmo et al., 2016; Nowicki et al., 2022). For example, based on
mixed-layer depth data from Argo floats and satellite estimates of POC, the largest mixed-
layer pump can be found in high latitude regions in the North Atlantic, Southern Ocean,
and north-west Pacific, accounting for on average 23% of estimates of the biological

carbon pump (Dall’Olmo et al., 2016). Glider observations complemented by high-
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resolution modelling revealed that eddy-driven POC flux can contribute up to half of the
total POC export during spring blooms in highly productive subpolar oceans, such as North
Atlantic (Omand et al., 2015).

Overall, our findings suggested that sea ice algae and zooplankton fecal pellets fuel
export productivity to the mesopelagic in a seasonally ice-covered region. This has
important ecological implications for global warming and declines in sea ice in the Arctic
and subarctic oceans (Pabi et al., 2008). Sea ice declines represent habitat loss and reduced
fatty acid quality for sea ice-reliant species (Post et al., 2013). This reduction accompanied
by younger and thinner ice, freshening surface water, and less ice-covered area in the
Arctic/subarctic, may also induce changes in community structures and phenology of
zooplankton, and hence impacting fecal pellet export and food supply to benthic
communities (Post et al., 2013; Leu et al., 2015; Turner, 201 5). Although primary
production and POC fluxes were predicted to increase in polar oceans as a result of longer
ice-free periods, other mechanisms may limit the delivery of POM to benthic ecosystems
(Sweetman et al., 2017). First, ocean warming accelerates remineralization and microbial
degradation in the water column and hence may reduce the effectiveness of POM export
to depth (Riebesell et al., 2009; Turner, 2015). Increased stratification caused by surface
warming and freshwater input from sea ice melting limits deep-water ventilation and
reduces nutrient supply to surface waters. The weakened deep-water intrusion may reduce
the strength of mixed layer pump that acts as an important pathway for POM export in high
latitude seas (Dall'Olmo et al., 2016). Reduced nutrient supply shifts the surface plankton
communities from dominance by diatoms and large zooplankton towards those dominated
by picoplankton and small zooplankton, thereby reducing the strength of biological pump
and the sedimentation of organic particles to depth (Li et al., 2009; Finkel et al., 2010;
Turner, 2015). This may further deprive benthic communities of organic matter supply,
which are predicted to impact biodiversity hotspots, such as those inhabited by deep-sea
corals and sponges (Levin and Le Bris, 2015; Sweetman et al., 2017). Hence, these habitats
are particularly vulnerable to changes in food quality and quantity in the changing

Arctic/subarctic oceans.
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3.5 Conclusions

In this study, we applied CSIA-AA proxies on sinking particles time series
collected in sediment traps at depths of 469 m and 915 m in the northwestern Labrador
Sea (~60°N) to explore the sources and composition of organic carbon and nitrogen in
sinking organic matter at the Arctic/subarctic boundary. The sinking particles 5'*C-EAA
patterns indicated that sea ice algae are an important food source to higher trophic levels
and that surface primary production was largely preserved in exported organic matter at
the study site. Additionally, 8'°N-AA results independently verified the minor bacterial
contribution to sinking particles and revealed dominant animal sources (fecal pellets and
zooplankton) to the sinking flux. Overall, these results have significant implications for
the use of CSIA-AA in biogeochemical and ecological studies of marine environments.
The use of CSIA-AA in sinking particles time series obtained from moored sediment
traps provides quantitative estimates of plankton and fecal pellet contributions to carbon
export in the ocean, which may help improve the accuracy of flux estimates derived from
counting methods and biogeochemical models. Combined with conventional analyses,
such as plankton analyses and flux measurements, CSIA-AA may fulfil the promise of
precise and high-resolution delineation of marine sinking organic matter in space and
time. Climate-related ocean changes may further limit food availability for deep-water
benthic assemblages, such as deep-sea corals and sponges (Levin and Le Bris, 2015;
Sweetman et al., 2017). We suggest that future work should expand CSIA-AA
measurements on sinking particles collected by sediment trap time series globally and
establish multi-proxy data repository for vulnerable ecozones. CSIA-AA end-member
data for estimating sinking particle composition should be better constrained, especially
for 3'*C-EAA. More accurate quantitative estimates of sinking particle composition and
processing are beneficial for future studies to predict the biogeochemical and ecological

responses in important deep-sea ecosystems to on-going changing climate.
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CHAPTER 4 PRESERVATION OF AMINO ACID 813C AND 815N
SIGNALS IN A HOLOCENE-AGED SEDIMENT CORE FROM NORTHERN
BAFFIN BAY3

Abstract

To predict how ongoing climate-driven changes in ocean conditions will impact
marine ecosystems, it is important to investigate biogeochemical and ecological
responses to changing ocean conditions of the past. Here we apply compound-specific
isotope analysis (CSIA) of amino acids (AA) to a marine sediment core spanning most of
the Holocene period to investigate carbon (C) and nitrogen (N) sources and cycling
associated with export production and microbial degradation for the past ca. 9,000 years
in eastern Baffin Bay off northwest Greenland. Our results showed excellent long-term
preservation of CSIA-AA isotopic information despite noticeable alteration in AA
concentrations. We observed a significant shift in stable carbon isotopes (5'3C) of
essential amino acids in the early Holocene, coherent with an overall increase in diatom
fluxes and relative declines in sea-ice diatoms. We reconstructed the first baseline stable
nitrogen isotope (8'°N) values for the Northwest Greenland shelf and observed well
preserved 8'°N of Phenylalanine which showed slightly higher values than the inferred
modern level of nitrate §'°N at our study site. AA-based heterotrophic indicators (trophic
position, 3'"N-AA pattern, and Y V) showed a lack of progressive microbial reworking
with depth despite continuous losses of AAs and suggested that most of diagenesis may
have occurred during sedimentation and early deposition. These results highlighted the
potential of AAs as reliable tracers of export production and microbial degradation, and
their potential to enhance the accuracy of geochemical interpretations based on traditional
geochemical proxies. We suggest that future work should expand CSIA-AA applications

to paleoenvironmental studies to better understand long-term changes in ocean conditions
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and identify ecosystem shifts. This information is key to better predict future responses of

marine ecosystems to climate change.

4.1 Introduction

The accelerating loss of Arctic sea ice has been unprecedented for at least the past
1,450 years (Kinnard et al., 2011), and facilitates a positive climate feedback that
amplifies Arctic warming through reducing surface albedo (Serreze and Barry, 2011; Post
et al., 2013). For the past several decades, the annual minimum sea ice extent has been
drastically declining with shorter sea-ice seasons, younger and thinner ice, and increasing
freshwater discharge from sea ice melting (Meredith et al., 2019; Hanna et al., 2021). The
decline in sea ice represents habitat loss for sea ice algae, which are a major contributor
to Arctic primary production (up to 60% in the central Arctic; Legendre et al., 1992;
Gosselin et al., 1997; Ardyna et al., 2020). Resulting shifts to pelagic primary production
(Arrigo and van Dijken, 2015) may cause mismatches in the timing of zooplankton
production and thus impact the biomass and energy transfer to higher trophic levels (Post
et al., 2013; Leu et al., 2015; Tedesco et al., 2019; Limoges et al., 2023). Also, a decrease
in surface nutrient availability due to surface freshening and enhanced stratification may
cause a shift in plankton community composition from larger nanophytoplankton toward
smaller picoplankton (Li et al., 2009; Finkel et al., 2010). Together, these changes have
the potential to impact the magnitude and quality of export production, which plays a
critical role fueling benthic ecological communities and is a major pathway in marine
carbon sequestration (Buesseler and Boyd, 2009; Buesseler et al., 2020). To place these
observations into the context of long-term climate change, it is necessary to develop new
biogeochemical proxies for linking nutrient-productivity dynamics over centennial to

millennial timescales.

Stable carbon and nitrogen isotopes (8'3C and §'°N) of bulk sedimentary organic
matter (OM) are widely used in marine biogeochemistry and paleoceanography (Peterson
and Fry, 1987; Altabet et al., 1999). The §'3C and 8'°N values of primary producers vary
in space and time due to plankton physiology and environmental factors such as
temperature and nutrient (e.g., carbon dioxide, CO2; nitrate, NO3) concentrations and

processing histories (Peterson and Fry, 1987; Goericke and Fry, 1994). These “baseline”
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isotopic values are integrated into export production and, ultimately, sedimentary OM.
Isotopic analysis of the sediments may then be used for tracking long term changes in
nutrient sources and/or utilization in overlying surface waters (Altabet and Francois,
1994; Galbraith and Kienast, 2013). However, sedimentary §'*C and §'°N records are
affected by factors that may overprint baseline values, such as heterotrophic processing
(i.e., zooplankton grazing and fecal pellet production) and microbial activity during
particle export and burial (Macko & Estep, 1984; Altabet, 1996; Robinson et al., 2012;
Hannides et al., 2013). Post-depositional diagenetic processes such as oxidation or
hydrolysis may selectively remove isotopically distinct compounds from the bulk OM
(Freudenthal et al., 2001, Lehmann et al., 2002; Tesdal et al., 2013). Also, sediments
comprise time-varying mixtures of inorganic and organic materials of different §'°C and
8N (Kienast et al. 2005). To overcome these challenges, stable isotope analysis of
specific biomarker compounds such as chlorin (e.g., Junium et al., 2015) or microfossil-
bound N (e.g., Sigman et al., 1999) have been used, but these represent tiny fractions of
sedimentary OM and therefore may not capture information about larger scale nutrient-

productivity dynamics.

Amino acids are the major form of molecularly characterizable N and organic C
in living organisms and non-living OM. They thus represent important components of
plankton, bacteria, and marine sediments (Cowie and Hedges, 1992; Hedges et al., 2001).
Their absolute abundance and relative concentrations have been widely used as indicators
of OM degradation state (Cowie and Hedges, 1992; Dauwe et al., 1999). Compound-
specific isotope analysis (CSIA) of amino acids (AAs) has recently emerged to address
the complications linked to the interpretation of bulk stable isotope data by providing
specific information about the sources and processing of OM (Larsen et al., 2009; Larsen
et al., 2013; Batista et al., 2014; McMahon et al., 2015; Ohkouchi et al., 2017; Close,
2019; Shen et al., 2021). Interpretation of §'3C-AA signatures is based on the
classification of AAs into essential and non-essential groups. The C skeletons of essential
amino acids (EAAs: phenylalanine, threonine, isoleucine, leucine, and valine) are
synthesized only by primary producers. Consumers cannot synthesize EAAs in amounts
adequate to support growth and maintenance, and thus EAAs in consumer tissues are

acquired directly from their diet with minor changes to the C skeletons (“dietary routing”;
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O'Brien et al., 2002; Wu, 2009). Thus, §'*C values of EAAs remain unchanged when
EAAs are entirely incorporated into consumers’ tissues (McMahon et al., 2010, 2013;
Larsen et al., 2013).In primary producers, the diverse biosynthetic pathways and
associated isotopic effects between different phylogenic groups (e.g., terrestrial plants,
fungi, and bacteria) lead to distinct and consistent 5'*C-EAA signatures, which are passed
to and preserved in consumer tissues with trophic transfers, allowing EAAs to trace
sources of primary production fueling food webs (Hayes, 1993; Larsen et al., 2009;
Elliott Smith et al., 2022).

The 3'°N-AA interpretation is based on a different classification, independent of
that for §'°C. §'"°N-AA values in autotrophs mainly derive from transamination of
individual AAs from the central glutamate pool (Macko et al., 1986). When incorporated
into heterotrophs or detrital OM, the autotrophic baseline signatures undergo alteration
due to trophic transfers or microbial degradation (Keil and Fogel, 2001; McCarthy et al.,
2013). Different classes of AAs undergo different degrees of alteration: 3'°N values of
“source” AAs (SrcAAs: phenylalanine and lysine) undergo little or no enrichment with
trophic transfers and thus preserve baseline N values in marine OM. By contrast, those of
“trophic” AAs (TrAAs: glutamine/glutamic acid, asparagine/aspartic acid, alanine,
leucine, isoleucine, proline, and valine) are enriched with increasing trophic level, or
altered by microbial resynthesis (McClelland & Montoya, 2002). The decoupled changes
in 3'°N of SrcAAs and TrAAs allow for direct estimation of trophic position (TP), and
the scattering of TrAA patterns has been proposed as a new proxy for the degree of
microbial alteration (McClelland and Montoya, 2002; McCarthy et al., 2007, 2013; Popp
et al., 2007; Chikaraishi et al., 2009; Hannides et al., 2009, 2013; Nielsen et al., 2015).
Hence, 6'*C-AA and §'°N-AA are complementary yet fully independent approaches for
disentangling the influences from C and N sources, trophic changes, and microbial
degradation, thereby allowing for more accurate interpretation of stable isotope data
(McMahon & McCarthy, 2016). However, applications of CSIA-AA proxies on ancient
marine sediments are still limited, from only a few selective geographical locations (Peru
margin: Larsen et al., 2015; eastern tropical Pacific: Sauthoff, 2016; North Pacific:
Batista et al., 2014; North Pacific and Pacific Arctic: Choi et al., 2022). Isoscapes
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(mapping of isotope spatial gradients) based on §'°N-Phe for sedimentary baselines

remain to be constructed globally and over long time scales.

Here we present a sediment core record spanning the past ca. 9,000 years from
northern Baffin Bay using existing CSIA-AA proxies, including a recently developed
proxy for sea ice algae (Chen et al., 2022). Chen et al. explored the diagnostic potential of
3!3C-EAA to trace sea ice algae in Canadian Arctic and subarctic seas (2022) and
revealed a significant contribution of sea ice algae and fecal pellets to export production
in seasonally ice-covered northwest Labrador Sea (Chapter 3). As a key transition zone
between the Western Arctic and North Atlantic oceans (Miinchow et al., 2015), more
than half of Baffin Bay is covered by sea ice for nine months per year with abundant
icebergs (Tang et al., 2004). Thus, it is a good location to study long-term
biogeochemical and ecological changes in response to sea ice decline in a mid-Arctic

region with the use of CSIA-AA proxies.

A number of studies on sediment cores from northeastern Baffin Bay have been
conducted to investigate changes in ecosystem function over the Holocene (0—11 kyrs)
period (e.g., Levac et al., 2001; Mudie et al., 2005; Knudsen et al., 2008; St-Onge and St-
Onge, 2014; Caron et al., 2019a, b; Giraudeau et al., 2020; Hansen et al., 2020; Limoges
et al., 2020; Saini et al., 2020; Jackson et al., 2021). Here we report on the §!°C-AA and
8'N-AA data of a marine sediment core recovered in a deep glacial trough (water depth:
987 m) on the continental shelf of west Greenland, northeastern Baffin Bay (73°15.66°N,
57°53.98°W). We investigate Holocene 8'°N baselines for northeastern Baffin Bay and
evaluate the fidelity of the §'3C-AA and 8'°N-AA proxies in sediments spanning several
millennia by comparing them with existing CSIA-AA data of marine OM reported
elsewhere (e.g., Larsen et al., 2013, 2015; Braun et al., 2017; Choi et al., 2022) and
previously published multi-proxy data from the same core (Caron et al., 2019a, b; Hansen
et al., 2020; Limoges et al., 2020). Our objective is to enhance understanding of the
preservation of CSIA-AA proxies in aged and degraded marine sediments to improve
accuracy of geochemical data interpretation in paleoenvironmental studies. This study
has important implications for reconstructing biogeochemical cycling and heterotrophic

dynamics over long time scales.
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4.2 Materials and Methods

4.2.1 Study site

Baffin Bay is a semi-enclosed deep basin (> 2,300 m) that connects the Arctic to
the subarctic Labrador Sea and the North Atlantic. It is bounded by Greenland to the east
and by Baffin Island and Devon Island to the west (Rudels, 2011). The oceanography of
modern Baffin Bay is influenced by a combination of warm Atlantic and cold Pacific
waters: 1) the northward flowing West Greenland Current (WGC) carries a mix of cold
and fresh waters from the East Greenland Current and warm Atlantic-sourced waters
from the Irminger Current along the coast of Greenland, and 2) the southward flowing
Baffin Island Current (BIC) carries cold and fresh waters of Pacific origin along Baffin
Island (Fig. 4.1; Lehmann et al., 2019). Although water mass exchange with the Arctic
and Atlantic oceans is restricted by the presence of shallow sills in the connecting
channels (< 700 m; Fig. 4.1; Lehmann et al., 2019), Baffin Bay is one of the key areas for
freshwater and sea ice export to the North Atlantic (Tang et al., 2004; Miinchow et al.,
2015). Our study site is located in northeastern Baffin Bay and on the shelf region of
Greenland that is cut by many canyons and fjords and receives meltwater and icebergs
supplies from the Greenland Ice Sheet (Fig. 4.1). Baffin Bay is almost completely
covered by sea ice from December to April (as of 2023, National Snow & Ice Data
Center; Tang et al., 2004), but the eastern sector of the basin has the shortest sea ice
season because of the influence of the warm West Greenland Current (Tang et al., 2004).
Sea ice motion and thickness in the Baffin Bay are also controlled by Arctic Oscillation,
described as the difference in sea-level pressure between the Arctic Ocean and the middle
latitudes (Thompson and Wallace, 1998; Rigor et al., 2002; Cohen and Barlow, 2005).
During the positive phase of Arctic Oscillation, cold air is trapped by low sea-level
pressure, whereas wintertime surface winds and thermodynamic processes lead to an
overall thinning of sea ice cover, an earlier sea-ice melt, and increased export of
meltwater and drift ice in the Arctic Ocean (Rigor et al., 2002). Conversely, the negative
phase results in a buildup of multiyear ice in a strong Beaufort Gyre, reduced export of
freshwater and sea ice (Rigor et al., 2002). During the Holocene, sea ice dynamics and
marine productivity at the core site, which were previously evaluated by diatom fluxes,

sea-ice biomarkers (IP>s and HBI III), total organic carbon (TOC), total nitrogen (TN),
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bulk §'3C and §'°N, were closely linked to shifts in climate and ocean conditions, e.g.,
Arctic Oscillation, meltwater discharge from deglaciation, changes in seasonal sea ice
concentrations, and balance between Arctic and Atlantic water influences (Limoges et al.,

2020). The ongoing warming and loss of sea ice and glaciers may have consequences for

marine productivity and biogeochemical cycling in Baffin Bay.
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1000 m

2000 m
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5000 m

Figure 4.1 Location of sediment core AMD14-204 on the shelf off northwest Greenland
(yellow circle) with bathymetry (grey contours) and major currents (arrows). Color bars indicate
bottom depth (m). Abbreviations: S, Smith Sound; J, Jones Sound; L, Lancaster Sound; D, Davis
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Strait; BIC, Baffin Island Current; WGC, West Greenland Current. Figure made with Ocean Data
View, Schlitzer, 2022.

