An investigation into marine environments in the eastern

Canadian Arctic

by

Madeleine Rosalia Prater

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Science
in

Biology (Water)

Waterloo, Ontario, Canada, 2023
© Madeleine Rosalia Prater 2023



Author’s Declaration

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including

any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

i



Abstract

Arctic marine environments are especially vulnerable to climate change, but detailed
scientific data for these ecosystems are lacking due to their remote location and the associated
logistical challenges of conducting research. Arctic marine ecosystems support the culture, well-
being, and nutritive needs of northern Indigenous communities, and there is an urgent need to
advance knowledge that can inform effective conservation and adaptation measures. To prioritize
and facilitate research in understudied Arctic marine environments, Fisheries and Oceans Canada
has identified certain marine areas as ecologically and biologically significant areas (EBSAs).
EBSAs are considered to be uniquely important for the Arctic environment in general, and for

certain species that frequent them.

In this thesis, I first focused on synthesizing recent research that is applicable to several
EBSAs in the Hudson Bay Complex. Literature published between 2011 and 2021 indicates that
changes in sea surface temperature and sea ice extent are impacting primary production patterns,
which are causing bottom-up shifts that affect the entire food web. Projection models indicate
that these bottom-up shifts will continue in future as warming increases and sea ice declines. The
species of most concern, and most reported on, in the eastern Hudson Bay EBSAs was the
COSEWIC-designated threatened eastern Hudson Bay beluga, which was the focus of 62% of
papers published on biota. The review highlighted ongoing gaps in research, including studies of
lower trophic level biota and whole ecosystems, and will be used during preparation of an

upcoming Canadian Science Advisory Secretariat (CSAS) report.

In response to the lack of research conducted on lower trophic level biota and whole food
webs (reported on in chapter 2), I conducted a study on marine food web structure in Frobisher
Bay, NU. Inuit who rely on the fish, mammal, and invertebrate resources of Frobisher Bay have
demonstrated an interest in learning more about food webs at a variety of depths, particularly in
the context of increased industrial activity in the area (i.e., construction of a deep-water port that
opened in July 2023). Mid- to lower-tropic level Arctic marine species were included in the
analyses, and comparisons of food web structure were made among three different depths. The
trophic ecology of understudied benthic suspension feeders and benthic carnivores was examined
in more detail than other functional feeding groups, and compared among depths and between

groups. Three depths were included: nearshore Frobisher Bay (10 to 15 m), midshore Frobisher
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Bay (20 to 45m), and offshore Frobisher Bay (260 to 351m). Food web structures were
quantified using nitrogen, carbon, and sulphur stable isotope analysis. Metrics used to compare
food webs included isotope ranges, isotope means, niche volume, diversity (indicated by centroid
distance), redundancy (indicated by nearest neighbour distance), and evenness (indicated by

standard deviation of nearest neighbour distance).

Isotope-based food web metrics were unexpectedly similar among all three depths. I
hypothesize this is due to the large tidal influence in Frobisher Bay, which can move ~17km? of
water in and out of the bay in a single day. Benthic-pelagic coupling appeared to be strongest at
the midshore food web, as indicated by larger 8'3C and °*S ranges, higher diversity, and higher
redundancy found in the food web at this depth. The isotope ecology of benthic carnivores had
similar among-depth patterns as those observed for total food web structure; however, benthic
suspension feeders differed at the offshore depth. Isotopic niche volume for benthic suspension
feeders was largest at the offshore depth, likely due to the large sulphur range. I suggest that this
could be due to more enriched 84S available at the offshore depth, potentially due to more

anoxic conditions at the sediment-water interface compared to the two shallower depths.

This study represents the first comprehensive investigation of food web structure among
depths in Frobisher Bay, and results highlight the uniqueness of Frobisher Bay and fill gaps in
knowledge on lower trophic level Arctic marine species and their interactions among depths;
however, future research is needed to further understand the tidal influence on food web

structure and energy flow in Frobisher Bay.
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1.0 Introduction

Marine ecosystems in the Canadian Arctic are vast, remote, understudied, and contribute
significantly to local and global economies, as well as to global environmental patterns and
processes. One of the largest marine industries is fishing with the value of the top three
commercial fishing species estimated at $86.3 million per year. The subsistence value of Arctic
char (Salvelinus alpinus) is estimated at over $7 million but that does not include the benefits of
improved community health, supporting cultural traditions and values, food security, and
reinforcement of social connections (Department of Environment 2016). Arctic sea ice functions
as a global cooling system by reflecting solar energy back into space through the albedo effect
(Pistone et al. 2014; Timmermans and Marshall 2020), and marine sediments store a substantial
amount of carbon, which contributes to global temperature (McGuire et al. 2009). Furthermore,
the Arctic sea ice and freshwater inputs influence the Atlantic Oceanic circulation (Sévellec et al.
2017). Climate warming is affecting a myriad of physical and biological processes in Arctic
marine ecosystems through both direct and indirect mechanisms (Hoover et al. 2013a; Lavoie et
al. 2013; Steiner et al. 2013), and many of these effects are currently poorly understood. This is
particularly true at larger scales of biological organization, such as at the scale of whole food
webs, where interactions among species, and with the physical environment, are incompletely
characterized. Marine ecosystems in the Canadian Arctic extend from James Bay, Ontario, to the
polar shelf. More than 70% of Canada’s coastal environments are located at Arctic latitudes
(Niemi et al. 2019). The Canadian Arctic is home to many Indigenous people, including most of
Canada’s Inuit population, who have occupied the land for longer than Canadian records have
existed (Simon 2011). Despite environmentally harsh conditions, a diverse array of organisms,
including several charismatic megafauna mammal species (e.g., polar bears (Ursus maritimus),
walrus (Odobenus rosmarus), beluga whale (Delphinapterus leucas)), migrating birds (e.g., eider
duck (Somateria spectabilis)), fishes (e.g., Arctic char (Salvelinus alpinus), Greenland halibut
(Reinhardtius hippoglossoides), and invertebrates (e.g., sea snails (Limacina helicina) and
shrimp (Pandalus borealis) are supported by marine ecosystems in the Canadian Arctic (e.g.,
Niemi et al. 2019). As climate change and other stressors, including development, accelerate, it
is critically important to increase our understanding of abiotic and biotic characteristics and

processes that support these species, and the human populations that rely on them.