4.2.2 Sample collection and processing

Sediment core AMD14-204 was collected using a Calypso square gravity core in
the eastern Baffin Bay (73°15.66’N, 57°53.98’W) during the ArcticNet expedition on
board the CCGS Amundsen in 2014 (Fig. 4.1). The 738-cm core was retrieved at a water
depth of 987 m, subsampled onboard using u-channels, and stored at 4°C during the

transportation. Subsamples for biomarker analyses were stored at -80°C until analysis.

4.2.3 Age model and sedimentary proxies

The age model for AMD14-204 is based on 11 accelerator mass spectrometry '“C
dates from samples of planktic and mixed benthic foraminiferal assemblages and
ostracods (Table C1; see details in Hansen et al., 2020). Previously published radiocarbon
dates from core AMD14-204 were based on the Marinel3 radiocarbon calibration curve
(Reimer et al., 2013) with a reservoir age correction of AR = 140 £ 30 years for the west
coast of Greenland (Lloyd et al., 2011; Hansen et al., 2020). Since then, the calibration
curve and the reservoir age correction for the study location have been updated (Heaton
et al., 2020; Pienkowski et al., 2023). A revised age model calibrated using the CALIB 8
software (Stuiver and Reimer, 1993) and the updated calibration curve, Marine20
(Heaton et al., 2020), with a reservoir age correction of AR =-93 + 111 years for the west
coast of Greenland (Pienkowski et al., 2023) is included in the supplementary material
(Table C1). However, to make our results comparable to previously published multi-
proxy records on core AMD14-204, we applied the earlier version of age model in this
study (same as Hansen et al., 2020). Based on this age model, AMD14-204 spans the last
9.2 cal. kyr before present (hereafter expressed as kyr BP; Limoges et al., 2020).

Samples for total organic carbon (TOC), total nitrogen (TN), bulk stable carbon
(8'3C) and nitrogen isotopes (8'°N) were measured at an interval of 5-20 cm, which
represents an effective age resolution of c. 75440 years (methodology and data are

available in Limoges et al., 2020).

89



4.2.4 Amino acid 613C and 615N analysis

For CSIA-AA analyses, three subsamples were selected from six distinct periods
(9.2 10 8.0, 8.0to 7.0, 7.0 to 6.0, 5.0 to 4.5, 3.0 to 2.5, and 0.5 to 0.2 kyr BP) to capture
environmentally significant variations in the primary production and sea-surface proxies
(i.e., TOC, diatoms, IP»5s and HBI III) reported from the same core in Limoges et al.
(2020).

According to the results of TOC content (%), 0.7—-1.7 gram of dry sediment were
weighted for each subsample to meet the requirement of 10 mg organic C for CSIA-AA
analyses. Samples were hydrolyzed in 6-N HCI (Sigma-Aldrich) at 110 °C for 20 hours,
purified and derivatized into trifluoroacetyl-isopropyl ester derivatives in batches of 6
samples following previously established protocols (Silfer et al. 1991; Larsen et al. 2013;
Batista et al. 2014; McMahon et al. 2015; Chen et al. 2022). Each batch included three
external standards that were treated following the same protocol: duplicate of a
calibration standard of AA mixtures (with known §'°C and §'°N values; see a list of AAs
below) and a lab standard made of homogenized Chlorella powder (Organika). Samples
and standards were spiked with a norleucine (Nle) internal standard (Sigma-Aldrich)
prior to purification and derivatization. Derivatized samples were stored at -20°C until
analysis. On the day of analysis, samples were dried under N> gas, dissolved in ethyl
acetate, measured in triplicate for 8'*C or §'°N, using a Trace 1310 Gas Chromatograph
(GC) coupled with a Delta V IRMS (Thermo Scientific). Every 2-3 samples (including
the lab standard) were bracketed by triplicate injections of calibration standards. A total
of eleven AAs were typically measured in most samples with good reproducibility (same
as those in the calibration standard: alanine (Ala), glycine (Gly), proline (Pro), valine
(Val), leucine (Leu), isoleucine (Ile), asparagine + aspartic acid (Asx), threonine (Thr),
glutamine + glutamic acid (GIx), phenylalanine (Phe), and lysine (Lys). Due to small m/z
28 peak responses, 8'°N of Thr was not determined in most samples (Table C2). Isotopic
values were calibrated to co-analyzed reference material and reported in delta notation ()
in units of per mill “%o” relative to Vienna PeeDee Belemnite (VPDB) and air for §'°C
and 8'°N, respectively. Measured 8'°C values were corrected for isotopic fractionation

and introduction of C atoms during the derivatization according to Silfer et al. (1991) and
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normalized against instrument drift between successive triplicate injections of the
calibration standard (Yarnes and Herszage, 2017; denoted as calibrated 5!°C). Measured
8'°N values were calibrated based on the offset between known and measured values of
calibration standards and normalized against instrument drift (denoted as calibrated
81°N). The average reproducibility of §'3C was + 0.3%o for the internal standard Nle (n =
12), and from + 0.2%o (Phe) to + 0.5%0 (Val, Leu, Pro, and Lys) for AA standards,
respectively (n = 12 for each AA). The average reproducibility of 8'°N was + 0.4%o for
the internal standard Nle (n = 11), and from £ 0.2%o (Lys) to = 0.5%o (Ala and Ile) for AA
standards, respectively (n = 12 for each AA). The absolute (mol) and relative (mol%)
molar concentrations of AAs were calculated by calibration of mass 44 peak areas against
that of the internal standard (Nle) using a relative response factor for each AA, following
Kaiser and Benner (2005). Yields of total hydrolysable AAs (THAAs) were calculated by
dividing the total abundance of AAs by the amount of hydrolyzed material.

4.2.5 Calculations and statistical analyses

To account for the spatial-temporal variability in source 5'*C (Larsen et al. 2015;
Chen et al. 2022), §'3C-AA values were internally normalized by subtracting the §'3C
mean of the five commonly reported EAAs (Phe, Leu, Ile, Thr and Val) for each sample

(denoted as normalized 8'*C) using the following equation:

1
Normalized §13C; = §13C; — 5(613Cphe + 813Crpy + 613Cy e + 63C0y + 613Cy0) (1)

Where §13C; is the calibrated 8'3C value of individual AA. Normalization
accounts for influences from inorganic C sources and other environmental parameters,
whereas the internal variations between AAs reveal the underlying biochemical
mechanisms (Larsen et al., 2015; McMahon et al., 2015; Stahl, 2021; Elliott Smith et al.,
2022).

To account for the baseline variability in !N (McCarthy et al., 2007), §'°'N-AA
values were normalized to the baseline N indicator §'°N-Phe (denoted as normalized

SN):
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Normalized §*°N; = §'5N; — §1°Npp, (2)

8! Nrtuaa refers to the molar weighted average 5'°N of THAA, thus representing
the average 8'°N value of hydrolysable proteinaceous material in the sample (McCarthy

et al., 2013; Batista et al. 2014):
8 Nryaa = X(6™N; x mol%;) (3)

Where 8§1°N; is the calibrated §'°N value of individual AA and mol%; is the

molar percentage of the corresponding AA.

Similarly, 8'*Crraa was calculated based on the calibrated §'*C value of

individual AA and the mol% of the corresponding AA.

The “metazoan” trophic position (TPmet) represents trophic transfers through
metazoans and was calculated based on calibrated $'°N values of Glx and Phe, following

the equation proposed by Chikaraishi et al. (2009) and modified by Nielsen et al. (2015):

(615NGlx - 615Nph6 - 29%0) +1

TPmer = 6.6%0

(4)

The “protozoan” trophic position (TPpr) includes trophic transfers through both
metazoans and protozoans and was calculated based on calibrated 8'°N values of Ala and
Phe, following Décima et al. (2017) and Décima and Landry (2020):

TP _ (615NAla - 615NPhe - 32%0)
pro 4.5%o0

+1 (5)

Changes in AA composition and average deviation of §'°N-TrAAs are two
common degradation indicators to evaluate the degree of microbial degradation in OM.
The percentage of N represented by THAA in total N (THAA-N%; mol N in THAA over
mol total N) below 38% is considered to indicate diagenetic alteration (Cowie and

Hedges, 1992):

THAANY = — 20Ok X M) o000 6)
DW X TN% + My
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Where n is the number of N atoms in individual AA, mol;is the absolute
abundance of this AA, DW is the dry weight of hydrolyzed material, TN% is the weight
percentage of total N, and My is the atomic mass of N. Similarly, the percentage of C
represented by THAA 1in total organic C (THAA-C%) was calculated based on the
number of C atoms, total organic C percentage, and the atomic mass of C (mol C in

THAA over mol total organic C).

The degree of heterotrophic resynthesis was evaluated by calculating the >’V
parameter based on the average deviation of calibrated 3'°N values of six TrAAs from

their mean, following the formula from McCarthy et al. (2007):
1
YV = z ZABS(515Ni - 615Nmean) (7)

Where n is the number of TrAAs used in the calculation, §1°N; are the calibrated
815N values of each TrAA (Ile, Leu, Asx, GIx, Pro, and Ala) and §1° N0y, is the average
515N of these AAs. A higher YV value suggests a higher degree of heterotrophic
resynthesis (McCarthy et al., 2007).

Differences in normalized §'*C and §'°N values and AA mol% among different
periods were tested using one-way analysis of variance (ANOVA) and posthoc Tukey
HSD tests. Differences in CSIA-AA patterns and parameters were tested between 9.2-5.6
kyr BP and 5.5-0.2 kyr BP using Two Sample T-tests. Pearson correlation coefficients
were calculated between all pairs of variables that pass the normality test and displayed in
a correlation matrix (R package: corrplot). Statistical models were verified for univariate
normality using Shapiro-Wilks test (R package: stats) and visually using QQ plots (R
package: ggpubr) in R version 4.1.1 with Rstudio interface version 1.4.1717.
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Table 4.1 Depth (cm), age (cal. yrs BP), total organic carbon (TOC) and nitrogen (TN) contents (%) and ratios, and total hydrolysable amino
acid (THAA) contents (umol g!, mg (100 mg TOC)™!, and %) of core AMD14-204 (singular data).

Depth Age* TOC* TN* TOC:TN THAA yield THAA yield THAA-C THAA-N
(cm) (cal. yrs BP) (%) (%) (nmol g 1) [mg (100 mg (%) (%)
TOC)-1]
6.5 243 1.44 0.18 8.06 20.72 14.94 6.1 16.9
11.5 319 1.41 0.18 7.79 5.92 5.00 2.4 4.6
16.5 395 1.46 0.18 8.09 5.43 3.77 19 4.5
138.5 2566 1.45 0.18 8.20 6.73 2.42 2.2 5.7
148.5 2764.6 141 0.17 8.22 3.39 3.19 1.6 2.8
158.5 2963.2 1.44 0.17 8.25 4.73 3.02 1.8 4.1
290.5 4693.6 1.35 0.16 8.39 4.58 4.90 1.7 4.4
300.5 4817.4 1.41 0.17 8.35 4.66 3.05 19 3.9
310.5 4941.3 1.38 0.17 8.32 5.45 3.94 21 5.0
462.5 6386.3 1.20 0.15 8.27 2.37 3.03 1.2 2.6
472.5 6468.5 1.22 0.15 8.35 3.17 2.52 1.4 3.5
482.5 6550.7 1.20 0.15 8.15 2.92 2.47 1.3 3.0
562.5 7305.8 1.07 0.13 7.96 2.94 4.32 1.5 3.4
582.5 7501.8 1.07 0.14 7.90 2.31 3.88 1.2 2.7
594.5 7617.2 1.01 0.13 7.87 2.57 4.61 1.5 31
694.5 8689 0.59 0.08 7.57 141 2.84 1.5 31
704.5 8798.6 0.60 0.08 7.59 1.16 3.08 1.2 2.5
714.5 8908.8 0.59 0.08 7.62 1.09 2.32 1.1 2.2

“Values originally reported in Limoges et al. (2020).
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Table 4.2 Depth (cm), age (cal. yrs BP), bulk (singular data) and amino acid stable isotopes (%o; mean + propagated uncertainty based on
triplicate injections) of core AMD14-204.
Depth Age” Bulk Bulk THAA 613C THAA 615N EAA 613C Phe 815N TrAA 615N TPmet TPpro 2V
813C* 815N
(cm) (cal.yrs (%o0) (%o0) (%o0) (%o0) (%o0) (%o0) (%o0) (%o0)
BP

6.5 243)’ -22.64 7.05 -1262+01 11.10+04 -1829+04 NA NA NA NA NA
11.5 319 -22.50 7.18 -19.66+0.6 1236+0.2 -20.65+x04 7.61+0.5 1394 +£0.3 194 +0.1 247 0.2 210x04
16.5 395 -22.77 7.07 -16.67+0.3 10.72+0.1 -23.19+05 8.22+0.3 14.07 £ 0.3 1.82+0.1 2.61+0.2 2.00x0.3
138.5 2566 -22.18 7.02 -14.42 0.2 11.33+0.5 -20.04+0.8 8.08 0.7 13.98+0.3 1.79£0.1 2.27%0.2 1.95+0.3
148.5 2764.6 -22.35 7.11 -16.90 £ 0.1 13.16 £ 0.3 NA 8.21+0.1 NA 1.86 0.0 25203 NA
158.5 2963.2 -22.23 7.04 -15.42+04 12.19+02 -21.01x0.6 8.23x0.6 14.30+0.2 1.82+0.1 2.79%0.2 2.08+0.2
290.5 4693.6 -22.40 7.10 -16.94+0.3 11.68+0.3 -22.51+04 8.79+0.7 13.38+0.3 1.64+0.1 2.05+0.2 23503
300.5 4817.4 -22.66 7.21 -16.99 £ 0.1 123602 -18.74+04 8.04+0.5 NA 1.83+0.1 234+0.2 NA
310.5 4941.3 -22.68 6.90 -15.24+0.3 12.58+0.2 -21.56+0.7 8.65+0.8 143004 1.62+0.2 2.51+0.2 1.74 0.4
462.5 6386.3 -24.01 7.63 -16.95+0.1 1298+0.3 -19.65+0.7 8.37x0.6 NA 1.81+0.2 234+0.2 NA
472.5 6468.5 -23.44 7.62 -1595+0.7 13.48zx0.8 NA 7.85 + NA NA 192 +NA 2.53+NA NA
482.5 6550.7 -23.63 7.79 -17.43+£05 13.05+0.2 -23.92+0.7 8.42+0.6 14.54 £ 0.2 1.89+0.2 2.55+0.2 2.04+0.2
562.5 7305.8 -23.55 7.82 -16.52 £ 0.1 13.46+03 -20.23+x0.5 10.65+1.1 1498 0.3 1.68+0.2 1.98+0.3 246+0.3
582.5 7501.8 -23.61 7.74 -15.23+0.2 12.18 0.2 NA 7.59+0.8 NA 2.08+0.1 2.33+0.3 NA
594.5 7617.2 -23.39 7.87 -18.05+04 1393+03 -23.16+0.6 9.18+0.4 14.79£0.2 1.87+0.1 2.58 £ NA 235+ NA
694.5 8689 -23.69 7.37 -1787+0.2 1290x03 -1879+0.3 9.08+14 NA 1.77£0.3 NA NA
704.5 8798.6 -23.77 7.47 -1442+02 11.12x03 -16.72+1.3 7.85%1.6 NA 2.01x0.3 NA NA
714.5 8908.8 -24.13 7.21 -19.51+£05 13.29z%0.1 NA 8.52+0.6 NA 2.05x0.1 NA NA

“Values originally reported in Limoges et al. (2020).



4.3 Results

4.3.1 Temporal trends in bulk elemental composition, micropaleontology and

biomarkers

The trends in bulk elemental composition, micropaleontology, and biomarkers
were previously published in Limoges et al. (2020) and are briefly summarized here.
Both TOC% and TN% remained low throughout the core, ranging 0.59-1.52% and 0.08—
0.20%, respectively (Fig. 4.2a). A sharp increase in TOC% occurred at around 7.7 kyr BP
(by ~1%), followed by a slow increase toward ~3 kyr BP and then a decline to the top of
the core (Fig. 4.2a). TN% remained the lowest for 9.2—7.7 kyr BP and later slowly
increased toward the top of the core (Fig. 4.2a).

The lowest diatom fluxes were found during 9.2—7.7 kyr BP with moderate
Chaetoceros spores, accompanied by a high contribution of “marginal ice zone”
assemblages (Fig. 4.2b, ¢). From around 6 kyr BP, total diatom fluxes progressively
increased and peaked at 4.4 kyr BP with a decline in the “marginal ice zone”
assemblages, followed by a gradual decrease in diatom fluxes and a strong increase in the
“marginal ice zone” group (Fig. 4.2b, c¢). A sharp decline in diatom fluxes occurred at
around 3 kyr BP accompanied by a sharp decline in the “marginal ice zone” group and a
marked increase in the “summer subsurface” and “drift-ice/pack-ice” taxa (Fig. 4.2b, c).

Thereafter, total diatom fluxes remained low for the rest of the core (Fig. 4.2b).

Fluxes of IP2s were detected throughout the core, with a relative high flux during
9.2-6.6 kyr BP (Fig. 4.3d). Later IP2s fluxes progressively decreased and reached the
lowest at around 3 kyr BP before rising again to reach a maximum at 0.2 kyr BP. Both
peaks in IP2s co-occurred with peaks of HBI III (Fig. 4.3d). The relatively low values of
HBI III from 5 kyr BP are concurrent with the decline in IP»s, followed by a sharp
increase in HBI III at 2.3 kyr BP (Fig. 4.3d).

4.3.2 THAA compositions

The trends of THAA yield, THAA-N%, and THAA-C% in the sediment core
exhibited a logarithmic pattern (r> > 0.5; Fig. 4.2g). The THAA vyield averaged for each
period increased from ~1.0 umol g™ in 9.2-8.2 kyr BP to ~10 umol g™ in 0.5-0.2 kyr BP
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(Fig. 4.2g). When averaged for each period, THAA-N% and THAA-C% demonstrated
similar increasing trends, slowing rising from 9.2—8.0 kyr BP until 3.0-2.5 kyr BP by
~2% and then rapidly increasing to 8.7% and 3.5% in 0.5-0.2 kyr BP, respectively (Fig.
4.2g). The maxima of THAA-N% and THAA-C% occurred at 0.2 kyr BP (16.9% and
6.1%, respectively) which were ~3 times higher than the subsequently older sample (0.3
kyr BP; Fig. 4.2g).
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contribution of “summer subsurface”, “drift-ice/pack-ice”, and “marginal ice zone” assemblages
(%), and (d) fluxes of IP»s (left y-axis) and HBI III (right y-axis), and bulk stable isotopes and
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CSIA-AA results in this study (e-f): (e) bulk 8'3C, average 8'*C of 5 essential amino acids (Avg
EAA; Phe, Thr, Ile, Leu, Val) and total hydrolysable AAs (THAA), (f) bulk §'°N, average §'°N of
trophic AAs (Avg TrAA), Phe, and THAA, (g) THAA yield (averaged for each period), THAA-
C%, and THAA-N%, and (h) TPpr, TPme, and degradation indicator £V of sediment core
AMD14-204 for the past c. 9,000 years BP. Trend lines show averages for different periods (9.2
to 8.0, 8.0 to 7.0, 7.0 t0 6.0, 5.0 to 4.5, 3.0 to 2.5, and 0.5 to 0.2 kyr BP; n = 1-3 for each period).

4.3.3 Amino acid molar concentrations

Concentrations of most AAs in the sediment core were similar between different
periods, ranging from ~5.0 to ~10.0% (except Gly, Lys, and Thr; Fig. 4.3). The
concentrations of Gly and Lys were relatively higher than the other AAs for most
samples (Fig. 4.3). From the bottom of the core, Gly% increased from ~7.5% to ~29.0%
while Lys% declined from ~18.5% to ~6.0% (Fig. 4.3). A decreasing trend was also
observed in Leu%, Ile%, Pro%, and Val% (Fig. 4.3). Thr had the lowest abundance,
ranging from 0.6 to 4.3 % (Fig. 4.3).
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Figure 4.3 The average AA molar composition of sediment core AMD14-204 for six periods

(0.5t00.2,3.0t02.5,5.0t0 4.5, 7.0t0 6.0, 8.0 to 7.0, and 9.2 to 8.0 kyr BP). Error bars represent
+ 1 standard error for each period (n = 2-3 for Thr and n = 3 for other AAs).

4.3.4 Bulk 813C and 815N variability
The values of bulk §'*C and §'°N were previously published in Limoges et al.
(2020) and are briefly summarized here. Bulk 8'°C ranged from -24.4%o to -21.9%o,
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increased from the bottom of the core until reaching a plateau at ca. 3.0 kyr BP, and later
decreased to around -23%o from ca. 1.0 kyr BP (Fig. 4.2¢). Bulk §'°N rapidly increased
from 6.9%o from the bottom of the core and peaked at 8.2%o at ~8.5 kyr BP (Fig. 4.2f).
Later bulk 8'°N progressively decreased until 5.0 kyr BP and stabilized at ~7.0%o (Fig.
4.21).

4.3.5 Amino acid 813C variability

The §'°C-THAA ranged from -19.7%o to -12.6%o, demonstrating a higher
variability with more enriched values compared to bulk 8'3C (Fig. 4.2¢). The average
513C of five EAAs (8'°C-EAA) ranged from -23.9%o to -16.7%o and was also more
variable than bulk 6'*C. When averaged for each period, 6'*C-EAA dropped from -
17.8%o at 9.2—8.0 kyr BP to -21.7%o at 8.0—7.0 kyr BP, increased slightly to -20.9%o at
5.0-4.5 kyr BP, and remained stable thereafter (Fig. 4.2¢).

When internally normalized (see Eq. (1) in Sect. 2.5), the §'3C patterns of EAAs
were consistent between different periods (except for 9.2—8.0 kyr BP), with Phe ranging
from ~-4.0 to ~-2.0%o, Thr from ~9.0 to ~11.0%e, Ile from ~-2.0 to ~-1.0%o0, Leu from ~-
5.0 to ~-3.0%o, and Val from ~-2.0 to ~0.0%o (Fig. 4.4a). By contrast to Thr that showed
higher values (15.8 + 1.9%o), the 3'*C of Phe was lower from 9.2-8.0 kyr BP than during
other periods (-6.5 £ 0.1%o; Fig. 4.4a). However, given the small sample size, such
differences were not statistically significant (Table C2). The overall §'*C-EAA patterns
of the sediment core fell between the values for sea ice algae, pelagic algae, and
heterotrophic bacteria reported elsewhere (Fig. 4.4a; Larsen et al., 2013; Chen et al.,
2022).

4.3.6 Amino acid 815N variability

The 8'°N values of Phe, a commonly used proxy for baseline N source, fluctuated
between 7.6 and 10.6%o throughout the core with a small peak in 8.0-7.0 kyr BP and a
higher variability than bulk §'°N (Fig. 4.2f). The average 8'°N values of trophic AAs
ranged from 13.4 to 15.0%0 and showed a decreasing trend from 8.0-7.0 to 5.0-4.5 kyr
BP, dropping from 14.9%o to 14.5%0 before remaining constant towards the top of the
core (Fig. 4.2f). The §'>’N-THAA averaged for each period demonstrated a similar trend

with the bulk §'°N with more enriched values and slightly higher variability, increasing
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from 12.4%o from the bottom of the core, peaking at 13.2%o at 8.0-7.0 kyr BP, and
steadily declining to 11.4%o until 0.5-0.2 kyr BP (Fig. 4.2f).

When normalized to the baseline proxy (8'°N-Phe), the 8'°N of TrAAs showed
elevated levels from the baseline, with Glx, Val and Ala being the most elevated (~8.0—
9.0%o, ~8.0-9.0%o, and ~9.0—10.0%o, respectively; Fig. 4.4b). The §'°N of Lys (the other
SrcAA) showed a negligible deviation from Phe, while the §'’N-Thr was depleted by 2.4
%o (Fig. 4.4b). With the exception of Thr, the overall Phe-normalized §'°N-AA patterns
fell between those for detritus and fecal pellets and were distinctly different from either

cultured algae or zooplankton.
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Figure 4.4 (a) 8'3C-AA patterns normalized to the mean of 3'*C of 5 essential amino acids

(Phe, Thr, Ile, Leu, Val) and (b) 3'’N-AA patterns normalized to the baseline proxy 8'°N-Phe of
different periods in sediment core AMD14-204 (0.5 to 0.2, 3.0 to 2.5, 5.0 to 4.5, 7.0 t0 6.0, 8.0 to
7.0, and 9.2 to 8.0 kyr BP). Error bars show +1 standard error for each period (n = 1-3). 31*C-AA
patterns are compared with those of sea ice algae and pelagic algae collected in Canadian
Arctic/subarctic seas from Chen et al. (2022) and heterotrophic bacteria from Larsen et al. (2013).
8'SN-AA patterns are compared with those of cultured autotrophic algae, detritus, fecal pellets,
and zooplankton from McClelland and Montoya (2002), Chikaraishi et al. (2009), Hannides et al.
(2009, 2013), Doherty et al. (2021), and Chen et al. (Chapter 3). EAA, essential amino acid;
NEAA, non-essential amino acid; TrAA, trophic amino acid; SrcAA, source amino acid.
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4.3.7 Temporal dynamics in trophic and degradation proxies

TPmet, the most common proxy for metazoan trophic transfers, ranged from 1.6 to
2.1 throughout the core, mirroring the trend of the §'°N values of Phe when averaged for
each period (Fig. 4.2f, h). The more recently proposed proxy for protozoan trophic
transfers, TPpro, was ~0.5 higher than TPmet, ranging from 2.0 to 2.8 and mirroring the
5'>N-Phe pattern when averaged for each period (Fig. 4.2f, d). As an indicator for the
degree of heterotrophic bacterial resynthesis, values of the > 'V parameter fluctuated from
1.7 to 2.5%o, dropping from 2.5 to 1.7%o from 8.0-7.0 to 5.0—4.5 kry BP, rising and
dropping again from 2.4%o to 2.0%o from 5.0—4.5 to 3.0-2.5 kyr BP (Fig. 4.2h).

4.4 Discussion

In this study, we presented one of the first investigations of downcore CSIA-AA
variations in Holocene aged sediments. Our sediment core record spanning the past ca.
9,000 years showed significant diagenetic alteration of organic geochemical
compositions, but with little apparent effect on CSIA-AA patterns or derived parameters.
These results suggest that CSIA-AA signals recorded in marine sediments may help to
disentangle processes affecting bulk §!°C and §'°N signals and thereby inform
interpretations of biogeochemical cycling and heterotrophic dynamics over

multimillennial timescales.

4.4.1 Diagenetic patterns

4411 THAA losses indicate substantial OM degradation

In this study, we use THAA contents as a proxy for organic alteration and
diagenesis. The decreasing downcore trends in THAA contents (Fig. 4.2g) are broadly
consistent with previously reported organic degradation trends in marine sediments
(Cowie and Hedges, 1992, 1994; Cowie et al., 1995; Wakeham et al., 1997; Lee et al.,
2000; Hedges et al., 2001; Batista et al., 2014). The upper most analyzed interval at 6.5
cm/243 yr BP had a THAA yield of 14 mg/100 mg OC and thereafter < 5 mg/100 mg OC
(Table 4.1). For reference, THAA yields range 50-100 mg/100 mg OC in fresh plankton
and microbial biomass, and typically > 30 mg/100 mg OC in epipelagic layer sediment
traps (Cowie and Hedges 1992). Mesopelagic-depth sinking particles collected from
sediment traps deployed in the northern Labrador Sea had THAA yields of 24.7 £ 12.6
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mg/100 mg OC (Chen et al., Chapter 3). Based on these reference values, the upper core
sediments appear to be strongly depleted in THAA content relative to fresh plankton or
exported sinking particles. THAA-N%, which is a widely used organic degradation
proxy, was 17% in the upper core interval, also considerably lower than that of fresh
biomass (> 50%, Cowie and Hedges, 1992; Wakeham et al., 1997) and sediment traps (>
38%, Cowie and Hedges 1992; > 20%, Chen et al., Chapter 3). The THAA losses
continued downcore. If the uppermost interval from 6.5 cm/243 yr BP is included, the
downcore decreases follow logarithmic relationships with age (THAA yield = -1.51In(yr)
+16.4 mg/100 mg OC, r* = 0.56; THAA-C% = 0.70In(yr) + 7.56 %, 1> = 0.53; THAA-
N% = -1.90In(yr) + 19.78 %, 1> = 0.46). However, the uppermost interval appeared to be
an outlier relative to the other more recent intervals and could represent fresher material
that was worked downward by bioturbation. Given the depths and resolution of the
analysed samples, it is not possible to determine if the THAA losses happened before, or
just after, initial sedimentation and burial. Regardless, all the sediments analyzed in the

present study appeared to be substantially degraded with respect to THAA contents.

The downcore decrease in THAA-C% and THAA-N% suggested a preferential
degradation of AAs over total OM (Fig. 4.2g; Braun et al., 2017). Reactive proteins and
carbohydrates are preferentially degraded during early diagenesis which concentrates
refractory materials that can only be significantly degraded in the presence of O»
(Burdige, 2007). The preferential consumption of AAs was evident by the much faster
decrease in THAA contents compared to TOC and TN (Fig 4.2a, g), indicating that AAs
were converted into other non-AA or uncharacterizable OM compounds that were
consumed at a much slower rate in the deeper and more oxygen deficient buried

sediments (Henrichs, 1992; Hedges and Keil, 1995; Burdige, 2007).

The downcore THAA losses were notably decoupled from the sediment grain
size, which was fine to medium silt throughout the core (Caron et al., 2020), and TOC
and TN contents, which were stable over most of the core record, except for the abrupt
shift in 7.7 kyr BP (Fig. 4.2a). The shift in TOC% and TN% coincides with a change in
sediment provenance associated with a hypothesized reorganization in paleoceanography

(Caron et al., 2019, 2020; Limoges et al., 2020). Earlier than 7.7 kyr BP, the sediments
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were supplied mainly by meltwater discharge from the Upernavik ice stream on the west
Greenland, which would have had very low organic contents. Afterwards, sediments were
supplied by hemipelagic sedimentation from relatively warmer and presumably more
biologically productive waters of the West Greenland Current (Caron et al., 2019). The
lack of any corresponding changes in TOC:TN ratios (Table 4.1) indicated that the 7.7
kyr shift in TOC and TN was driven by changing proportions of organic to inorganic

sediment inputs and was unrelated to organic diagenesis.

While THAA yields, THAA-C%, and THAA-N% in marine sediments vary
across different time scales, geographical locations, and oceanic conditions, the values in
core AMD14-204 are comparable to previously reported values. For example, Colombo
et al. (1998), Braun et al. (2017), and Choi et al. (2022) reported sedimentary THAA
yields of < 40 umol g!, THAA-C% of < 20%, and THAA-N% of < 40% below the first
few centimeters from the surface. The variations in THAA contents may be linked to
different parameters including temperature, current influences, water depths,
sedimentation rates, bottom O; conditions, and other environmental factors (Canfield,
1993; Burdige, 2007; Braun et al., 2017). In sediments from shallower waters on the
southwest Greenland margin near Davis Strait (389 and 498 m), higher THAA contents
were measured for the past 10,000 years, with THAA yields of ~20-40 pmol g! and
THAA-N% of ~20-40% (Braun et al., 2017). Temperature data showed that surface
temperature at Davis Strait was ~4°C warmer than that near our core site in the
northeastern Baffin Bay (73.86°N) in August (averaged for 1948—1999, Tang et al.,
2004). The lower THAA contents at our study site may thus potentially be attributed to a
stronger influence of cold Arctic waters, lower marine productivity, greater sea-ice cover,
less incident radiation, and a deeper water depth (987 m at our study site), where less of

the produced OM reaches the seafloor.

4.4.1.2 Changes in AA molar concentrations and implications for

Degradation Index (DI)

With a decreasing trend in THAA contents, AA molar concentration (AA mol%)
showed pronounced trends with increasing age (Fig. 4.2g, 4.3). We were not able to

resolve Thr and Ser in most of our samples, especially for §!°N measurements, and thus a
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commonly used diagenesis proxy, degradation index (DI; Cowie and Hedges, 1992;
Dauwe and Middelburg, 1998; Dauwe et al., 1999), was not determined in this study.

However, our observations have important implications for the use of DI in sediments.