Despite the diversity and spatial expanse of Arctic marine environments, they are
relatively understudied. This is partly because it is so difficult to physically obtain data, due to
inclement weather and [now mostly seasonal] ice coverage (Gosselin et al. 2013; Hammill et al.
2016; Gosselin et al. 2017; Pierrejean et al. 2020). There is also a severe lack of sustainable,
year-round, accessible (i.e., not a military site) northern infrastructure where research can be
conducted (Beaulieu 2008). Additionally, collaboration can be difficult due to the
interdisciplinary and international nature of Arctic research (Ernakovich et al. 2021).
Specialization among fields such as technology, biology, social science, and health remain a
challenge in Arctic research. Even within the discipline of marine biology, studies often focus on
a single species or a single predator and prey relationship rather than holistic, multi-trophic level
interactions (e.g., DFO 2012; Pomerleau et al. 2012; Watt et al. 2013; Doniol-Valcroze et al.
2014; DFO 2017; Gosselin et al. 2017; DFO 2020). These challenges inevitably lead to gaps in

our knowledge of Arctic marine ecology.

Canada is one of five core Arctic countries including: Canada, Denmark, Norway,
Russia, and the United States (Hong 2014), and is host to 25% of the world’s Arctic environment
(The Arctic Institute 2022). In recognition of the responsibility Canada has to protect the Arctic
environment, the Canadian government has taken many efforts to encourage and regularly
update research within Arctic marine environments. In 2001, Fisheries and Oceans Canada
formed the Canadian Science Advisory Secretariat (CSAS) to prioritize, coordinate, and peer-
review scientific research, and ultimately to provide advice on issues related to conservation,
stewardship, and management of freshwater and marine resources. One of the focal topics for
CSAS reports are “ecologically and biologically significant areas” (EBSAs); EBSA reports are
intended to be updated at regular (i.e., once per decade) intervals. There are five Arctic marine
biogeographic regions in Canada and within those regions there are 38 ecologically and
biologically significant areas (Fig. 1.1) (DFO 2011). EBSA reports discuss topics such as
physical oceanography, fish stocks, marine protected areas, aquatic resources, and species at risk
(DFO 2011). While there is some mention of benthic habitat and invertebrates, many of the
evaluation metrics for EBSAs are focused on marine mammals, birds, and fish; there is a general
lack of research on benthic invertebrates (DFO 2011c¢). Other authors have also commented on
the lack of Arctic benthic literature compared to marine mammals and fish (Wassmann et al.

2011), and that there is a need for more holistic studies in remote areas, such as the deep sea and



benthic environments (Werner et al. 2016). This gap in research and knowledge regarding Arctic

marine benthic environments is particularly important to address because coupling processes

(e.g., benthic-pelagic coupling) that affect overall biological productivity are subject to

considerable change imposed by anthropogenic stressors (Wassmann and Reigstad 2011; Hoover

et al. 2013; Roy et al. 2015). In addition, benthic invertebrates can be especially helpful bio-
indicators due to their relatively sessile nature and sensitivity to environmental changes

(Oleszczuk et al. 2021). As such, increasing our understanding of these taxa and their habitats

could advance development of future monitoring initiatives.
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Figure 1.1. Map of the 38 EBSAs included within the five Arctic marine biogeographic regions
depicted as red lines with black borders (DFO 2011c).



1.1 Arctic Marine Benthic Environments

Despite the fact that benthic marine environments in the Arctic support several species of
commercial interest (Tai et al. 2019), affect species distribution and diversity across Arctic
Canada, and are susceptible to climate change (Roy and Gagnon 2018), they remain quite
understudied compared to pelagic environments (Bridier et al. 2021; Roy et al. 2015). Benthic
habitats support 90% of diversity in Arctic marine environments (Roy and Gagon 2018) and
provide essential habitats for a wide range of taxa, including macroalgae, invertebrates, fish,
seabirds, and mammals (Grebmeier et al. 2006; Bluhm et al. 2011; Searles 2016; Tai et al. 2019).
Benthic invertebrates comprise the base of several marine food webs in the Arctic that support
species of commercial and subsistence importance, including Greenland halibut (Reinhardtius
hippoglossoides), Northern prawn (Pandalus borealis), and several species of mussels and clams
(Searles 2016; Tai et al. 2019). The availability and health of benthic habitats thus directly
impact the livelihoods and food security of Arctic Indigenous people. Previous researchers have
highlighted the need and urgency for more investigation into Arctic benthic habitat structure and

function (Renaud et al. 2019).

Although they are ubiquitous and abundant in Arctic benthic environments, the role of
invertebrates in benthic food webs that support subsistence and commercial harvesting activities
has not received a lot of research attention. Because current diversity is so poorly characterized
and varies greatly across space, invertebrates are often categorized into functional feeding groups
(e.g., Stasko et al. 2018; Hilgendag et al. 2022) to facilitate comparisons. Functional feeding
groups reflect habitat and feeding mode, and can include benthic suspension feeders, benthic
deposit feeders, benthic surface feeders/deposit feeders, benthic carnivores, pelagic herbivores,
pelagic carnivores, and benthopelagic carnivores. Categorizing invertebrates into functional
feeding groups can also simplify construction and quantification of food web structure in
environments where sampling is unlikely to yield full representation of taxonomic diversity, such

as in Arctic benthic marine habitats.

Much of the research on Arctic aquatic (including both freshwater and marine) food web
structure is focused on pelagic food webs, which are founded on the productivity of
phytoplankton. Benthic primary producers such as macroalgae are also important contributors to
primary production, however, including in polar marine environments. Some grazers have even

demonstrated selection of specific macroalgae species (Iken et al. 1997). Benthic macroalgae can



be grazed on directly by herbivores or contribute to the important detrital energy pathways that
contribute to productivity in benthic food webs (Wulff et al. 2009). Food webs that rely on
detrital energy (sometimes referred to as ‘brown’ food webs) are especially important in the
Arctic, where light is extremely limited for several months of the year, while phytoplankton is a
dominant energy source in spring and summer. Food web pathways in Arctic coastal ecosystems
become more grounded in detrital energy sources toward the end of the summer and fall

(McMeans et al. 2013).