In contrast to previous studies reporting increasing Gly mol% with increasing
degradation in marine sediments (Cowie and Hedges, 1992; Dauwe and Middelburg,
1998; Dauwe et al., 1999), we observed a significant decrease in Gly mol% with depth
(Fig. 4.3, 4.5). This decrease was balanced by increases in the relative concentrations of
Ile, Leu, Val, Pro, and Lys (Fig. 4.3, 4.5). Enrichment in Gly mol% is generally
interpreted as an indicator for microbial degradation (Cowie and Hedges, 1992; Dauwe et
al., 1999; Choi et al., 2022). The preferential accumulation of Gly mol% in marine
sediments during sinking and deposition is linked to newly synthesized Gly from
microbial production or selective preservation of Gly-concentrated diatom cell walls
(Hecky et al., 1973; Cowie and Hedges, 1992; Dauwe and Middelburg, 1998). Cell wall
amino acids are less susceptible to enzymatic degradation in comparison to intracellular
elements that have relatively higher reactivities (Cowie and Hedges, 1992; Dauwe and
Middelburg, 1998). The mechanism of the Gly decline in our core is uncertain, yet the
relatively high Gly concentrations in most of the core (~18-30% except for 9.2—-8.0 kyr
BP) compared to that in fresh plankton (< 15%; Cowie and Hedges, 1992; Dauwe and
Middelburg, 1998; Gaye et al., 2022), was consistent with values reported for degraded
sediments (Fig. 4.3; Cowie and Hedges, 1992; Dauwe and Middelburg, 1998; Gaye et al.,
2022). Therefore, these sediments must be subject to certain degrees of microbial
degradation that had preferentially preserved Gly by the time they reached the seafloor or
shortly after burial, as also indicated by elevated TPy, and 2V values (see discussion in
the section below). Pantoja and Lee (2003) observed a lack of difference in degradation
status with depth in deep sediments because the organic matter deposited on the seafloor
surface were already degraded after travelling though the ~1,000-m water column, a
depth that is similar to our study site. Hence, we suggest that there may be other
processes leading to the post-depositional loss of Gly, following the initial enrichment

driven by degradation.
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The downcore loss of Gly may be an indication of structural changes in the
sedimentary OM. Glynn et al. (2022) documented Gly losses in subfossil (~9.6—11.6 kyr
BP) coral skeletons and proposed a mechanism of abiotic Gly decarboxylation (Catio and
Loépez-Castillo, 2018), where proton transfer assisted by water molecules cleaves the C-N
bond of free Gly, leading to its degradation. They pointed out that this abiotic
decarboxylation was consistent with physical structural changes in the coral skeletons,
which may have allowed for sea-water penetration and thus enhanced both biotic and
abiotic degradation. Similarly, a decrease in Gly mol% was observed in subfossil mollusc
shells, which was most likely driven by physical leaching and abiotic chemical reactions
(Vokhshoori et al., 2023). Therefore, we hypothesize that abiotic decarboxylation may
explain the downcore decrease in Gly mol%. This possibility raises questions for the
applicability of DI for evaluating the relative degradation state of OM in downcore
sediments, specifically, where degradation is partly abiotically controlled, the use of DI

may not reflect the true degradation state of OM.
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Figure 4.5 Correlation matrix of age, depth, THAA contents, AA mol%, bulk §'3C and §'N,
and amino acid 8"*C and 8'°N parameters in sediment core AMD14-204. Positive values show
significant positive correlation and negative values show significant negative correlation (p <
0.05). Blank space shows insignificant correlation. Color bars indicate correlation coefficients.

4.4.2 Isotopic patterns
4.4.2.1 Temporal shifts in bulk §13C and 815N signals

Bulk §'3C values of the whole sediment core (ca. -24 to -22%o) fell within the

typical range of marine particulate organic matter (POM) reported in Arctic/subarctic

regions (Schubert and Calvert, 2001; Sereide et al., 2006; Belt et al., 2008). Bulk §'°N
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values (ca. +7 to +8%o) fell within the isotopic range of modern surface and subsurface
nitrates in central and western Baffin Bay (~6—8%o) but were heavier than those from
more Atlantic-water influenced sectors of eastern Baffin Bay (Fig. 4.2f; Lehmann et al.,
2019; Sherwood et al., 2021). An abrupt shift at ~5 kyr BP separated the core into two
significantly different clusters (Two-Sample T-test, p < 0.001) with relatively lower §'°C
and higher 8!°N from 9.2-5.1 and relatively higher §'3C and lower §'°N from 5.1-0.2 kyr
BP (Fig. 4.6). Terrestrially derived OM is generally more depleted in both §'3C and §'°N
compared to marine OM (Hoefs, 2018), so it is unlikely that the opposing trends in bulk
513C and 8"°N were due to changes in terrestrial inputs. The isotopic shift also appeared
to be unrelated to OM accumulation or preservation as there were no corresponding
changes in sediment grain size, TOC, TN, OC:N ratios, or AA-based degradation indices
at 5.1 kyr. Limoges et al. (2020) noted that the shift in bulk coincided with a transition
from marginal ice zone to more temperate micropaleontological assemblages (Fig 4.2b—
d). They proposed that the elevated bulk §'°N in the earlier Holocene may have been
linked to more complete surface-water nitrate assimilation due to enhanced stratification
caused by meltwater input from the Greenland Ice Sheet. They also interpreted the bulk
813C record as a proxy for ice (higher §'°C) vs pelagic (lower §'°C) sources particulate
OM; however, this interpretation of §'°C was difficult to reconcile with divergent trends

in IP>s and HBI I1I ice algae biomarkers (Fig 4.2d).

The temporal shift in bulk !°C was decoupled from changes in AA-specific §'*C
(Fig. 4.2e). 8'"*C-THAA was uncorrelated with age or bulk §'*C and there was no
difference before versus after the step change at 5.1 kyr (Two-Sample T-test, p > 0.1).
This decoupling between bulk §'°C and §'*C-THAA (Fig. 4.2e) may be explained by the
very low contribution (1.9 + 1.1%) that AAs made to the TOC. The bulk §'3C signal must
instead be driven by more abundant compounds comprising the TOC, such as lipids,
carbohydrates and, in particular, “uncharacterizable” OM (Wakeham et al., 1997). Solid-
phase nuclear magnetic resonance data have revealed that non-protein alkyl carbon and
black carbon comprise most of the uncharacterizable OM in marine sediments (up to 60%

of TOC; Gélinas et al., 2001; Arndt et al., 2013; Middelburg, 2019).
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In comparison to carbon, the bulk and AA-specific §'°N records were more
coupled. §'"'N-THAA was positively correlated with age and bulk §'°N (Fig. 4.5) and
exhibited a ~-1%o step change from higher to lower values at 5.1 kyr (Two-Sample T-test,
p <0.05). As with carbon, AAs accounted for a small percentage (4.3 + 3.2%) of TN; the
rest must be represented by other N-bearing organic compounds, uncharacterizable OM,
as well as N-bearing clays (Kienast et al., 2005; Batista et al., 2014). It is unclear why the
bulk and AA-specific stable isotopes were more coupled for §!°N than for §'*C despite
the similarly low AA contributions to TOC and TN. Downcore analysis of the relative
concentrations and compound-specific isotopes of different non-AA organic and

inorganic fractions would help deconvolve the bulk isotopic records.
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Figure 4.6 Bulk 85N against bulk §'3C of core AMD14-204. Color bar indicates the age of
samples. Note the temporal separation in bulk §'*C and 8'°N signals of sediments before and after
~5.5 kyr.
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4.4.2.2 Reconstruction of primary producer carbon sources from §13C-
EAA signals

Patterns of d'>’C-EAA in marine OM have proven to be a robust proxy for the
baseline isotopic signatures of surface primary producers (Larsen et al., 2009; Larsen et
al., 2013; Vokhshoori et al., 2014; Larsen et al., 2015; Elliott Smith et al., 2022). §'3C-
EAA of primary producers are transferred to higher trophic levels or detrital materials
with little or no isotopic fractionation (McMahon et al., 2013; Schiff et al., 2014; Larsen
et al., 2015; Shen et al. 2021). In the present study, internally normalized sediment core
513C-EAA values fell within the ranges for sea ice algae, pelagic algae, and heterotrophic
bacteria reported elsewhere (Larsen et al., 2013, 2015; Chen et al., 2022), suggesting the
ultimate source of sedimentary carbon in the AAs is from these sources, and revealing
remarkable long-term preservation of primary production and microbial resynthesis

signatures in sedimentary 8'*C-EAA (Fig. 4.4a).

Average 5'°C-EAA for the earliest 9.2-8.0 kyr period was 3.4 = 0.5%o higher than
the rest of the period averages, driven primarily by the +8%o offset in '*C-Thr (Fig.
4.2¢). Together with the corresponding decrease in §'*C-Phe, the resulting §'*C-EAA
pattern most closely resembled that of sea ice algae. The separation between 9.2—-8.0 kyr
and the other periods became more pronounced in the LDA classification model (Fig.
4.7). Samples from 9.2—8.0 kyr clustered apart from the other periods and were classified
as sea ice algae with probabilities of > 99% (Table C4), while samples from the other
periods clustered together with heterotrophic bacteria and pelagic algae. This suggests
that AAs from the earliest period were generated largely from sea ice algae with
relatively less bacterial reworking, while AAs from < 8 kyr were generated from pelagic

algae with relatively more bacterial reworking.

Previous sedimentological and micropaleontological studies on the same sediment
core revealed distinct paleoceanographic periods and associated sources of primary
production over the 9.2 kyr record (Caron et al., 2019a, b; Hansen et al., 2020; Limoges
et al., 2020). In the early Holocene (Greenlandian; 9.2—8.0 kyr), the northwest Greenland
margin was subject to deglacial conditions with extended sea ice cover and high

meltwater discharge (Caron et al., 2019b; Hansen et al., 2020). The prevalence of sea ice
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algae 8'3C-EAA signatures during this period agrees with high relative abundance of ice-
associated diatom assemblages and relatively high fluxes of IP>s and HBI III (Fig. 4.2¢,
d). Similarly, the shift to more pelagic algae like §'*C-EAA signatures after 8 kyr
(Northgrippian and Meghalayan) agrees with micropaleontological evidence (relative
decrease in sea-ice diatoms and dinoflagellate cysts and increase in warm-water diatoms
and benthic foraminifera) for warmer conditions associated with northward intrusion of
the West Greenland Current (Hansen et al., 2020; Limoges et al., 2020). From 4 kyr
onward, micropaleontological records indicate a return to cooler, seasonally ice-covered
conditions associated with neoglacial cooling (Limoges et al., 2020). While the §'*C-
EAA signatures from the youngest intervals trend back toward sea ice algae, LDA
outputs for all intervals < 8 kyr were indistinguishable within analytical uncertainties
(Fig. 4.7). This suggests that the analytical methods employed here were not sensitive
enough to capture the relatively more subtle changes in primary productivity following
the major paleoceanographic reorganization at 8 kyr. Alternatively, we note that
micropaleontological proxies are highly source specific, whereas the §'*C-EAA records
integrate and therefore smooth out the geochemical signatures from all sources of AAs,
which may be less sensitive to the taxa-specific changes apparent in the

micropaleontological records.
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Figure 4.7 Linear discriminant analysis based on normalized 5'*C values of five essential

amino acids of core AMD14-204. The model was trained on three categorical variables: (B)
heterotrophic bacteria from Larsen et al. (2013); (P) pelagic algae and (C) sea ice algae from
Chen et al. (2022). Values in parentheses of the axis titles are the percentage variation explained
by each axis. Linear discriminants are averaged for each period and shown with means and £1
standard errors (diamonds with error bars).

4.4.2.3 Apparent stability of the baseline §15N record

In this and the following section we deconvolve the §'°N-THAA record into the
source nitrogen (or “baseline’) and heterotrophic components. In isotope ecology and
paleoceanography studies, “baseline” §!°N usually refers to §'°N of primary producers,
which reflects the combined influences of inorganic N isotopes and the degree of N
utilization (Altabet and Francois, 1994; Waser et al., 1998; Altabet et al., 1999; Needoba

et al., 2003). Owing to minimal fractionation during heterotrophic processing, 5'°N-Phe
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has proven to be a reliable baseline N proxy for not only animals (McClelland &
Montoya, 2002; Chikaraishi et al., 2009; Vokhshoori and McCarthy 2014; McMahon and
McCarthy 2018), but also heterotrophic protists (Gutiérrez-Rodriguez et al., 2014;
Décima et al., 2017), bacteria, fungi, archaea (Yamaguchi et al., 2017), and plants (Fogel
and Tuross, 1999). In the present study, sedimentary 3'°N-Phe remained stable over the
length of the record (linear regression: §'°N-Phe vs age, p > 0.1). The relatively poor
analytical uncertainty (£ 0.5%o) of the §'°N-Phe measurements may conceal an
underlying trend: the slope of the 8'°N vs age relationship (-0.08 %0/1000 yr) is in fact
similar to that of the bulk §'°N record (-0.07 %0/1000 yr) and would likely be statistically
significant with tighter analytical precision and/or a larger number of downcore
measurements. Even so, the magnitude of these changes (-0.7 %o for §'°N-bulk; -0.9 %o
for §'°N-Phe) is relatively small. For comparison, Kienast et al. (2019) reported a -2%o
decrease in 8'°N-bulk over a ~8 kyr core collected further south on the western Greenland

margin (64°21.680°N, 52°57.70°W, 483 m water depth).

The average 6'°N-Phe (8.4 £ 0.7%o) in core AMD14-204 falls toward the higher
end of the isotopic range of modern surface and subsurface nitrates (Lehmann et al.,
2019, 2022; Sherwood et al., 2021) and POM (Fox et al., 2022) in Baffin Bay. At present,
mixed layer waters of Baffin Bay have two main sources. Pacific water, which becomes
isotopically enriched in nitrate (3'°N-NOjs: ~7—8%o) as it crosses the Bering and Chukchi
shelves (Granger et al., 2011, 2018; Brown et al., 2015; Fripiat et al., 2018), transits
through the Canadian Artic Archipelago and enters Baffin Bay via Lancaster, Jones, and
Smith Sounds or via Nares Strait (Fig. 4.1; Jones et al., 2003; Tang et al, 2004; Miinchow
et al., 2015; Carmack et al., 2016; Hu et al., 2019). The Pacific water extends to a depth
of ~300 m in western Baffin Bay and shallows to ~100 m in eastern Baffin Bay, below
which lay warmer and isotopically lighter (§'°N-NOs: ~5%o) Atlantic-sourced waters
flowing into Baffin Bay via the West Greenland Current (Melling et al., 2001; Jones et
al., 2003; Tang et al., 2004; Sherwood et al. 2021).

Inferring from present-day conditions, the relatively high §'°N-Phe in core may
result from complete utilization of largely Pacific-derived nitrogen. Tremblay et al.

(2006) observed an increase in '°N of pelagic OM with decreasing fraction of
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unassimilated nitrate in the northern Baffin Bay, converging toward the estimated initial
815N of nitrate (8.4 = 0.2%o). Our §'°N-Phe values are consistent with these values.
However, the data in Tremblay et al. (2006) were collected in the North Water Polynya
of Smith Sound (76-79°N; Fig. 4.1), where the influence of Pacific water should be
greater than at the AMD14-204 core site. It is difficult to reconcile this interpretation
with the presumed influence of isotopically lighter Atlantic waters at the study site,
especially as multi-proxy records from core AMD14-204 indicate an onset of Atlantic
water in the early Holocene (Hansen et al., 2020; Limoges et al., 2020). Improved
delineation of the 3'°N-NOs isoscape in northeastern Baffin Bay, using direct
measurements (or inferred from seawater nitrate to phosphate ratios; Sherwood et al.

2021) could help resolve this problem.

Regardless of the mechanisms of baseline §!°N enrichment, the overall record
suggests relatively stable oceanographic conditions with respect to nitrate sources and
assimilation efficiency over the 9.2 kyr length of the record. Sedimentological,
foraminiferal, and geochemical records revealed flooding of Bering Strait and Chukchi
shelf by rapid sea level rise ca. 12—7 kyr BP (Elias et al., 1992, 1996; Keigwin et al.,
2006; Smith et al., 2011) and complete opening of Nares Strait due to glacial retreat ca.
9-8 kyr BP (Georgiadis et al., 2018; Jennings et al., 2019), evidencing a supply of Pacific
waters to the Arctic Ocean and an establishment of a new gateway for Pacific waters into
the Baffin Bay by early Holocene time. Observational and modelling results suggested
that the distribution of Pacific-sourced water in the upper Arctic Ocean, together with
river runoff and ice melt, was relatively fast (years to decades) before exiting through the
Canadian Archipelago and Fram Strait (Becker and Bjork, 1996; Jones et al., 1998;
Ekwurzel et al., 2001; Jones, 2001; Hu et al., 2019). Further, recent foraminifera-bound
85N records indicate that the coupled nitrification-denitrification mechanism for §'°N-
NOs enrichment of Pacific water over the Bering and Chukchi shelves was in place by 11
kyr (Farmer et al. 2021). Our baseline 3'N-Phe record is largely consistent with this

paleoceanographic framework.
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4.4.2.4 Heterotrophic processing

The heterotrophic component of THAA record is represented by trophic AAs.
Because trophic AAs account for a larger share of THAA relative to Phe (Fig. 4.3), the
8!N-TrAA record paralleled the §'>’N-THAA record, with a statistically significantly
(linear regression: 8'N-TrAA vs. age, p < .05) but relatively small magnitude decrease (-
0.9 %o) in values from 9.2 kyr to present. When normalized to §'°N-Phe, the §'°N-TrAA
patterns were consistent between different periods, suggesting similar degrees of

heterotrophic processing over the 9.2 kyr record (Fig. 4.4b).

The overlapping 5'°N-TrAA patterns of our core with values for fecal pellets
degraded OM, but with less depleted '°N-Thr value, indicated that core sediments
mainly contained microbially-modified OM (e.g., detritus) and not fresh algal or
zooplankton biomass. Previous studies proposed four §'°’N-AA patterns shaped by
microbial metabolisms (McMahon and McCarthy, 2016; Fig. 14 in Ohkouchi et al.,
2017): 1) algae-like pattern when microbes synthesize AAs de novo from inorganic N
with low TPnet and )V values; 2) metazoan-like pattern when microbes incorporate
existing AAs from the environment with an increase in TPt values; 3) consistent
isotopic enrichment across all AAs, possibly by extracellular protein hydrolysis; and 4)
scattered pattern when only selected AAs are resynthesized with a large increase in )|V
values. The §'°N-TrAA patterns in our core showed more similarity with those of
metazoan-like pattern (Ohkouchi et al., 2017) with moderate Y V values (~2%o) that were
comparable to those in sinking particles collected in northern Labrador Sea (Chen et al.,

Chapter 3).

TP proxies have been developed based on §'°N values from two different
groupings of AAs: TPme which is calculated from §'°N of Phe and Glx, reflects metazoan
trophic steps, while TPy, which is based on Phe and Ala, includes trophic steps from both
metazoan and protozoan grazing (Chikaraishi et al., 2009; Nielsen et al., 2015; Décima et
al., 2017; Décima and Landry, 2020). Glx has been widely used in CSIA-AA studies for
TP estimates for its chemical stability and high abundance in most organisms
(Chikaraishi et al., 2009). Gutiérrez-Rodriguez et al. (2013) observed a lack of

enrichment in protistan §!°N-GIx relative to their prey with increasing trophic steps,
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raising questions on whether Glx-based TP (later called TPmet) may underestimate
protistan trophic transfers (2014). Through chemostat experiments, Décima et al.
proposed Ala-based TP (later referred as TPpr) provides a more robust trophic signal for

both protistan and metazoan consumers (2017).

Here, TPmet values were comparable to that of primary consumers (2.0),
suggesting limited trophic transfers from metazoan grazing, most likely by zooplankton
(Doherty et al., 2021). Furthermore, the elevated TPy (by ~0.5) revealed the “invisible”
protozoan or bacterial signatures (Fig. 4.2h; Décima et al., 2017; Décima and Landry,
2020; Doherty et al., 2021). Together these results revealed that the sediments were
modified by both trophic grazing and microbial resynthesis. The ) V parameter is a
complementary proxy to TPp that reflects the degree of heterotrophic processing by
calculating the deviation from the “baseline” §'°N-AA patterns in marine algae
(McCarthy et al., 2007; McCarthy et al., 2013). Elevated ) V values suggest
incorporation of microbial-derived organic N proteinaceous materials (McCarthy et al.,
2007). The sediment core >V (1.7-2.5%o) fell within the typical range of that for sinking
particles and sediments (~1.0-3.0%o) reported elsewhere (McCarthy et al., 2007; Shen et
al., 2021). TPy, calculated from §'°N-Ala and Phe in previously reported sinking POM
and sediments typically ranged from ~1.0 to ~3.0, varying between different geographical
locations, water depths, and oxygen conditions (McCarthy et al., 2007; Batista et al.,
2014; Yamaguchi and McCarthy, 2018; Sabadel et al., 2019; Choi et al., 2022;
Yoshikawa et al., 2022). Ianiri and McCarthy (2023) reported high TPy (~3) and >V (>
2%o) values in high-molecular-weight dissolved organic matter (DOM) and lower values
in low-molecular-weight DOM collected in the North Atlantic Subtropical Gyre (2023).
They proposed that the high-molecular-weight DOM was mainly derived from continual
heterotrophic bacterial and protozoan production while the low-molecular-weight DOM
was directly produced via de novo synthesis (Ianiri and McCarthy, 2023). Our TP and
>V fell toward the higher end of the typical range for marine POM and similar to those
of highly degraded (high-molecular-weight) DOM, suggesting a considerable degree of
microbial production during sedimentation (McCarthy et al., 2007; Batista et al., 2014;
Yamaguchi and McCarthy, 2018; Sabadel et al., 2019; Choi et al., 2022; Yoshikawa et
al., 2022; laniri and McCarthy, 2023).
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4.4.2.5 Multi-millennial preservation of CSIA signals

Various organic geochemical proxies have been developed based on either AA
concentrations (THAA yields, AA mol%) or AA isotopic values (3'°N-AA patterns, YV)
to evaluate the degree of microbial alteration of marine OM (McCarthy et al., 2007).
While THAA contents give an overview of AA losses during the OM degradation in
marine sediments, proxies based on §'°N-AA patterns provide more detailed information

in terms of trophic transfers and microbial alteration of OM.

The relatively invariant TPy, and Y V throughout the core did not show significant
correlations with depth, indicating a lack of progressive microbial reworking after OM
burial despite the continuous THAA losses (Fig. 4.2g, h; Fig. 4.5). Consistent with TPpro
and YV, no significant differences were observed in Phe-normalized §'°N-TrAA patterns
between different periods (Fig. 4.4b). The discrepancy in temporal changes between the
two types of degradation indicators, THAA contents and §'°N-AA proxies (TPpro, 3V,
and 8'°N-TrAA), was consistent with previous observations and may be driven by
different degradation mechanisms (Batista et al., 2014; Sauthoff, 2016; Choi et al., 2022;
Golombek et al., 2024). Batista et al. (2014) suggested that declining THAA contents was
caused by AA remineralization and removals. The labile AAs are either converted into
more refractory materials or CO2, and hence their absolute and relative amounts are
lowered, which is fundamentally different from microbial resynthesis that induces
isotopic changes in individual AAs (Dauwe 1999; McCarthy et al., 2007). While OM
remineralization leads to a decrease in the absolute amount of OM and the relative
amount of reactive components (e.g., AAs), part of OM is re-assimilated and repackaged
into bacterial biomass (Burdige, 2007). Isotopic changes of N are induced by enzymatic
degradation processes, such as deamination and transamination (Macko and Estep, 1984;
Macko et al., 1986; Ohkouchi et al., 2017). It has been shown that organic matter
preservation in marine sediments is linked to organic matter sorption to mineral surfaces
in protected coatings (Hedges and Keil, 1995). The organic sorption to mineral surface is
strongly protective of liable organic compounds, such as AAs and simple sugars, slowing
remineralization rates by up to five orders of magnitude. (Keil et al., 1994; Mayer, 1994a,
b; Hedges and Keil, 1995). Recent research suggested geopolymerization of simple sugar

and AAs catalyzed by dissolved Fe and Mn under anoxic conditions, or Fe and Mn
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oxides under oxic conditions, may play a key role in absorptive protection of OM against
remineralization (Moore et al., 2023). Combined with protective sorption to mineral
surface, geopolymerization could transform liable reactants into recalcitrant organics and
promote OM preservation in marine sediments (Hedges and Keil, 1995; Burdige, 2007;
Moore et al., 2023). This may explain the lack of continuous microbial resynthesis with a
decelerating decline in THAA contents in our sediment core. Instead of being assimilated
into heterotrophic bacterial biomass with N isotopic changes, AAs may be protected by
organic sorption from microbial degradation and converted into large refractory
molecules, e.g., the uncharacterizable OM, by geoploymerization or other formation

pathways (Moore et al., 2023).

Taken together, these results provided insights into the degree of diagenesis in ~9
kyr sediments collected from deep water on the coast of Northwest Greenland. When
sediments traveled through the 987-m water column before deposition, they had already
been modified by processes such as trophic transfers, remineralization, and resynthesis.
This is evidenced by the low THAA contents, high Gly mol%, scattered §'°N-AA
patterns and elevated TPmet, TPpro, and >V (Fig. 4.2, 4.3, 4.4). Microbial modification
that led to isotopic changes plateaued immediately after burial of the sediments in the
upper centimeters (likely due to the decrease in bacterial activity or mineral protection),
and hence recorded the pre-burial signatures of 3'°N-AA proxies. Meanwhile, AA losses
from remineralization or removal processes, which may be linked to structural changes in
the OM or transformation into recalcitrant organics, continued to slowly reduce the
absolute number of AAs as well as the relative contribution of selected AAs (e.g., Gly) to
OM, without inducing noticeable isotopic fractionations in the AA pool (Fig. 4.2, 4.3,
4.4).

4.5 Summary and Conclusion

This study presented the first coupled records of AA-specific §'*C and §'°N in a
marine sediment core spanning most of the Holocene period. We documented detailed
information on C and N baseline signatures, and trophic and microbial processing
through a 9.2 kyr sediment core collected in northeastern Baffin Bay. Comparison of our

measurements with existing CSIA-AA data and other multi-proxy records shows robust

119



long-term preservation of AA §'3C and §'°N proxies despite significant downcore loss in
AA concentrations. 3'*C-EAA patterns preserved signals from primary production and
captured an early Holocene shift from largely sea ice algae signatures to those of pelagic
algae and heterotrophic bacteria, coherent with previous micropaleontological evidence
for plankton community shifts (Hansen et al., 2020; Limoges et al., 2020). §'°N-Phe was
relatively well preserved, demonstrating the potential to serve as a reliable proxy §'°N
baseline in aged marine sediments. AA-based trophic and bacterial indicators showed a
lack of progressive microbial reworking after OM burial, suggesting that most of the
diagenesis occurred during sinking and early deposition. These results expand the limited
existing CISA-AA data on multi-millennial sediments and highlight the potential of AAs
as reliable tracers complementary to other geochemical proxies. We suggest that CSIA-
AA provide complementary information about export production and microbial

degradation for more specific and reliable geochemical interpretations.

Together, these new data strongly support the potential to extend the
biogeochemical time series for longer-term paleo-reconstruction and disentangle short-
term variability for periods of interest using CSIA-AA. Long-term preservation of CSIA-
AA information in marine sediments may be governed by the protective mechanisms of
organics against microbial degradation. Future controlled experiments coupled with
CSIA-AA measurements on preservation mechanisms in marine sediments, such as

geopolymerization, can help interpret CSIA-AA records in natural sediments.
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CHAPTER 5 CONCLUSION

Recent advances in CSIA-AA offer new opportunities to enhance our
understanding of biogeochemical and ecological responses in vulnerable polar
ecosystems to changing climate. This thesis applies the novel CSIA-AA techniques to
investigate marine export production in the Canadian Arctic and subarctic seas. Our study

demonstrated that:

For the first time, 8'*C-AA and §'>N-AA patterns of sea ice algae were
distinguished from those of pelagic algae, which highlighted the diagnostic potential of
CSIA-AA to differentiate microalgal assemblages from sea ice and pelagic origins in
future studies. The §'3C-EAA signature of sea ice algae may serve as a new indicator for
sea ice algae contribution in exported sinking particles and archived marine sediments.
To enhance our understanding of C and N sources and cycling in exported OM and their
impacts on biological pump efficiency in ice-covered Arctic and subarctic seas,
characterization and quantification of sea ice algae contribution are essential. These
findings help enhance the accuracy of quantitative estimates of sinking particle

composition and processing.

Building on the findings in Chapter 2 and previous work of CSIA-AA proxies, we
investigated the OM fluxes and composition in northwest Labrador Sea, an important
transition zone connecting Arctic and subarctic ecosystems. The §'*C-EAA patterns of
exported sinking particles indicated that sea ice algae are an important food source to
higher trophic levels, consistent with the observations of lengthy sea-ice cover (50-60%
of each annual cycle) and ice-associated diatoms during the spring bloom following ice
breakup in 2018. 3!°N-AA results revealed dominant animal sources (fecal pellets and
zooplankton) to the sinking fluxes, consistent with the observations of sustained copepod
communities throughout both annual cycles. These findings revealed the importance of
sea ice algae and fecal pellets in the biological pump in seasonally ice-covered northwest
Labrador Sea, with sea ice algae exported either directly via passive sinking or indirectly
via zooplankton grazing and fecal pellets dominating the organic particle fluxes. These
findings have important implications for the ongoing decline in sea-ice extent and early

sea ice melt in Arctic and subarctic seas, given the important roles sea ice algae and
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zooplankton fecal pellets play in controlling the timing, quantity, and quality of primary,

secondary and export production.

We carried out the first CSIA-AA measurements on Holocene sediments in
northeastern Baffin Bay. §!°C-AA and '°N-AA sediment core records spanning most of
the Holocene period in northeastern Baffin Bay showed excellent long-term preservation
of CSIA-AA proxies despite noticeable alteration in AA concentrations. §'°C-EAA
patterns preserved integrated signals from primary production and microbial resynthesis.
A shift in baseline C values was captured in the early Holocene using the §'*C-EAA end-
member of sea ice algae from Chapter 2, coherent with an overall increase in diatom
fluxes and a relative decline in sea-ice diatoms. Baseline N values indicated that surface
water may be fueled by regenerated Pacific-derived nutrients via complete utilization,
consistent with modern observations of N limitation in Pacific-sourced waters in Baffin
Bay. AA-based trophic and bacterial indicators showed a lack of progressive microbial
reworking with depth despite continuous losses of AAs and suggested that most of
diagenesis may have occurred during sedimentation and early deposition. These results
expand the limited existing CISA-AA data on multi-millennial sediments and highlighted
the potential of CISA-AA proxies as reliable tracers of export production and microbial

degradation for longer-term paleo-reconstruction.

Despite the powerful potential in CSIA-AA demonstrated in this thesis,
methodological limitations and application challenges remain to be addressed in future
research. In Chapter 2, we hypothesized that the distinct §'*C-EAA pattern in sea ice
algae from pelagic algae is governed by their unique physiological adaptations to extreme
conditions. Nevertheless, we should acknowledge that this distinction in §'3*C-EAA
patterns could be impacted by the differences in algal community composition and
heterotrophic bacterial biomass. The measured §'°C-EAA values of sea ice algae and
pelagic algae represent the integrated isotopic values of natural communities. Thus, our
samples conceivably contain multiple species, some of which can be found in both
habitats (e.g., Chaetoceros/Attheya spp., Fragilariopsis spp., and Nitzschia/Pseudo-
Nitzschia spp; Hsiao, 1980; Melnikov, 1998; Poulin et al., 2011), as well as heterotrophic

biomass, whereas previous studies characterized 3'*C-EAA values mostly at a
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family/species level (Larsen et al., 2009, 2013). The distinction in §'°C-EAA from
pelagic algae was found more pronounced in fast ice algae (> 80% were pennate and
centric diatoms; Pogorzelec et al., 2022) than brash ice algae. It remains unclear if this
was driven by distinct physiological responses of similar communities (e.g., diatom-
dominated) or distinct community compositions between the ice habitats. We measured
different size classes, an important trait of community composition, of sea ice and pelagic
algae and found that the differences between sizes were less pronounced compared to the
those between sea ice and pelagic origins, indicating community composition played a
minor role in separating the algal groups. Nevertheless, a lack of taxonomic resolution is
a major limitation in this study. Although we included past surveys on species
composition of sea ice algae and pelagic algae from the sampling sites as well as other
Arctic regions (Hsiao, 1979; Hsiao & Pinkewycz, 1985; Hsiao, 1992; Hargrave et al.,
1994; Hop et al., 2020; Dhifallah et al., 2022), a description of species for each size class
and algal group in this study would be helpful to constrain the differences in community
composition and their potential impacts on the distinct 8'*C-EAA patterns between sea

ice algae and pelagic algae.

In Chapter 3, the resolution of OM fluxes and stable isotope data was mainly
compromised by methodological limitations. First, the two sediment traps were deployed
at different depths on the outer edge of Saglek Bank and thus OM fluxes and composition
of sinking particles may be biased by the differences in exported depths. Due to low OM
content in some sampling bottles (and only half volume was processed), we were not able
to measure the bulk and CSIA-AA stable isotopes for each integrated period (15-16
days/bottle) and some CSIA-AA data during the spring/summer blooms were missing
(e.g., June and July in 2018). Further, grouping and taxonomic resolution of microalgae
and zooplankton counts were inconsistent between the two annual cycle due to an
inconsistency among taxonomists. For example, Chlorophyceae were listed as
“unknown” in 2017-2018 cycle while multiple diatom species, including the ice
associated species, were not identified for the 2018-2019 cycle, which posed challenges
in estimating the magnitude and timing of ice algal export in the 2018-2019 cycle. In this
study, we estimated fecal pellet contribution to exported sinking particles using an end-

member based on published data. The impact of the study would have been significantly
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enhanced if we sampled and measured fecal pellets at our study site during the

deployment periods.