Detritus is an important source of carbon for benthic food webs (Campanya-Llovet et al.
2017), and supports the productivity of upper trophic levels (McMeans et al. 2013). There are
several functional feeding groups of organisms that are important in the channeling of detrital
energy from seafloor to top predators. Entry of detrital organic matter into the base of food webs
is initiated by benthic deposit feeders, as they feed directly on detrital material (Campanya-
Llovet et al. 2017). Benthic suspension feeders can also feed on detritus, however they feed
directly on particles (including phytoplankton) in the water column as well, which helps maintain
water clarity and reduces excessive nutrient deposits to the sediment (Officer et al. 1982; Miller
and Page 2012). Benthic carnivores can act as important stabilizers in benthic food webs.
Depending on the season, they couple both weak and strong energy pathways and provide top
predators with a less variable resource base (McMeans et al. 2013). They can also influence food
webs by exerting top-down pressure, which cascades through the entire food web and prevents
lower trophic level species from becoming overpopulated (Estes et al. 2011; Hui 2012). Benthic
carnivores can also promote interactions between the pelagic and benthic food webs by feeding

from both, which is one form of benthic-pelagic coupling (Iken et al. 2001).

Through bioturbation, contributions to habitat heterogeneity, water filtration, and benthic-
pelagic coupling, benthic invertebrates are critically important to many ecosystem functions.
Bioturbation, including burrowing and reworking sediment, affect many physical and
biogeochemical processes that shape benthic habitats, and are carried out by several different
functional feeding groups, including suspension feeders, deposit feeders, and predators (Norling
et al. 2007; Queiods et al. 2013). Bioturbation processes influence pore water distribution,
sediment reactivity, and nutrient fluxes (Norling et al. 2007). Bioturbators can also promote
primary production of microphytobenthos by increasing nutrient availability (Lohrer et al. 2004).

The diversity of benthic invertebrates contributes to habitat heterogeneity by providing different



habitat processes including, enriching sediments, regulating benthic water turbulence, and
bioturbation (Soltwedel and Vopel 2001; Lohrer et al. 2013), and these processes affect
biodiversity (Post et al. 2017). Benthic suspension feeders, as well as several other functional
feeding groups, also contribute to benthic-pelagic coupling, which shapes many other aspects of

food web structure and function in Arctic marine ecosystems.

Benthic species affect nutrient cycling and resource transfer between pelagic and benthic
food webs (McMeans et al. 2013). Cycling of organic matter and nutrients in generally low-
productivity Arctic marine ecosystems involves the transfer of nutrients from ocean surface to
ocean bottom and back (i.e., benthic-pelagic coupling). Carcasses, plankton cells, and fecal
pellets, through both detrivory and remineralization, are mobilized from the ocean floor back
into pelagic habitats that support key top predator fish and marine mammal species (Iken et al.
2005; Link et al. 2013). These transfer processes reflect the ecological contributions of many
different benthic taxa, with each one carrying out a different function. Benthic suspension
feeders, such as mussels, sponges, and filter-feeding invertebrates filter organic particles and
phytoplankton from the water column and transfer them to the benthic environment (Pile and
Young 2006). Suspension feeders promote sedimentation; marine benthic sediment has higher
amounts of nitrogen and carbon when closely proximate individual suspension feeders are
present (< 10cm) (Norkko et al. 2001). Benthic deposit feeders, such as polychaetes, amphipods,
and bivalves, affect benthic-pelagic coupling through feeding and bioturbation activities. Their
natural burrowing and particle ingestion reworks sediments, which helps promote nutrient
cycling and oxygenation (Meysman et al. 2006). Benthic carnivores, such as carnivorous
crustaceans, polychaetes, and fish are more mobile than other functional feeding groups, and
directly affect benthic-pelagic coupling by consuming food from both pelagic and benthic
habitats (Le Loc’h et al. 2008). Research to date clearly illustrates that the benthic environment
and benthic species are critical to the proper functioning of many marine processes and
functions, and that a deeper understanding of benthic marine environments is a pressing priority

for research as climate change continues (Roy and Gagnon 2018).

1.2 The Influence of Climate Change on Arctic Marine Ecosystems
Climate change in the Arctic is occurring at a rate approximately three times faster than
in other areas (Bintanja 2018). Climate change has already resulted in increases in sea surface

temperature, reductions in sea ice extent and thickness, and changes in species distribution



(Steiner et al. 2013; Laidre et al. 2015; Alabia et al. 2018; Niemi et al. 2019). Increased CO>
concentrations in the atmosphere also cause increased CO: absorption into marine waters, which
results in ocean acidification. Ocean acidification can prevent the formation of, and/or damage,
the shells and exoskeletons of invertebrate species through several mechanisms. Decreasing
availability of the carbonate ion (COs3%) is one of these mechanisms; many species of
invertebrates require the carbonate ion to build CaCOj shells and exoskeletons, (Niemi et al.
2019). Ocean acidification is also impacting fish, as levels of PCO; and HCOj increase in their
bodies. In attempting to compensate for this via acid-base balancing, otolith growth,
mitochondrial functioning, and metabolic rate may be affected (Heuer and Grosell 2014). Hoegh-
Guldberg and Bruno (2010) reported that acidity is increasing twice as fast in polar oceans
compared to other oceans, and that acidification-induced changes will impact food web structure.
Increasing sea surface temperature in conjunction with ocean acidification has resulted in
decreased energy transfer from primary producers to primary consumers and from primary
consumers to secondary consumers (Ullah et al. 2018). Species distribution patterns are also
changing, with some species moving northward but some species reacting in unexpected ways.
This makes it difficult to predict how Arctic species will respond to climate change and which
species may become established in Arctic waters (Alabia et al. 2018). It also makes it difficult to

predict how food web structure and function will change.

Reductions in sea ice thickness and extent may affect benthic marine food webs in the
Arctic via several different mechanisms. Although there is often a great distance between sea ice
and benthic environments, sea ice plays a critical role in structuring Arctic benthic environments.
The rapid loss of sea ice habitat in the Arctic is affecting marine primary producer, invertebrate,
fish, and mammal populations, their foraging behaviour, and overall ecosystem dynamics
(Bluhm et al. 2011; Meier et al. 2014; Laidre et al., 2015; Steiner et al. 2019; Hop et al. 2021).
Scientists have found both sympagic and benthic sea-ice associated amphipods are declining in
abundance. These amphipods are an important prey source for many higher trophic level species
(Hop et al. 2021). Decreasing sea ice cover leads to increased light penetration, altering primary
production dynamics and promoting the growth of benthic algae and macrophytes. The
geographic distribution of primary producers, such as macroalgae, has been predicted to change
due to increased temperature (Jueterbock et al. 2016). Benthic species as a whole may suffer

with ice loss as increasing temperatures may increase pelagic grazing. Changes (either increases



or decreases) in the amount and/or quality of organic matter reaching the benthic environment

will also affect the ecosystem structure and function (Kedra et al. 2015).