In Chapter 4, OM content in Holocene sediments was extremely low compared to
fresher materials (e.g., sea ice algae in Chapter 2 and exported sinking particles in
Chapter 3). Therefore, the biggest limitation issue in this study comes from the resolution
of AA peaks in GC-IRMS. For fresher materials with relatively consistent AA profiles
(similar AA mol%), most hydrolysable AAs can be resolved with good reproducibility.
For Holocene sediments with more variable AA profiles in this study, we were not able to
resolve all the AAs in sufficient peak sizes in the chromatographs, especially for Thr and
Ser in 8'°N measurements. Thus, a commonly used diagenesis proxy, degradation index
(DI), was not determined and Phe-normalized §'°N of Ala and Thr model was not
applicable in this study. To capture long-term CSIA-AA trends concurrent with
significant variations in primary production and sea-ice dynamics (Limoges et al., 2020),
three subsamples were selected from six distinct periods for CSIA-AA analyses. Despite
the relatively consistent inter-millennial trends in AA §'*C and §'°N proxies when
averaged for each period, there appeared to be shorter-term variations within each period.
The shorter-term CSIA-AA variability may be hidden by the low sampling resolution. A
lack of studies on the effects of sources and §'°N of inorganic N on §!°N-Phe values
made it difficult to interpret the baseline variability in our core. Similarly, the effects of
OM preservation mechanisms (e.g., geopolymerization) on CSIA-AA proxies in natural
sediments remain unclear, confounding our interpretation of the diagenesis processes in

~9,000 years old sediments.

To test the fidelity of §'*C-EAA proxy for sea ice algae, establishment of a large
repository of end-member data from laboratory cultures and extensive sampling of sea-
ice and pelagic algae across size, space, and time are fundamental. It is difficult to isolate
substantial biomass for different species from field samples or maintain lab cultures for a
diverse list of species, especially for sea ice algae (Geilfus et al., 2016). Nevertheless,
culture experiments comparing 3'*C-EAA signatures of the same species growing in sea
water versus sea ice is necessary to fully test our hypothesis. Field samples are easier to

be collected and less time-consuming with less or no cultivation effort, so a detailed

125



description of species composition coupled with CSIA-AA measurements on field
assemblages collected from seawater and sea ice is of great importance, particularly for
different types of sea ice (e.g., first-year ice versus multiyear ice, landfast ice versus

brash ice; Leu et al., 2015; Mundy and Meiners, 2021).

It would be beneficial to continue CSIA-AA measurements on sinking particles
collected from moored sediment traps deployed at the same location and water depth in
the northern Labrador Sea to constrain OM fluxes and composition from the same
exported depths. More materials should be processed for an improved sampling
resolution for CSIA-AA and effort should be made to make sure taxonomic identification
is consistent between different deployment cycles. When feasible, sampling of in-situ
end-members (e.g., phytoplankton, zooplankton, and fecal pellets), concurrent to the
sampling of exported sinking particles, would greatly improve the accuracy of the mixing

model estimation of end-member relative contributions.

We also suggest that future work should expand CSIA-AA measurements on
Holocene marine sediments globally and establish multi-proxy data repository for
vulnerable ecozones. To improve data interpretation of the multi-dimensional CSIA-AA
proxies, specific processes that control stable isotope fractionation of individual AAs,
especially for baseline proxy 8'°N-Phe, are worth investigating. In future studies, it would
be interesting to investigate short-term variabilities in CSIA-AA proxies during periods
of interest (e.g., Little Ice Age, McMahon et al., 2015; early Holocene deglaciation,
Limoges et al., 2020) from long-term paleo-archives. Controlled experiments on the
underlying biochemical or metabolic mechanisms between inorganic N and SrAA §'°N
and between microbial activities and TrAA §'°N is crucial for accurate data interpretation
of CSIA-AA information preserved in marine OM and ancient sediments (Whiteman et
al., 2019). Finally, to fulfil the diagnostic potential of CSIA-AA proxies, standardization
of sample processing and data calibration techniques is essential to ensure direct

comparisons of cross-study datasets.

Overall, the work presented in this thesis has significant implications for the use
of CSIA-AA in future biogeochemical and ecological studies. First, we demonstrated the

ability to differentiate natural sea-ice and pelagic assemblages using CSIA-AA, which
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provides the potential to address crucial knowledge gaps in sea ice algae dynamics.
Second, we revealed that sea ice algae and fecal pellets are critical C and N sources in
exported sinking particles in the northern Labrador Sea, which are subject to climate-
related ocean changes that are expected to alter the timing, quantity and quality of food
sources for deep-water benthic assemblages. Finally, the robust long-term preservation of
CSIA-AA information in Baffin Bay Arctic marine sediments allows for more specific
and reliable geochemical interpretations to understand changes in past ocean conditions
and ecosystem shifts. Together, this thesis paves the way for the use of a newly
developed biomarker for sea ice algae and other existing CSIA-AA proxies that are
proven to be reliable OM tracers across different sedimentary regimes and time scales in
ice-covered Arctic and subarctic seas, which is essential for predicting future responses

of Arctic/subarctic ecosystems to long-term climate change.
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APPENDIX A SUPPLEMENTARY MATERIAL FOR CHAPTER 2

A.1 Supplementary Discussion

A1.1 Effects of ultrasonication

To avoid contamination peaks introduced by hydrolyzing nylon filters, biomass
was extracted from the nylon filters by ultrasonicating the filters in Milli-Q water at 40
kHz before hydrolysis. It is important to note that ultrasonic extraction may induce cell
disruption which releases a portion of water-soluble proteins and free AAs (Rahman &
Lamsal, 2021). The removal of the supernatant following the ultrasonication may lead to
an overall smaller AA yield from the biomasses on the filters. While it is possible to
selectively lose some AAs, the loss of AAs is unlikely to isotopically fractionate the AAs
(Matthew D. McCarthy, personal communication, August 4, 2022). In fact, different AAs
are subject to different degrees of losses during filtration through a peristaltic pump, acid
hydrolysis and cation exchange clean-up, and yet minimal isotope fractionation was
found despite the AA loss (Silverman et al., 2021). This is evidenced by the consistent
83 C-EAA and 8'°N-SrcAA values of > 3 um brash ice algae between the 2019 (non-
ultrasonicated) and 2021 (ultrasonicated) collections (Fig. 2.2, 2.3). We found that the
relative abundance (mol%) of amino acids were also consistent between different algal
groups and size classes, suggesting the loss of AAs may play a minor role in affecting the
isotopic values (Fig. Al). Nevertheless, it is important to acknowledge that this extra
extraction step may pose challenges for future studies to replicate or compare with our

findings.

A.2 Supplementary Tables and Figures
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Table Al Sampling locations and depth, size, and biomass analyzed of sea ice and pelagic algae samples.
Sample ID Year Location Station  Algae type Samples Size (um) Depth (m) Biomass (mg)
IC1-H-Apr 2017 Cambridge Bay CB Seaice Fastice > 0.7 NA NA
IC1-H-May 2017 Cambridge Bay CB Seaice Fastice > 0.7 NA NA
IC2-L-Apr 2017 Cambridge Bay CB Seaice Fastice > 0.7 NA NA
[C2-L-May 2017 Cambridge Bay CB Seaice Fastice > 0.7 NA NA
[C4-L-Apr 2017 Cambridge Bay CB Seaice Fastice > 0.7 NA NA
[C4-L-May 2017 Cambridge Bay CB Seaice Fastice > 0.7 NA NA
ICEnla 2019 Frobisher Bay FB Seaice Brash ice >3 0 4.8
ICEnlb 2019 Frobisher Bay FB Seaice Brash ice >3 0 4.8
ICEnZa 2019 Frobisher Bay FB Seaice Brash ice >3 0 7.6
ICEnZ2b 2019 Frobisher Bay FB Seaice Brash ice >3 0 7.6
ICEn3a 2019 Frobisher Bay FB Seaice Brash ice >3 0 14.9
ICEn3b 2019 Frobisher Bay FB Seaice Brash ice >3 0 14.9
ICEp1 2019 Frobisher Bay FB Seaice Brash ice 0.2-3 0 2.2
ICEpZ2 2019 Frobisher Bay FB Seaice Brash ice 0.2-3 0 2.5
ICEp3 2019 Frobisher Bay FB Seaice Brash ice 0.2-3 0 3.9
1-15-0-N 2019 Labrador Shelf IC Pelagic Seawater >3 0 11.7
1-15-1-N 2019 Labrador Shelf IC Pelagic Seawater >3 30 9.1
1-15-0.5-P 2019 Labrador Shelf IC Pelagic Seawater 0.2-3 15 51
1-15-0-P 2019 Labrador Shelf IC Pelagic Seawater 0.2-3 0 1.9
1-15-1-P 2019 Labrador Shelf IC Pelagic Seawater 0.2-3 30 3.4
NS3-0.5-N 2019 Labrador Shelf NS Pelagic Seawater >3 10 11.8
NS3-0-N 2019 Labrador Shelf NS Pelagic Seawater >3 4 5.0
NS3-1-N 2019 Labrador Shelf NS Pelagic Seawater >3 20 7.4
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Sample ID Year Location Station Algae type Samples Size (um) Depth (m) Biomass (mg)
NS3-0.5-P 2019 Labrador Shelf NS Pelagic Seawater 0.2-3 10 2.7
NS3-0-P 2019 Labrador Shelf NS Pelagic Seawater 0.2-3 4 6.1
NS3-1-P 2019 Labrador Shelf NS Pelagic Seawater 0.2-3 20 5.3
CF-Sm1 2021 Baffin Bay CF Seaice Brash ice >3 NA
CF-Sp1 2021 Baffin Bay CF Sea ice Brash ice 0.2-3 NA
CF0-Pm1 2021 Baffin Bay CF Pelagic Seawater >3 NA
CF1-Pm1 2021 Baffin Bay CF Pelagic Seawater >3 27 NA
CF0-Pp1 2021 Baffin Bay CF Pelagic Seawater 0.2-3 0 NA
CF1-Pp1 2021 Baffin Bay CF Pelagic Seawater 0.2-3 27 NA
SF-Sm1 2021 Baffin Bay SF Seaice Brash ice >3 0 NA
SF-Sp1 2021 Baffin Bay SF Seaice Brash ice 0.2-3 0 NA
SF0-Pm1 2021 Baffin Bay SF Pelagic Seawater >3 0 NA
SF1-Pm1 2021 Baffin Bay SF Pelagic Seawater >3 42 NA
SFO-Pp1 2021 Baffin Bay SF Pelagic Seawater 0.2-3 0 NA
SF1-Pp1 2021 Baffin Bay SF Pelagic Seawater 0.2-3 42 NA
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Table A2 813C-AA values of fast ice, brash ice, and pelagic algae.
Sample ID  Samples Phe Thr Ile Leu Val Asx Glx Pro Ala Gly Lys
IC1-H-Apr  Fastice -26.5 -1.3 -14.8 -27.7 -21.3 -13.6 -17.6 -21.3 -16.8 -16.8 -13.4
IC1-H-May  Fastice -30.1 9.4 -22.3 -29.0 -26.5 -18.4 -20.2 -24.2 -19.0 -19.3 -17.2
IC2-L-Apr Fast ice -31.2 9.1 -20.9 -30.7 -25.4 -16.7 -21.8 -23.9 -18.0 -18.6 -16.7
IC2-L-May  Fastice -30.6 -8.7 -14.7 -29.1 -25.5 -16.7 -20.3 -23.9 -18.5 -18.2 -16.3
IC4-L-Apr Fast ice -32.7 -10.4 -18.6 -31.5 -25.6 -17.0 -19.9 -24.5 -20.8 -18.1 -18.0
IC4-L-May  Fastice -31.3 -8.3 -20.0 -28.7 -25.3 -18.1 -19.4 -22.7 -19.1 -15.5 -18.3
ICEnla Brashice  -33.2 -13.5 -25.1 -31.4 -28.4 -14.0 -23.4 -23.3 -21.5 -17.3 -22.3
ICEnlb Brashice  -28.5 -9.8 -20.5 -31.1 -28.8 -15.8 -21.9 -23.4 -22.1 -18.6 -19.5
ICEn2a Brashice  -28.7 -12.8 -22.0 -30.7 -28.9 -15.9 -20.8 -23.4 -21.7 -20.9 -18.6
ICEn2b Brashice  -284 -14.0 -20.0 -31.6 -29.5 -16.1 -22.2 -23.8 -23.0 -19.8 -18.7
ICEn3a Brashice  -30.0 -11.8 -26.1 -30.3 -29.6 -17.0 21.1 -23.8 -19.7 -19.0 -19.9
ICEn3b Brashice  -27.2 -12.0 -18.9 -29.5 -28.1 -15.0 -19.7 -22.2 -19.6 -17.1 -17.2
ICEpl Brashice  -28.8 -10.3 -21.6 -31.0 -32.0 -17.9 -22.6 -24.7 -21.7 -19.6 -18.7
ICEp2 Brashice  -31.5 -12.9 -28.2 -33.3 -33.1 -20.8 -25.0 -28.1 -21.9 -21.8 -19.6
ICEp3 Brashice  -29.3 NA -24.4 -30.6 -29.7 -17.2 -24.0 -24.8 -19.3 -16.1 -19.1
1-15-0-N Seawater  -30.8 -16.5 -26.1 -33.0 -32.0 -19.5 -22.5 -24.7 -22.2 -16.0 -19.4
1-15-1-N Seawater  -30.1 -16.6 -24.0 -32.6 -31.6 -19.4 -22.0 -24.5 -22.1 -13.4 -20.6
1-15-0.5-P  Seawater  -28.7 -15.5 -19.0 -30.2 -29.6 -19.7 -20.3 -23.1 -22.3 -11.4 -18.2
1-15-1-P Seawater  -28.4 -19.5 -27.6 -31.5 -29.6 -22.2 -22.8 -25.6 -23.6 -12.4 -21.6
NS3-0.5-N  Seawater  -27.0 -13.6 -20.5 -27.7 -27.8 -16.2 -19.8 -24 .4 -22.0 -11.3 -16.6
NS3-0-N Seawater  -28.3 -15.3 214 -27.4 -27.6 -17.6 -19.8 -23.4 -22.3 NA -18.9
NS3-1-N Seawater  -28.0 -14.2 -22.2 -27.3 -28.1 -16.2 -19.7 -23.7 -20.6 -12.2 -16.5
NS3-0.5-P  Seawater  -28.2 -16.8 -23.2 -27.4 -27.9 -18.3 -19.4 -23.7 -21.0 -13.0 -16.1
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Sample ID Samples Phe Thr Ile Leu Val Asx Glx Pro Ala Gly Lys
NS3-0-P Seawater  -27.5 -16.9 -25.4 -28.3 29.2 -19.4 -18.9 235 -20.4 -11.8 -17.7
NS3-1-P Seawater  -29.2 -16.9 -24.6 -28.1 -31.0 -18.7 -20.6 24.4 21.9 -13.4 -17.6
CF-Sml Brashice 256 9.6 -19.1 24.8 25.7 -15.4 9.2 -18.9 -20.9 -14.2 -18.5
CF-Spl Brashice 248 -14.3 -19.8 -24.6 -28.5 -17.1 -10.8 -19.4 232 -15.3 -16.8
CFO-Pml1  Seawater 262 -13.0 -19.2 -28.7 -28.5 -17.6 -16.3 21.6 -20.6 -15.1 21.0
CF1-Pml  Seawater 232 -7.9 -17.1 -26.9 -24.9 -11.3 -12.0 -18.6 -16.8 -15.4 -17.6
CFO-Ppl Seawater 254 -13.0 -20.0 -25.9 -28.1 -17.8 -13.4 -20.7 21.9 -16.5 -16.9
CF1-Ppl Seawater 252 -14.2 -17.7 -28.0 27.8 -17.4 -14.6 222 -18.9 -15.2 -19.2
SF-Sml Brashice 257 9.9 -19.9 -26.1 27.6 -15.2 -6.9 -18.9 -20.1 -14.5 21.2
SF-Spl Brashice 252 7.7 -19.8 22.4 255 -15.0 5.8 -18.5 -20.4 -12.0 213
SFO-Pm1 Seawater 282 -153 232 -26.9 27.0 -20.4 -15.4 -23.0 22.9 -15.7 222
SF1-Pml Seawater  .26.5 -11.3 -15.7 -26.8 -24.9 -19.2 -13.1 21.1 21.2 -15.4 221.9
SF0-Ppl Seawater  -30.5 -15.5 -16.5 275 -30.7 -19.5 -14.2 -23.7 NA -17.6 -24.7
SF1-Ppl Seawater 276 -13.0 21.6 26.4 -28.0 -19.5 -13.3 -19.7 23.1 -14.9 21.9
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Table A3 8'"N-AA values of brash ice and pelagic algae.
Sample ID  Samples Phe Thr Ile Leu Val Asx Glx Pro Ala Gly Lys
ICEnla Brash ice 7.0 54 5.8 4.4 12.0 6.2 11.5 8.3 6.4 5.4 6.8
ICEnlb Brash ice 4.9 3.6 5.6 2.4 10.9 4.6 8.8 6.2 6.1 4.4 4.7
ICEn2a Brash ice 6.5 5.0 4.8 3.9 12.5 6.2 11.0 7.5 6.8 5.3 6.6
ICEn2b Brash ice 6.0 3.5 6.6 3.7 11.7 5.5 9.5 6.7 6.4 5.1 4.9
ICEn3a Brash ice 8.0 7.4 6.3 4.7 13.7 7.1 11.1 6.3 7.2 6.2 7.5
ICEn3b Brash ice 5.0 5.0 5.4 2.8 12.6 53 9.0 5.1 6.5 6.2 5.6
ICEpl Brash ice 4.6 4.0 4.4 5.2 12.8 5.7 10.0 6.9 6.2 5.1 5.0
ICEp3 Brash ice 7.4 NA 4.7 4.5 13.5 6.8 11.7 8.1 7.5 5.6 7.6
1-15-0-N Seawater 4.7 2.2 8.3 3.8 NA 6.8 8.7 7.5 8.2 3.5 4.7
1-15-1-N Seawater 2.6 0.8 NA 5.1 NA 7.1 10.0 6.9 8.8 2.8 4.2
1-15-0.5-P Seawater 5.1 0.9 NA 3.8 NA 7.2 10.2 8.7 11.0 0.9 4.3
1-15-1-P Seawater 3.0 -0.1 4.9 3.6 9.4 6.6 9.5 8.2 12.1 1.8 3.6
1-15-0-P Seawater 4.1 2.4 6.0 3.5 9.8 6.5 8.3 7.6 9.7 2.5 43
NS3-0.5-N  Seawater 6.1 3.0 7.5 7.1 10.2 8.9 12.2 10.1 10.8 4.3 7.2
NS3-0-N Seawater 54 2.6 7.7 7.8 12.2 9.1 12.1 11.4 10.7 3.8 7.6
NS3-1-N Seawater 5.2 3.2 3.7 3.9 11.3 7.5 10.2 7.3 8.3 3.9 6.2
NS3-0.5-P Seawater 5.5 3.0 6.0 5.8 10.0 8.0 11.3 10.0 11.4 0.2 6.4
NS3-0-P Seawater 4.3 NA 4.3 39 10.2 7.1 9.5 10.9 10.0 1.2 5.8
NS3-1-P Seawater 4.1 1.5 4.9 5.3 9.7 7.0 10.0 9.2 9.3 1.1 54
CF-Sml Brash ice 6.9 0.9 7.5 7.1 12.7 8.5 10.2 13.5 12.7 6.9 4.7
CF-Spl Brash ice 7.3 3.8 7.1 7.0 13.4 9.6 11.9 13.5 15.1 43 5.8
CFO0-Pml1 Seawater 7.7 NA NA 6.9 NA 11.2 12.6 11.3 NA 6.7 7.0
CF1-Pml Seawater 4.8 5.9 4.6 3.5 12.1 8.5 11.1 8.2 10.5 4.8 59
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Sample ID Samples Phe Thr Ile Leu Val Asx Glx Pro Ala Gly Lys
CFO0-Ppl Seawater 5.6 5.9 42 5.9 11.4 9.9 12.4 12.6 12.7 4.1 NA
CF1-Ppl Seawater 6.0 NA NA 6.7 NA 11.3 15.8 12.6 NA 6.6 7.4
SF-Sm1 Brash ice 4.0 2.4 4.4 4.5 10.7 5.7 7.7 10.0 8.9 3.2 3.0
SF-Spl Brash ice 4.6 3.5 33 3.8 10.6 6.1 8.0 10.1 10.9 1.9 2.3
SFO-Pm1  Seawater 4.8 NA NA 5.0 NA 8.0 9.8 10.1 NA 3.6 5.2
SF1-Pml Seawater 6.1 3.7 7.0 7.4 12.5 10.4 13.5 11.3 13.4 4.9 6.4
SF0-Ppl Seawater  NA NA NA NA NA NA NA NA NA NA NA
SF1-Ppl Seawater 5.4 NA NA 7.1 NA 9.4 13.3 11.5 NA NA 5.8
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Figure Al The AA molar composition of pelagic algae (P) and sea ice algae from the fast
ice (F) and brash ice (B). Error bars represent = 1 s.d. of averages of samples (n = 5-9).
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Table A4 Principal component analysis output for Fig. 2.4b.

Importance of components

PCl PC2 PC3 PC4 PC5
Eigenvalue 243 1.23 0.86 0.47 0.00
Cumulative portion 0.49 0.73 0.91 1.00 1.00
Vector scores

PCl PC2 PC3 PC4 PC5
Phe -0.56 0.04 -0.20 -0.66 0.46
Leu -0.54 -0.18 0.16 0.69 0.42
Thr 0.48 -0.24 -0.64 0.14 0.53
Ile 0.28 0.77 0.32 0.05 0.48
Val 0.30 -0.57 0.65 -0.26 0.33
Sample scores
Sample ID PCl1 PC2 PC3 PC4 Group
ICEpla 0.42 1.19 -2.55 0.09 B
ICEp2a 0.12 -1.12 -2.25 -0.15 B
ICEnla 1.36 -1.75 0.52 0.40 B
ICEn2a 0.36 -0.04 -0.37 -0.55 B
ICEn3a 0.11 -1.70 -1.18 0.08 B
ICEnlb 1.35 0.45 -1.29 -0.54 B
ICEn3b 0.38 1.00 -0.30 -0.57 B
ICEn2b 0.43 1.24 -0.11 -0.95 B
CF-Spl -2.56 0.80 0.03 0.52 B
CF-Sm1 -0.48 -0.29 -0.33 0.59 B
SF-Spl -0.96 -0.89 -1.00 1.48 B
SF-Sml -0.66 0.15 -1.09 0.36 B
IC1-H-May 1.50 -1.43 -0.35 0.41 F
1C4-L-May 2.60 -1.06 0.18 0.87 F
IC2-L-May 3.13 1.38 0.61 0.69 F
IC1-H-Apr 2.80 -0.12 1.17 -0.80 F
IC2-L-Apr 2.82 -1.24 0.23 -0.03 F
1C4-L-Apr 3.51 -0.13 1.10 0.14 F
NS3L-0-N -0.94 -0.21 1.12 0.25 P
NS3L-0.5-N -0.76 0.22 0.29 -0.09 P
NS3L-1-N -1.06 -0.45 0.39 0.35 P
NS3L-0-P -2.19 -1.15 0.51 -0.37 P
NS3L-0.5-P -1.64 -0.76 1.35 0.12 P
NS3L-1-P -2.07 -0.24 0.13 0.66 P
1-15-1-N -0.37 0.43 -0.14 -0.73 P
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Sample scores

Sample ID PCl1 PC2 PC3 PC4 Group
1-15-0 5-P -0.10 1.68 0.58 -0.32 P
1-15-0-N -0.45 -0.38 -0.40 -0.67 P
1-15-1-P -1.98 -1.64 1.14 -1.55 P
CF1-Ppl -0.91 1.58 0.45 -0.75 P
CF1-Pml1 0.35 0.42 -0.90 -1.04 P
CF0-Ppl -1.60 0.52 -0.24 0.20 P
CFO0-Pm1 -0.52 1.13 -0.26 -0.59 P
SF1-Ppl -1.08 -0.34 -0.02 0.68 P
SF1-Pml 0.67 1.04 1.06 -0.09 P
SFO-Pp1 -0.34 2.93 0.76 1.66 P
SFO-Pm1 -1.25 -1.24 1.16 0.24 P
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Table A5 Linear discriminant analysis output for Fig. 2.5.

Coefficients of linear discriminants

LDI1 LD2
Phe -2.22 58.2
Thr -3.11 58.6
Ile -2.84 57.9
Leu -2.69 58.2
Val -3.19 57.5

Proportion of trace

LD1 LD2
0.80 0.20
Posterior probabilities with leave-one-out cross validation of the classifier samples
Sample ID Actual Predicted (% probability)
Brash ice algae (B) Fast ice algae (F) Pelagic algae (P)

ICEpla B 99.8 0.0 0.2
ICEp2a B 99.9 0.0 0.1
ICEnla B 0.0 100.0 0.0
ICEn2a B 61.7 0.1 38.2
ICEn3a B 94.9 0.2 4.8
ICEnlb B 91.0 1.5 7.4
ICEn2b B 21.5 0.0 78.5
ICEn3b B 325 0.0 67.5
CF-Spl B 0.0 0.0 100.0
CF-Sml B 81.5 0.0 18.5
SF-Spl B 82.4 0.0 17.6
SF-Sm1 B 84.4 0.0 15.6
IC1-H-May F 35.8 62.9 1.3
IC4-L-May F 0.0 100.0 0.0
IC2-L-May F 0.1 99.9 0.0
IC1-H-Apr F 0.1 99.8 0.1
IC2-L-Apr F 0.1 99.9 0.0
IC4-L-Apr F 0.0 100.0 0.0
NS3L-0-N P 2.5 0.0 97.5
NS3L-0.5-N P 10.8 0.0 89.2
NS3L-1-N P 15.8 0.0 84.2
NS3L-0-P P 2.0 0.0 98.0
NS3L-0.5-P P 0.6 0.0 99.4
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Posterior probabilities with cross validation of the classifier samples

Sample ID Actual Predicted (% probability)
Brash ice algae (B) Fast ice algae (F) Pelagic algae (P)

NS3L-1-P P 10.1 0.0 89.9
1-15-1-N P 57.5 0.0 42.5
1-15-0 5-P P 1.2 0.0 98.8
1-15-0-N P 28.7 0.0 71.3
1-15-1-P P 0.4 0.0 99.6
CF1-Ppl P 0.2 0.0 99.8
CF1-Pml P 89.6 0.0 10.4
CFO0-Ppl P 5.5 0.0 94.5
CFO0-Pm1 P 17.9 0.0 82.1
SF1-Ppl P 43.2 0.0 56.8
SF1-Pml P 9.6 1.1 89.3
SFO-Ppl P 67.1 0.1 32.8
SFO-Pml P 1.1 0.0 98.9
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APPENDIX B SUPPLEMENTARY MATERIAL FOR CHAPTER 3

B.1 Supplementary Tables and Figures

Table B1 Sampling date and depth, fluxes, and bulk §"*C and §'°N of 469-m and 915-m sediment traps. TPM, total particulate matter; POC,
particulate organic carbon; PN, particulate nitrogen.
Sample ID  Depth Date open Date close TPM POC PN C:Nratio Bulk$3C Bulk 85N
(m) (mm/dd/yyyy) (mm/dd/yyyy) (mgm?d?') (mgCm2d') (mgNm?d') (%o) (%o)
HB17-A3 469 11/16/2017 12/1/2017 981.6 19.3 2.8 6.9 -25.3 6.8
HB17-A4 469 12/1/2017 12/16/2017 1116.4 22.2 3.2 6.9 -25.3 6.8
HB17-A5 469 12/16/2017 1/1/2018 590.9 14.3 2.4 6.0 -24.7 7.5
HB17-A6 469 1/1/2018 1/16/2018 1006.9 12.9 1.8 7.2 -24.6 7.0
HB17-A7 469 1/16/2018 1/31/2018 602.8 10.6 1.5 7.0 -25.0 7.2
HB17-A8 469 1/31/2018 2/15/2018 785.0 15.1 1.9 7.9 -25.6 6.3
HB17-A9 469 2/15/2018 3/3/2018 448.5 10.5 1.5 7.1 NA 6.7
HB17-A10 469 3/3/2018 3/18/2018 178.6 5.7 0.9 6.3 -24.6 7.2
HB17-Al11 469 3/18/2018 4/3/2018 379.4 7.9 1.2 6.7 NA 7.7
HB17-A12 469 4/3/2018 4/17/2018 294.5 7.3 1.0 7.8 254 8.1
HB17-A13 469 4/17/2018 5/1/2018 383.8 8.6 1.3 6.8 NA 6.3
HB17-A14 469 5/1/2018 5/16/2018 132.1 4.6 0.7 7.1 -24.9 6.3
HB17-A15 469 5/16/2018 6/1/2018 284.7 12.5 1.9 6.6 -24.3 5.9
HB17-A16 469 6/1/2018 6/16/2018 85.9 4.3 0.6 6.8 -23.8 5.6
HB17-A17 469 6/16/2018 7/1/2018 139.3 5.3 0.9 6.0 -25.8 6.1
HB17-A18 469 7/1/2018 7/16/2018 167.2 4.4 0.7 6.6 -24.8 9.3
HB18-Al 915 8/3/2018 8/19/2018 242.8 8.4 1.3 6.4 NA NA

HB18-A2 915 8/19/2018 9/3/2018 248.5 9.3 1.4 6.9 -25.9 NA
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Sample ID  Depth Date open Date close TPM POC PN C:Nratio Bulk$”C Bulk$"®N
(m) (mm/dd/yyyy) (mm/dd/yyyy) (mgm?d') (mgCm?d') (mgNm?2d?') (%o) (%o)
HB18-A3 915 9/3/2018 9/18/2018 586.6 16.3 2.3 7.0 -25.0 8.6
HB18-A4 915 9/18/2018 10/3/2018 1084.6 23.7 33 7.2 -25.2 6.0
HB18-A5 915 10/3/2018 10/19/2018 1435.9 30.4 4.2 7.2 -25.0 6.7
HB18-A6 915 10/19/2018 11/3/2018 718.9 18.8 2.8 6.7 -25.4 NA
HB18-A7 915 11/3/2018 11/18/2018 1180.7 25.2 3.8 6.6 -25.5 6.7
HB18-A8 915 11/18/2018 12/3/2018 797.9 16.8 2.4 7.1 -25.1 NA
HB18-A9 915 12/3/2018 12/19/2018 282.2 9.9 1.5 6.5 -25.4 7.6
HB18-A10 915 12/19/2018 1/3/2019 209.6 5.2 0.8 6.4 -26.0 NA
HB18-A11 915 1/3/2019 1/19/2019 1029.1 22.9 3.6 6.3 -24.6 7.5
HB18-A12 915 1/19/2019 2/2/2019 222.9 5.9 1.0 6.1 -26.6 NA
HB18-A13 915 2/2/2019 2/16/2019 630.5 11.4 1.7 6.7 -25.1 6.9
HB18-Al4 915 2/16/2019 3/3/2019 1711.2 24.5 3.6 6.8 -24.8 7.1
HB18-A15 915 3/3/2019 3/19/2019 2383.3 28.4 4.2 6.8 -24.5 7.8
HB18-A16 915 3/19/2019 4/3/2019 3017.3 32.0 43 7.5 -24.8 7.2
HB18-A17 915 4/3/2019 4/18/2019 883.9 13.4 1.9 7.0 -24.9 NA
HB18-A18 915 4/18/2019 5/3/2019 1360.2 19.3 2.8 6.8 -25.0 NA
HBI18-A19 915 5/3/2019 5/19/2019 2241.3 28.4 4.2 6.8 -24.7 4.5
HB18-A20 915 5/19/2019 6/3/2019 2783.7 35.1 5.2 6.8 -24.9 5.3
HB18-A21 915 6/3/2019 6/18/2019 2036.5 28.4 4.1 6.9 -25.2 6.5
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Table B2 813C-AA values of 469m and 915m sediment traps.

Sample ID Depth Date open Date close Phe Thr Ile Leu Val Asx GIx Pro Ala Gly Lys

(m) (mm/dd/yyyy)  (mm/dd/yyyy) (%) (%)  (%0)  (%0)  (%0)  (%0) (%) (%)  (%o)  (%o)  (%o)
HB17-C1 469 11/16/2017 12/1/2017 7.0 -2.6 10.9 12.7 17.0 13.6 17.0 17.6 16.1 6.1 11.5
HB17-C2 469 12/1/2017 12/16/2017 7.4 -1.0 NA 12.6 NA 13.1 16.8 16.7 16.3 6.9 8.8
HB17-C4 469 1/31/2018 3/3/2018 6.6 NA 14.6 13.8 18.3 137 170 178 18.2 8.1 4.5
HB17-C5 469 3/18/2018 4/3/2018 6.9 -34 12.1 124 151 127 164 177 16.5 6.6 8.6
HB17-C6 469 4/3/2018 5/1/2018 6.5 -4.0 13.7 12.8 17.7 13.1 16.8 17.1 17.0 6.6 6.5
HB17-C7 469 5/16/2018 6/1/2018 52 2.4 9.5 8.3 134 108 14.7 10.8 13.2 4.5 -0.6
HB18-Cl1 915 8/3/2018 9/18/2018 6.5 -4.8 15.7 14.7 18.5 13.7 17.7 16.7 18.9 6.9 5.5
HB18-C2 915 9/18/2018 10/3/2018 6.7 -3.5 10.8 11.6 15.5 14.0 17.1 16.7 16.6 6.5 7.7
HB18-C3 915 10/19/2018 11/3/2018 6.0 -34 11.8 12.1 15.2 128 17.0 165 16.5 6.4 8.0
HB18-C4 915 11/18/2018 12/3/2018 6.7 -2.6 12.3 12.8 17.1 129 169 16.6 17.3 6.6 6.8
HB18-C5 915 1/3/2019 1/19/2019 7.4 -4.9 12.9 14.8 18.5 146 183 220 19.0 7.1 12.3
HBI18-C6 915 2/16/2019 3/3/2019 8.0 -1.7 NA 12.7 9.2 134 172 162 17.2 6.8 8.9
HB18-C7 915 3/3/2019 3/19/2019 7.4 NA NA 12.6 17.0 13.9 16.3 15.3 17.3 6.3 6.9
HB18-C8 915 3/19/2019 4/3/2019 6.8 NA 12.2 12.2 15.6 12.5 16.0 14.5 17.7 6.7 -1.8
HB18-C9 915 4/3/2019 4/18/2019 6.7 -4.1 NA 133 11.8 13.5 16.9 16.6 17.8 5.8 8.8
HB18-Cl11 915 5/3/2019 5/19/2019 6.8 NA 10.1 10.6 14.3 12.7 14.7 13.8 14.6 7.0 5.4
HBI18-C12 915 5/19/2019 6/3/2019 5.9 NA NA 8.5 13.8 1.6 146 127 15.0 53 8.2
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Table B3 8'"N-AA values of 469m and 915m sediment traps.