Some authors note that with a reduction of species that depend on the sea ice, including
ice-associated algae, the diversity of primary production sources will decrease (Bluhm et al.
2011). McMeans et al. (2013) studied marine benthic food webs in Cumberland Sound, Nunavut,
and concluded that reduced sources of heterogeneity in primary production in response to
climate change is a threat to the stability of Arctic food webs. These authors showed that
different benthic species have energy channels that originate from a variety of distinct primary
producers, such as phytoplankton and macroalgae, and that changes in abundance and diversity
of these primary producers could reduce stability of food webs. Effects will likely be especially
apparent in food webs with low redundancy (Kedra et al. 2015).

Changes in distribution of species at higher trophic levels will also likely affect benthic
marine food web structure and function. Kedra et al. (2015) noted that, along with species
additions, there may also be species removals from food webs and that either change can alter
nutrient pathways and cause them to be less efficient, which can have profound impacts on top
predators. Generalist fish species are predicted to shift poleward due to increasing temperature,
and presence of new species may facilitate increased connectivity between benthic and pelagic
systems (Kortsch et al. 2015). In addition to overall sea ice loss, there are also threats to benthic

food webs caused by the changing temporal patterns of sea ice.

Seasonal patterns of ice formation, water temperature, primary production, and nutrient
availability have profoundly shaped the structure of Arctic marine food webs. Arctic species
have adapted to these patterns and several species depend on them. Climate warming, however,
is changing the timing and availability of key resources, such as phytoplankton blooms, which
impacts primary production and subsequently productivity at higher trophic levels. Sereide et al.
(2010) investigated the Arctic zooplankton grazer Calanus glacialis and determined that it may
need to adapt if there are changes in sea ice formation and break up, as the current timing of the
peak bloom coincides perfectly with female reproduction and offspring growth. Changes in the
life cycle may have cascading effects throughout the food web, as Calanus glacialis is an
important food source for high trophic level species, such as bowhead whales (Balaena

mysticetus) and auks (4lcidae).



1.3 Investigating Food Web Structure: Stable Isotope Analysis

Stable isotope analysis was first introduced as a tool for studying trophic ecology and food
web structure in the 1970s (Fry 2006), and has become increasingly common in recent decades.
Stable isotope ratios of carbon, nitrogen, and sulphur are frequently used (although sulphur is
less commonly used) to investigate food web structure. Stable isotope ratios in biota differ
among species due to fractionation and mixing (Fry 2006). Fractionation occurs because heavier
isotopes react differently than lighter ones in reactions that occur during metabolism and nutrient

uptake (Peterson and Fry 1987; Fry 2006).

In stable isotope analysis, the ratio of heavy to light isotopes is quantified in a sample and
compared to international standards (Fry 2006). The standards that these ratios are compared to
are Pee Dee limestone for carbon, atmospheric nitrogen for nitrogen, and sulphur from the
Canyon Diablo meteorite (Peterson and Fry 1987). Stable isotope ratios are quantified using
mass spectrometry (Peterson and Fry 1987), and are expressed as 8'°C, 8'°N, and &S for
Carbon, Nitrogen, and Sulphur, respectively, where o represents the parts per mill difference

from the standard. Delta values are calculated using the equation:

§15N, 613¢, or 6345 (9%0) = (M - 1) x 1000 Eq. 1

Rstandard

where,
R represents the ratio 3C:'2C, N:!“N, or 34S:32S

Following the equation, o values are higher when the heavier stable isotopes are more
abundant in the sample, and vice versa. Typically, 8'3C and 8'°N are used to infer carbon source
and trophic position, respectively (Wada et al. 1991; Post 2002). Delta'>N is used to infer trophic
level because 8'°N typically increases ~ 3% to 5 %o with each trophic transfer (Peterson and Fry
1987; Montanari 2017). In contrast, §'3C is used to infer carbon source, and is often used to
discriminate between pelagic and benthic food sources. The 8'3C ratio of organisms does not
change appreciably with trophic transfer, but reflects availability of dissolved inorganic carbon
(DIC) for primary producers (Wada et al. 1991). Similar to 5'3C, 3°**S does not change

appreciably with trophic transfer, and can be used to help differentiate among different sources



of basal organic matter - specifically among marine, freshwater, and terrestrial sources, but also

among different marine sources (Whitney et al. 2018).

When comparing the structures of different food webs, it is often necessary to correct for
among-system variability in isotope ratios in basal organisms (i.e., baseline variation; Post 2002).
‘Baseline’ isotope ratios can be affected by several physico-chemical attributes of the ecosystem,
such as temperature, sources of nutrients, and availability of nutrients. If the baseline is not
adequately characterized, then inferences drawn from comparisons may be inaccurate.
Establishing an appropriate isotopic baseline is often difficult; ideally, a relatively long-lived
primary consumer species that is linked to the food web of interest is selected as a baseline
organism. Relatively long-lived primary consumers are preferable to primary producers because
the isotopic signature of long-lived primary consumers has less temporal variance, and
thus investigators can gain a more accurate representation of spatial variation (Post 2002).
Ensuring the appropriate baseline is established and determining accurate predictions from food
web structure is critically important but can also be quite challenging, especially in vast, remote
regions such as the Arctic. Thus, establishing whether certain conclusions or inferences
regarding food web structure are transferable among locations is of interest for scientists,

planners, and resource managers in the Canadian Arctic.

1.4 Knowledge Gaps Addressed in this Thesis

The Canadian Science Advisory Secretariat aims to publish Ecologically and biologically
significant area (EBSA) reports every decade that synthesize new information gathered for each
of the EBSAs. The last EBSA report on the Hudson Bay Complex (HBC), one marine EBSA
within the vast Canadian Arctic, was completed in 2011 (DFO 2011c). Given the ecological
uniqueness, rising sea surface temperature, decreasing species at risk and subsistence species
populations (e.g., beluga whales and narwhals), and increased shipping, (Hoover et al. 2013;
Larouche and Galbraith 2016; DFO 2020; Goldsmith et al. 2020), another report that summarizes
the last decade of research is timely. Smaller reports have been conducted on single EBSAs
within the Hudson Bay Complex, such as Southampton Island (Loewen et al. 2020), however not
all EBSAs within the HBC have received updates. Additionally, many species of interest move
throughout multiple EBSAs within the HBC and thus it is important to complete a more holistic
review for this area. With rapid climate change and industrial activities, including shipping,

increasing in the Hudson Bay Complex, it is important to synthesize and disseminate relevant
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primary research to stakeholders that may not have access to peer-reviewed literature. EBSA
reports are an excellent way to achieve this, as they cover a wide range of topics and are focused
on rare, and endangered species, fitness consequences of species habitat loss, biological
productivity and diversity, and uniqueness of habitats and species (DFO 2011c, Cobb 2011).
These reports are used for management and conservation efforts and represent the most accurate
and up-to-date science. When field research was paused due to COVID-related restrictions,

producing EBSA reports for several areas within the Canadian Arctic became a priority.

As mentioned above, the structure and function of benthic marine food webs in the Arctic
are poorly understood. Although studies on multiple invertebrate functional feeding groups are
rare, some investigators have included them in recent analyses of Arctic marine food web
structure (McMeans et al. 2013; Stasko et al. 2018). There was also a recent study completed on
biomagnification of mercury in Frobisher Bay that included work on the coastal invertebrate
food web (Hilgendag et al. 2022). Deeper sites were not included in this work, however; Inuit
who rely on the fish, mammal, and invertebrate resources of Frobisher Bay have demonstrated an
interest in learning more about benthic food webs at a variety of depths, particularly in the
context of increased industrial activity in the area (i.e., construction of a deep-water port).
Studies conducted in the Beaufort Sea, Amundsen Gulf, and the Arctic deep Canadian Basin
have shown that food web structure differs among shallow and deep sites (Iken et al. 2005; Roy
et al. 2015; Divine et al. 2015). Studies have found that deeper food webs tend to be longer and
potentially less stable (Iken et al. 2005; Divine et al. 2015) and that feeding pattern of
invertebrates may change with depth (Roy et al. 2015). Currently, there is no knowledge on how
food web redundancy, diversity, niche area, trophic length, carbon sources, and sulphur sources
differ among depths in Frobisher Bay, Nunavut. The lack of information about food web
structure in Frobisher Bay make it difficult to predict how these food webs will change with
future climate warming and increased shipping, and make monitoring and management attempts

difficult or ineffective.

1.5 Thesis Structure and Research Objectives

The original overall goal of my MSc research was to investigate food web structure in
Arctic marine environments. I first sought to review literature from the past decade on the
eastern Hudson Bay Complex and identify gaps in the literature, with a focus on food webs along

depth gradients. This work was going to be complemented by new, field-based research.
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Restrictions on field work that arose from the COVID-19 pandemic, however, resulted in
cancellation of both planned field seasons in the Hudson Bay Complex. I thus pivoted to
complementing the literature review with a comparison of food web structure among three
depths in Frobisher Bay; this undertaking involved use of existing data as well as samples that
were archived (and which required processing and laboratory analysis) at Fisheries and Oceans

Canada.

In Chapter 2, I present a literature review in which I reviewed 60 papers published between
2011 and 2021 on EBSAs in the eastern Hudson Bay Complex. Databases used were Web of
Science and the internal Fisheries and Oceans Canada (DFO) catalogue. I summarized important
findings from the literature and identified gaps in the knowledge that are meant to help shape
ongoing field programs and contribute to an upcoming CSAS report. Chapter 2 revealed large
gaps in research done on Arctic marine invertebrates, as well as holistic studies that include
multiple invertebrate functional feeding groups and fish. In Chapter 3, therefore, I investigated
invertebrate and fish food web structure in Frobisher Bay, Nunavut along a depth gradient using

stable isotope analysis. Specifically, I aimed to:

1. Characterize Frobisher Bay nearshore (10 to 15m), midshore (20 to 45m), and offshore

(260 to 351m) food web structures using nitrogen, carbon and sulphur stable isotope data;

2. Compare trophic ecology indices (niche area, trophic level, and §'*C and **S ranges) of
two understudied functional feeding groups - benthic carnivores and benthic suspension

feeders - among nearshore, midshore, and offshore depths; and,

3. Compare trophic ecology indices (niche area, trophic level, and 8'3C and 3°**S ranges) of
benthic carnivores and benthic suspension feeders within depths to each other to infer

interactions.

Chapter 4 is a summary and synthesis of findings from Chapters 2 and 3, and indicates future

important directions for research.
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2.0 Systematic Literature Review of Aquatic Marine Species and
Environmental Factors in the Eastern Hudson Bay Complex

2.1 Introduction

Many resident and migratory species of ecological, social, commercial, and cultural
importance rely on marine habitats in the Canadian Arctic. In recognition of the importance of
marine habitats, Canada committed to designating 10% of its coastline to marine protected areas
(MPAs) by 2020 (Canadian Council of Fisheries and Aquaculture Ministers 2017). Canada has
the longest coastline in the world and much of it is in the Arctic, so the establishment of MPAs in
the Canadian Arctic (Government of Canada 2019) is of international importance, especially
because there is a global paucity of MPAs in polar regions (Yurkowski et al. 2019). This lack is
due in part to the difficulty of conducting research in the Arctic, and is particularly concerning
because the Arctic is subject to considerable and rapid anthropogenic-induced change. Indeed,
warming in the Arctic is occurring 2 to 3 times faster than the global average (Bintanja 2018;
Bush and Lemmen 2019), and is resulting in profound changes to the structure and function of
Arctic marine ecosystems. Reductions in thick, multi-year ice and an increase in air and sea
surface temperature (Steiner et al. 2013) are being observed, along with shifts in primary
production species (Lavoie et al. 2013; Hoover et al. 2013a; Hoover et al. 2013b), abundance of
marine mammals (DFO 2020; Hoover et al. 2013b), and increased potential future habitats for
invasive species (Goldsmit et al. 2019). These rapid environmental changes challenge existing

management and conservation plans, which ideally are grounded in up-to-date data.