Sample ID Depth Date open Date close Phe Thr Ile Leu Val Asx GIx Pro Ala Gly Lys

(m) (mm/dd/yyyy)  (mm/dd/yyyy) (%) (%)  (%0)  (%0)  (%0)  (%0) (%) (%)  (%o)  (%o)  (%o)
HB17-C1 469 11/16/2017 12/1/2017 7.0 -2.6 10.9 12.7 17.0 13.6 17.0 17.6 16.1 6.1 11.5
HB17-C2 469 12/1/2017 12/16/2017 7.4 -1.0 NA 12.6 NA 13.1 16.8 16.7 16.3 6.9 8.8
HB17-C4 469 1/31/2018 3/3/2018 6.6 NA 14.6 13.8 18.3 137 170 178 18.2 8.1 4.5
HB17-C5 469 3/18/2018 4/3/2018 6.9 -34 12.1 124 151 127 164 177 16.5 6.6 8.6
HB17-C6 469 4/3/2018 5/1/2018 6.5 -4.0 13.7 12.8 17.7 13.1 16.8 17.1 17.0 6.6 6.5
HB17-C7 469 5/16/2018 6/1/2018 52 2.4 9.5 8.3 134 108 14.7 10.8 13.2 4.5 -0.6
HB18-Cl1 915 8/3/2018 9/18/2018 6.5 -4.8 15.7 14.7 18.5 13.7 17.7 16.7 18.9 6.9 5.5
HB18-C2 915 9/18/2018 10/3/2018 6.7 -3.5 10.8 11.6 15.5 14.0 17.1 16.7 16.6 6.5 7.7
HB18-C3 915 10/19/2018 11/3/2018 6.0 -34 11.8 12.1 15.2 128 17.0 165 16.5 6.4 8.0
HB18-C4 915 11/18/2018 12/3/2018 6.7 -2.6 12.3 12.8 17.1 129 169 16.6 17.3 6.6 6.8
HB18-C5 915 1/3/2019 1/19/2019 7.4 -4.9 12.9 14.8 18.5 146 183 220 19.0 7.1 12.3
HBI18-C6 915 2/16/2019 3/3/2019 8.0 -1.7 NA 12.7 9.2 134 172 162 17.2 6.8 8.9
HB18-C7 915 3/3/2019 3/19/2019 7.4 NA NA 12.6 17.0 13.9 16.3 15.3 17.3 6.3 6.9
HB18-C8 915 3/19/2019 4/3/2019 6.8 NA 12.2 12.2 15.6 12.5 16.0 14.5 17.7 6.7 -1.8
HB18-C9 915 4/3/2019 4/18/2019 6.7 -4.1 NA 133 11.8 13.5 16.9 16.6 17.8 5.8 8.8
HB18-Cl11 915 5/3/2019 5/19/2019 6.8 NA 10.1 10.6 14.3 12.7 14.7 13.8 14.6 7.0 5.4
HBI18-C12 915 5/19/2019 6/3/2019 5.9 NA NA 8.5 13.8 1.6 146 127 15.0 5.3 8.2




Table B4 Principal component analysis output for Fig. 4a.

Importance of components

PCl1 PC2 PC3 PC4 PC5
Eigenvalue 1.83 1.49 0.91 0.78 0.00
Cumulative portion 0.37 0.66 0.84 1.00 1.00
Vector scores

PC1 PC2 PC3 PC4 PC5
Phe -0.50 0.03 -0.38 0.72 0.28
Leu 0.57 0.38 -0.45 -0.08 0.57
Thr 0.23 -0.73 0.33 0.15 0.54
Ile -0.59 -0.06 -0.14 -0.66 0.44
Val -0.12 0.57 0.72 0.14 0.34
Sample scores
Sample ID PC1 PC2 PC3 PC4 Group
HB17-C2 0.63 -0.63 0.16 1.53 469m
HB17-C5 0.48 2.19 1.02 0.39 469m
HB17-C6 2.53 -1.24 0.52 -0.21 469m
HB17-C7 0.27 -0.31 -1.88 0.39 469m
HB18-Cl1 0.59 2.79 0.43 -0.81 915m
HB18-C2 0.68 2.21 1.61 1.13 915m
HB18-C3 1.80 0.02 1.14 0.57 915m
HB18-C4 2.13 -1.59 0.08 -0.30 915m
HB18-C5 2.45 2.02 -2.30 -0.26 915m
HB18-Cé6 0.95 -1.06 -1.00 0.56 915m
HB18-C7 1.29 -1.04 1.12 -0.68 915m
HB18-C8 0.50 1.75 -0.30 0.08 915m
HB18-C9 0.93 0.39 1.31 1.62 915m
HB18-C12 -0.89 -1.03 0.26 0.48 915m
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Sample scores

Sample ID PC1 PC2 PC3 PC4 Group

ICEpl 1.48 -0.76 -1.97 0.05 Sea ice algae
ICEp2 0.63 1.31 -1.71 -0.11 Sea ice algae
ICEnl 1.24 1.67 1.67 -1.77 Sea ice algae
ICEn2 0.42 0.24 0.09 0.27 Sea ice algae
ICEn3 0.28 1.68 -0.63 -0.71 Sea ice algae
ICEnlb 1.84 0.05 -0.30 0.22 Sea ice algae
ICEn3b 0.58 -0.70 0.09 0.50 Sea ice algae
ICEn2b 0.52 -0.86 0.25 0.99 Sea ice algae
CF-Spl -2.43 -1.25 -0.98 -0.17 Sea ice algae
CF-Sm1l -0.22 0.10 -0.17 -1.02 Sea ice algae
SF-Spl -0.40 0.47 -0.92 -2.06 Sea ice algae
SF-Sm1 -0.19 -0.20 -1.04 -0.46 Sea ice algae
NS3L-0-N -1.22 -0.14 0.93 -0.68 Pelagic algae
NS3L-0.5-N -0.81 -0.34 0.17 -0.06 Pelagic algae
NS3L-1-N -1.15 0.13 0.20 -0.71 Pelagic algae
NS3L-0-P -2.73 0.71 -0.29 0.37 Pelagic algae
NS3L-0.5-P -2.17 0.25 0.82 -0.47 Pelagic algae
NS3L-1-P -2.06 -0.26 -0.55 -0.72 Pelagic algae
1-15-1-N -0.42 -0.29 -0.11 0.77 Pelagic algae
1-15-0.5-P -0.01 -1.55 0.67 0.31 Pelagic algae
1-15-0-N -0.54 0.45 -0.35 0.58 Pelagic algae
1-15-1-P -3.09 1.37 0.33 1.63 Pelagic algae
CF1-Ppl -0.98 -1.49 0.09 1.09 Pelagic algae
CF1-Pml 0.50 -0.02 -0.50 1.08 Pelagic algae
CF0-Ppl -1.45 -0.74 -0.76 -0.04 Pelagic algae
CF0-Pml -0.38 -0.97 -0.34 0.80 Pelagic algae
SF1-Ppl -0.95 0.00 -0.17 -1.03 Pelagic algae
SF1-Pml 0.65 -0.94 1.58 -0.42 Pelagic algae
SFO-Ppl 0.45 -3.15 0.83 -1.94 Pelagic algae
SFO-Pm1 -1.74 0.75 0.88 -0.81 Pelagic algae
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Figure B1 The AA molar composition of sinking particles from SB-500 and SB-1000
sediment traps, sea ice algae, and pelagic algae. Error bars represent + 1 s.d. of averages of

samples (n = 5-18).
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APPENDIX C SUPPLEMENTARY MATERIAL FOR CHAPTER 4

C.1 Supplementary Tables and Figures

Table C1 Radiocarbon dates and modelled age for core AMD14-204
le depth librat Model

Sa.mp .e dep Lab. ID Material 14C age Calibrated age o.de ed

midpoint range median age

(cm) (yr BP) (cal. yr BP), 1o (cal. yr BP)
Mi thi

45 ETH-92277 ixed benthic 705 + 50 167-276 213
foraminifera

70.5 ETH-92279 Mixed benthic 179550  1,175-1270 1216
foraminifera

70.5 ETH-92278 Mixed planktonic 1710450 10321175 1,101
foraminifera

170 SacA 46004 Mixed benthic and 3555435 3,139-3,260 3.192
planktonic foraminifera

250.5 BETA 467785  Mixed benthic and 430030  4,133-4254 4,199
planktonic foraminifera
Mi thi

3105 ETH-92281 ixed benthic 495060  4,860-4,992 4,941
foraminifera

310.5 ETH-92280 Mixed planktonic 4940+£70  4,930-5,188 5,043
foraminifera

410.5 ETH-92283 Mixed benthic 580560  5,905-6,005 5,959
foraminifera

410.5 ETH-92282 Mixed planktonic 582560  5.984-6,155 6.063
foraminifera

501.5 BETA 488641  ixed benthic 640030  6,656-6,751 6,707
foraminifera

580.5 ETH-92285 Mixed benthic 715570  7.430-7,531 7.483
foraminifera
Mixed planktoni

580.5 ETH-92284 ixed planktonic 7,005+£60  7,298-7.417 7,356
foraminifera
Mixed benthic

610 SacA 46005 foraminifera and 7,445 + 50 7,712-7,822 7,766
ostracods
Mi hi

700.5 ETH-92286 ixed benthic 8270389  8,639-8,885 8,755
foraminifera
Mi hi

737.5 ETH-92287 ixed benthic 8480+ 154  9.017-9.302 9,162
foraminifera
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Table C2 813C-AA values of AMD14-204 sediment core.
Depth Age Group Phe Thr Ile Leu Val Asx Glx Pro Ala Gly Lys
(cm) (c‘;';l',;'rs (Ca;ll‘)yrs o)  (%0) (%)  (%0) (%) (o)  (%o) (%)  (%o)  (%0) (%o
6.5 243 0.5t0 0.2 -22.55 -7.29 -17.33 -23.40 -20.87 -10.87 -11.05 -14.95 -15.75 -12.84 -16.87
11.5 319 0.5t0 0.2 -22.27 -8.98 -26.03 -23.51 -22.47 -14.49 -14.20 -14.18 -9.98 -23.06 NA
16.5 395 0.5t0 0.2 -24.39 -14.07 -24.28 -27.58 -25.64 -17.50 -17.91 -17.75 -17.00 -11.41 -9.34
138.5 2566 3.0to 2.5 -24.09 -11.38 -19.99 -23.40 -21.35 -11.73 -11.13 -13.52 -16.47 -10.82 -15.92
148.5 2764.6 3.0to 2.5 -21.64 NA -22.74 -21.30 -19.54 -9.39 -9.16 -12.99 -5.27 -15.72 NA
158.5 2963.2 3.0to 2.5 -23.38 -11.10 -23.99 -25.21 -21.38 -14.63 -16.15 -16.73 -15.34 -9.00 -8.57
290.5 4693.6 5.0 to 4.5 -25.04 -19.51 -20.64 -24.73 -22.62 -14.69 -14.15 -16.19 -17.45 -12.17 -16.63
300.5 4817.4 5.0 to 4.5 -21.95 -5.58 -23.80 -21.75 -20.64 -11.92 -12.68 -13.63 -5.02 -18.00 NA
310.5 4941.3 5.0 to 4.5 -24.29 -10.86 -21.58 -26.60 -24.49 -13.93 -16.03 -16.98 -16.04 -8.23 -8.52
462.5 6386.3 7.0 to 6.0 -24.76 -12.14 -17.32 -23.06 -21.00 -12.27 -12.81 -15.40 -17.60 -9.66 -16.04
472.5 6468.5 7.0 to 6.0 -23.48 NA -16.56 -22.99 -20.11 -8.93 -11.56 -14.77 -8.97 -17.46 -15.05
482.5 6550.7 7.0 to 6.0 -24.46 -13.41 -30.52 -27.10 -24.09 -15.83 -17.69 -16.91 -18.46 -9.30 -10.92
562.5 7305.8 8.0to7.0 -25.15 -12.03 -20.18 -22.90 -20.88 -10.98 -13.35 -16.88 -18.17 -10.33 -16.23
582.5 7501.8 8.0to7.0 -23.18 NA -17.66 -22.91 -19.90 -10.80 -15.76 -15.01 -7.55 -13.10 -14.25
5945 7617.2 8.0to7.0 -25.26 -10.60 -25.33 -29.77 -24.86 -15.35 -17.98 -17.85 -16.03 -8.37 -10.60
694.5 8689 9.2 t0 8.0 -25.34 -4.85 -20.48 -23.23 -20.04 -13.92 -14.63 -16.59 -18.10 -10.12 -16.30
704.5 8798.6 9.2 t0 8.0 -23.07 1.01 -18.97 -22.65 -19.94 -10.79 -17.10 -14.66 -4.19 4,73 -12.74
714.5 8908.8 9.2 t0 8.0 -25.17 NA -23.10 -28.68 -25.91 -16.89 -18.11 -19.63 -18.55 -8.18 -11.11
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Table C3 8'"N-AA values of AMD14-204 sediment core.
Depth Age Group Phe Thr Ile Leu Val Asx Glx Pro Ala Gly Lys
(cm) (C‘;'i%’rs (cal.kyrsBP)  (%o)  (%0)  (%o)  (%o)  (%0)  (%o) (%)  (%0)  (%o) (%)  (%o)
6.5 243 0.5t0 0.2 NA 4.53 NA 11.75 18.64 12.02 14.82 14.63 17.63 7.17 11.70
11.5 319 0.5t0 0.2 7.61 NA 11.92 10.24 16.37 13.55 16.75 13.74 17.42 7.65 8.16
16.5 395 0.5t0 0.2 8.22 5.83 12.88 10.30 16.51 12.08 16.56 13.94 18.67 7.47 7.64
138.5 2566 3.0to 2.5 8.08 NA 11.11 11.01 17.56 13.94 16.18 14.60 17.00 6.40 9.24
148.5 2764.6 3.0to 2.5 8.21 NA 11.71 10.60 17.06 NA 16.79 13.98 18.23 8.32 7.98
158.5 2963.2 3.0to 2.5 8.23 NA 12.95 10.20 17.10 12.55 16.53 14.06 19.49 8.58 8.01
290.5 4693.6 5.0to 4.5 8.79 NA 10.11 10.71 16.32 12.28 15.93 14.52 16.72 6.01 8.86
300.5 4817.4 5.0to 4.5 8.04 NA NA 10.64 15.94 13.44 16.42 14.00 17.26 8.01 8.21
310.5 4941.3 5.0to 4.5 8.65 NA 12.11 12.16 17.45 12.80 15.64 14.43 18.65 9.84 8.39
462.5 6386.3 7.0 to 6.0 8.37 NA 11.05 10.87 17.31 NA 16.61 15.65 17.58 8.76 9.07
472.5 6468.5 7.0 to 6.0 7.85 NA NA 10.84 NA NA 16.82 13.82 17.95 8.28 8.98
482.5 6550.7 7.0 to 6.0 8.42 NA 12.82 10.48 17.03 13.43 17.20 14.71 18.59 9.44 8.55
562.5 7305.8 8.0to 7.0 10.65 NA 10.38 12.19 17.87 15.02 18.03 15.98 18.26 7.88 9.29
582.5 7501.8 8.0to 7.0 7.59 NA NA 10.72 NA 13.58 17.62 14.21 16.79 8.56 8.09
594.5 7617.2 8.0to 7.0 9.18 NA 12.24 11.15 18.11 13.60 17.82 14.45 19.50 9.56 8.79
694.5 8689 9.2t08.0 9.08 NA NA 11.11 16.94 NA 17.03 15.49 NA NA 9.28
704.5 8798.6 9.2t08.0 7.85 NA NA 10.49 NA NA 17.40 14.43 NA NA 7.96
714.5 8908.8 9.2t0 8.0 8.52 NA NA 11.06 18.49 14.88 18.36 15.81 NA NA 8.73




Table C4 Linear discriminant analysis output for Fig. 4.7.

Coefficients of linear discriminants

LDl1 LD2
Phe 0.49 5.05
Thr 0.92 4.15
Ile 0.59 4.89
Leu 0.25 4.26
Val 0.20 4.59

Proportion of trace

LDl1 LD2

0.86 0.14

Posterior probabilities of the sediment samples

Age Period Predicted (% probability)
}Lz[gsrtizo?g;c Sea ice algae (C)  Pelagic algae (P)

243 0.5t00.2 1.2 36.6 62.3
319 0.5t00.2 53.1 28.7 18.3
395 0.5t00.2 10.0 1.1 88.9
2566 3.0t02.5 70.3 0.7 29.0
2963.2 3.0t02.5 69.9 1.6 28.6
4693.6 5.0to0 4.5 99.3 0.0 0.7
4817.4 5.0t04.5 4.9 91.9 3.2
4941.3 5.0t0 4.5 1.2 18.8 79.9
6386.3 7.0 to 6.0 65.7 0.2 34.1
6550.7 7.0 to 6.0 94.7 0.5 4.8
7305.8 8.0t0 7.0 95.2 0.1 4.7
7617.2 8.0t0 7.0 0.2 61.0 38.8
8689 9.21t0 8.0 0.1 99.3 0.5
8798.6 9.21t0 8.0 0.0 100.0 0.0
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