Fisheries and Oceans Canada (DFO) is working to fill knowledge gaps that will enable
effective and efficient monitoring, management, and conservation in Arctic marine environments
(including MPAs) that are subject to continued stress from climate warming, as well as increases
in shipping and industrial development. DFO collects and synthesizes rapidly accumulating
literature in Canadian Science Advisory Secretariat (CSAS) reports, which include information
on ecologically and biologically significant areas (EBSAs). An EBSA is a region designated by
DFO to be uniquely important for the Arctic environment and the species that frequent that area
(DFO 2011c). EBSAs were established to help advance establishment of management and

protection strategies in areas of particular biological and ecological importance (Cobb 2011).
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DFO endeavours to publish EBSA reports approximately every decade to ensure that the most
recent and reliable knowledge is used to manage and protect those areas, and to assist
governmental and Indigenous associations with the monitoring and management of northern

resources (DFO 2011c).

Ecologically and biologically significant area reports may be useful in guiding
establishment and then monitoring of MPAs, which, as stated above, are lacking in Arctic marine
environments worldwide. Yurkowski et al. (2019) mapped predator diversity in Arctic marine
environments and determined that existing protected areas in Canada cover only 5% to 7% of
diversity hotspots in summer and winter, respectively. This highlights the need for data-driven
prioritization of areas, which will ensure MPAs are placed with maximum effectiveness. To
achieve this in the current research environment, which is fast-moving and involves many
different groups, completed studies must be summarized regularly into accessible and synthetic
formats. EBSA and other similar reports thus assist with Arctic monitoring, management, and

protection, and are imperative in developing conservation plans for Arctic marine ecosystems.

Ecologically and biologically significant area reports cover many topics, but often focus
on: 1) endangered, rare, or declining species, as recognized by the Committee on the Status of
Endangered Wildlife in Canada (COSEWIC); ii) fitness consequences of habitat loss for
particular species; iii) vulnerability, sensitivity, and resilience of species and habitats; iv)
uniqueness or rarity of species and habitats; v) biological productivity and diversity; and, vi) life
history and habitats used by key species for spawning, feeding, and overwintering (DFO 2011c;
Cobb 2011). The review I conducted includes literature on COSEWIC-listed species, such as
eastern Hudson Bay beluga whales (Delphinapterus leucas) (e.g., Doniol-Valcroze et al. 2011;
DFO 2020), Arctic marine keystone species, such as ringed seals (Pusa hispida) (e.g., Luque et
al. 2014), consequences of increased sea surface temperature and sea ice loss (Steiner et al.
2013), primary productivity (Lavoie et al. 2013, Sibert et al. 2011, Hoover et al. 2013a), species
diversity (Carr 2012, Beazley et al. 2016), and species behaviour, including feeding ecology and
migration to overwintering locations (Young and Ferguson 2014; Bouchard et al. 2015; Bailleul
et al. 2012). The last EBSA report for the Hudson Bay Complex was published in 2011; I

therefore reviewed sources from 2011 to 2021.
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In the five Arctic marine biogeographic regions in Canada, there are 61 ecologically and
biologically significant areas (EBSAs) (DFO 2011c¢). The most southern Arctic marine
biogeographic region is the Hudson Bay Complex, which includes 13 of the 38 EBSAs in the
five Arctic marine biogeographic regions. The Hudson Bay Complex (HBC) includes Hudson
Bay and James Bay, and extends north to Baffin Island and east along the Hudson Strait (Fig.
2.1). The HBC is a culturally and biologically significant region in the Canadian Arctic. Hudson
Bay is one of the most southern locations in the Arctic and is the most southern range for several
keystone Arctic species, such as polar bears (Ursus maritimus) (Laforest et al. 2018).
Additionally, Hudson Bay supports several threatened and endangered species and populations,
as well as many Indigenous communities that rely on marine mammals and fish for subsistence.
Threatened and endangered species in Hudson Bay include beluga whales (Delphinapterus
leucas), bowhead whales (Balaena mysticetus), and narwhals (Monodon monoceros) (COSEWIC
2020, COSEWIC 2005, COSEWIC 2004). Given that the Hudson Bay forms the southern border
of the Arctic, sea surface temperatures are projected to be higher than elsewhere in the Arctic,
and highest in southeastern Hudson Bay and James Bay (Laforest et al. 2018). Increased sea
surface temperatures, reductions in sea ice, and other anthropogenic stressors are projected to
affect sources of production and benthic-pelagic coupling (Hoover et al. 2013, Oleszczuk et al.
2019), introduction of non-native species (Goldsmit et al. 2018) and changes in oceanographic
conditions, such as decreases in pH (Hoover et al. 2013, de la Vega et al. 2019). Not only do
these impacts highlight the urgency with which research needs to be conducted in the HBC, they

also illustrate the fact that many factors influence the HBC and need to be analyzed holistically.

This literature review focuses on the eastern region of the Hudson Bay Complex and includes the
following six EBSAs, which are detailed in DFO (201 1¢; including numbering conventions; see
Fig. 2.1):

e 1.8 James Bay

e 1.9 Belcher Islands

e 1.10 Eastern Hudson Bay Coastline

e .11 Western Hudson Strait

e 1.12 Easter Hudson Strait

e 1.13 Ungava Bay
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Within the 38 EBSAs across the five Arctic marine biogeographic regions, DFO (2011c)
has identified 13 to be of particularly high ecological and biological significance. Four of these
13 highly significant EBSAs are included in this review: 1.9 Belcher Islands, 1.11 Western
Hudson Strait, 1.12 Eastern Hudson Strait, and 1.13 Ungava Bay (DFO 2011c). The higher
significance of these four EBSAs is reflected in the amount of research attention that these

regions have received.

Both eastern and western Hudson Strait are considered to have high ecological and
biological significance. These regions are used by migratory species that inhabit Hudson Bay
during the ice-free season before either moving through the Strait in advance of the winter
months or overwintering in the Strait during winter months. Scientific studies and Indigenous
Knowledge have shown that several megafauna species, including beluga whales, bowhead
whales, and narwhals, migrate to or through Hudson Strait each year (Brown and Fast 2012,
Postma et al. 2012, Breton-Honeyman et al. 2016, Watt et al. 2013, Pomerleau et al. 2012).
Studies have also been conducted on invertebrates in the Hudson Strait, and results have
indicated high diversity of sponges and polychaetes (Carr 2011, Beazley et al. 2016), likely due
to high plankton production that results from the oceanographic conditions (Sandstrom and

Elliott 2011, Sibert et al. 2011).

The Belcher Islands and Ungava also represent regions of special biological and
ecological importance in the Hudson Bay Complex. The Belcher Islands are comprised of a
series of small islands in the middle of Hudson Bay. The water surrounding the islands is cooler
than the water in the center of the Bay (Larouche and Galbraith 2016). Ungava Bay supports the
endangered Ungava Bay beluga stock (Doniol-Valcroze and Hammill 2012a), northern Hudson
Bay narwhals — which have been classified as a species of special concern by COSEWIC (Watt
et al. 2013) — and ringed seals (Houde et al. 2020).

With continued and accelerating effects of anthropogenic stressors on ecosystems in the
Hudson Bay Complex, an updated synthesis of relevant literature, as well as highlighting of
ongoing knowledge gaps, is necessary. The objective of this review is to synthesize and evaluate
recent advances in our understanding of ecosystem structure and function in EBSAs located in

the eastern portion of the Hudson Bay Complex (see Fig. 2.1). Literature on the six eastern
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Hudson Bay EBSAs published between 2011 and 2021 was reviewed and synthesized in

preparation for an upcoming Canadian Science Advisory Secretariat (CSAS) report.
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Figure 2.1. Map of the Hudson Bay Complex (HBC) and its 13 Ecologically and Biologically

Significant Areas (EBSA). The focus of this review is the eastern Hudson Bay, including EBSAs
1.8 to 1.13. (DFO 2011c¢).

2.2 Methods
2.2.1 Search Strategy

Web of Science and the internal DFO catalogue were used in this literature review. These
were chosen to reflect indexes of peer-reviewed and grey literature, respectively. Systematic
searches for literature published between 2011 and March 26, 2021 were performed in each

database.

The following search criteria were used in Web of Science under the field search ‘Topic’:
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Table 2.1. Table of search terms used in the Web of Science Database.

Topic Field Search Terms

Topic 1 ("Hudson Bay" OR "Foxe Basin" OR "Fury
and Hecla Strait" OR "Igloolik Island" OR
"Rowley Island" OR "Repulse Bay" OR
"Frozen Strait" OR "Southampton Island" OR
"James Bay" OR "Belcher Islands" OR

"Hudson Strait" OR "Ungava Bay")

AND Topic 2 (Benth* OR Invert* OR “Marine Mammal*”’

OR Fish* OR Pelag* OR Vegetat®* OR

Habitat™*).

AND Topic 3 (Eco* OR Bio* OR Climat* OR
Oceanograph*)

AND Topic 4 (Marine OR Coast* OR Estuar*)

The internal DFO catalogue search features were more limiting than Web of Science. An
additional search requirement used for the internal DFO catalogue was limiting papers to ones
written in English. The following search criteria were used in the internal DFO catalogue under

the field search ‘All Fields’:
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Table 2.2. Table of search terms used in the internal DFO catalogue.

Topic Field Search Terms

Topic 1 DFO

AND Topic 2 “Hudson Bay”

AND Topic 3 (Eco* OR Bio* OR Climat* OR
Oceanograph*)

2.2.2 Inclusion/Exclusion Criteria

The search conducted in Web of Science yielded 172 results whereas the search
conducted in the internal DFO catalogue yielded 73 results. These records were screened to
exclude irrelevant papers that were captured by the search. Titles and abstracts were screened,
and when those passed screening, content of the whole paper was skimmed to ensure relevance.
Due to time constraints and the abundance of papers published in the past decade, this review
only focused on the Arctic marine environment. Papers that focused on terrestrial animals or
ecosystems and freshwater ecosystems were excluded. Papers were also excluded if they: 1) were
conducted or focused on areas outside of the geographic area of interest (but were still somehow
captured by the search) - exclusions included studies conducted in California, Norway, and
western Hudson Bay (covered by a parallel review to this one, using same search criteria); ii)
focused exclusively on polar bears or seabirds; or, iii) presented duplicate or redundant
information that was captured in EBSA reports that were published in 2011 (Cobb 2011; DFO
2011c¢; Kenchington et al. 2011; Paulic & Rice 2011a; Paulic & Rice 2011b).

Of the original 172 results returned by the Web of Science search, 73 were not used due

to focus outside of the geographic region of interest. A further 75 papers were excluded from the
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review due to irrelevance regarding biological topic (Fig. 2.2). Twenty-four papers were thus
included in the final literature review from Web of Science. Of the 73 results returned from the
search of the DFO internal catalogue, 27 were excluded due to focus outside of the geographic
region of interest, 3 were excluded due to an irrelevant topic, 2 were removed due to
duplications, and 5 were removed as they were included in previous 2011 EBSA reports (Fig.
2.2). After reviewing and eliminating articles, 36 papers were included in this review from the

DFO catalogue. In total, 60 papers met the inclusion criteria and for this literature review.
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Total results from search string
(Web of Science n=172) (DFO Catalogue n=73)

v

Total results after location screening
(Web of Science n=99) (DFO Catalogue
n=46)

v

Total results after topic screening
(Web of Science n=24) (DFO Catalogue
n=43)

Excluded articles due to incorrect

location
(Web of Science n=73) (DFO n=27)

Excluded articles due to incorrect
topic
(Web of Science n=75) (DFO n=3)

v

v

Total results after duplication

screening
(Web of Science n=24) (DFO Catalogue
n=41)

Excluded articles due
duplications
(Web of Science n=0) (DFO n=2)

v

Excluded articles due to previous
reports
(Web of Science n=0) (DFO n=5)

Final papers included in review n=60
(Web of Science n=24) (DFO Catalogue n=36)

Figure 2.2. Flow chart depicting results and evaluation of papers returned from databases.
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2.3 Results of Search

Taxa of interest that were represented in the retained papers included marine mammals
(except polar bears), invertebrates, fish, and plankton species, and included aquatic invasive
species. The papers reviewed were heavily skewed toward research on marine mammals (Fig.
2.3). Of the papers reviewed that included studies of biota, 79% focused on marine mammals,
9% focused on invertebrates, 8% focused on fish, 8% focused on primary producers, and 4%
focused on aquatic invasive species. Only 4% of the 60 reviewed papers (Hoover et al. 2013a
and Hoover et al. 2013b) focused on entire ecosystems - spanning from primary producers to
marine mammals. Of the 79% of papers focused on marine mammals, 62% were primarily aimed

at research on beluga whales.

® Marine mammals = Fish
® Primary Producer Invertebrates
Aquatic Invasive Species

Figure 2.3. Illustration of proportional representation of broad taxonomic groups in the reviewed
literature. Note: percentages add up to more than 100% because some papers included multiple
groups.

Papers that focused on abiotic ecosystem components were more equally spread across
different topics. There were fewer papers that focused on abiotic ecosystem components (7)

compared to biotic ecosystem components (44); nine papers included both abiotic and biotic
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ecosystem components. There were many different abiotic topics reviewed in this paper,

including rising temperatures and sea ice, nutrients, and pollutants.

This literature review spanned a 10-year period (2011 to 2021). Almost half of the papers
included in this review were published in the first three years (47%) (Fig. 2.4), which was
somewhat surprising as in many disciplines and/or regions, the number of published research
papers is generally increasing over time. The among-year variability in published papers may
reflect timing of funding cycles that are targeted for this region and should be considered by
DFO in developing future funding calls that are specific to certain regions or taxa.
Approximately 80% of papers published in 2016 focused on marine mammals, half of which
were studies on beluga whales. This could reflect the fact that there was a 3-year management
strategy for eastern Hudson Bay belugas that spanned from 2014 to 2017 (DFO 2016b, DFO
2016¢c, Doniol-Valcroze et al. 2016). It appeared that for beluga whales, data from aerial surveys
were published ~ 2 years after collection. Beluga whale aerial surveys were conducted in 2011
and 2015 and in 2013 and 2017, 30% and 40% of the papers, respectively, were focused on
analyses of new beluga survey data (DFO 2013b, Doniol-Valcroze et al. 2013, Gosselin et al.
2013, Gosselin et al. 2017, Hammill et al. 2017). A similar pattern was observed with papers
focused on Atlantic walrus (Obodenus rosmarus rosmarus). Aerial surveys were conducted in
2014, and 20% of papers published in 2016 were focused on data collected during those surveys
(Hammill et al. 2016, DFO 2016a).
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Figure 2.4. Number of papers included in the search (and retained) published in each year of
interest for this review. 2021 is not included as the search was conducted on March 26, 2021.

23



Within the geographic region of interest — eastern Hudson Bay — some locations and sub-
regions received more research attention in the past decade than others. Of papers that focused
on only one area or sub-region, more research was conducted in Hudson Bay than in Hudson
Strait or the Belcher Islands, and there were no papers focused solely on James Bay (Fig. 2.5).
Both the Hudson Strait (including Ungava Bay) and the Belcher Islands are considered to have
higher ecological and biological significance to DFO, and thus the lack of recent studies
conducted in James Bay could reflect priorities of (and funding allocated by) DFO. More than
half of the papers reviewed (62%) included two or more geographic areas as most of the topics

and biota included in the review are not confined to one geographic area.
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Figure 2.5. Number of papers published between 2011 and 2021 that focused on each region
(and their combinations) within the study area. Abbreviations are: BI- Belcher Islands, HB-
Hudson Bay, HS- Hudson Strait, and JB- James Bay.

2.4 Discussion

The eastern Hudson Bay complex is comprised of a diversity of habitats that support
several resident and migratory species. The large, shallow bay receives freshwater inputs from
several rivers. Estuarine habitats located at river mouths, as well as polynyas, provide critical

habitats for many marine species examined in this review (DFO 2012, Brown and Fast 2012).
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Resident taxa subject to recent research interest include species of whales, walruses, seals, cods,
bivalves, sponges, polychaetes, zooplankton, and ice algae (Bouchard and Fortier 2011, Carr et
al. 2011, Sibert et al. 2011, DFO 2012, Hoover et al. 2013a, Young and Ferguson 2014, Beazley
et al. 2016, Hammill et al. 2016). The diversity of species within the Hudson Bay Complex is
relatively high for an Arctic ecosystem, and is part of the reason why there are so many EBSAs
within the region. Concerns regarding effects, management, and mitigation of stressors have
driven much of the recent research activity in the six EBSAs in the eastern Hudson Bay
Complex, including abundance, harvest, and management of key species, changes in temperature

and sea ice, and fluctuations in concentrations of nutrients and contaminants.
2.4.1 Beluga Whales
Abundance and Management of Eastern Hudson Bay Beluga Stock

There are several beluga stocks specific to eastern Hudson Bay, including the eastern
Hudson Bay (EHB) Beluga stock, the Ungava Bay stock, and the James Bay Beluga stock
(Postma et al. 2012, DFO 2013b, DFO 2018). Beluga whales are an important subsistence food

source for Inuit communities (DFO 2012) and are also of conservation concern.

The Ungava Bay beluga stock inhabits the Hudson Strait year-round (DFO 2012, Doniol-
Valcroze and Hammill 2012a) and was designated as endangered by the Committee on the Status
of Endangered Wildlife in Canada (COSEWIC) in 2004. It was reconfirmed as endangered in
2020 (COSEWIC, 2020). The James Bay stock mostly inhabits James Bay (Postma et al. 2012)
and does not have a COSEWIC designation. The EHB beluga stock inhabits Hudson Bay and
migrates through Hudson Strait to the Labrador Sea in winter (DFO 2018). It was designated as
endangered in 2004 but was reassessed as threatened in 2020. Although there is considerable
among-year variability in the abundance of beluga within the EHB beluga stock, numbers
increased from 3034 individuals in 2010 (Doniol-Valcroze et al. 2011) to 3819 individuals in
2015 (Gosselin et al. 2017). A recent decrease to ~3300 individuals in 2019 (DFO 2020) is the

lowest recorded since 2013 (DFO 2014), however (Fig. 2.6), and is a cause for concern.
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Figure 2.6. Eastern Hudson Bay (EHB) beluga stock abundance results determined from the
papers reviewed that were published between 2011 and 2021. Error bars represent the 95%
confidence intervals (Doniol-Valcroze et al. 2011; Doniol-Valcroze et al. 2012; DFO 2014;
Gosselin et al. 2017; DFO 2020).

EBSA reports often focus on COSEWC-listed endangered species and sensitive, slow
recovering species. It is important to closely monitor and manage stock dynamics and abundance
of the threatened EHB beluga stock, and DFO does this through several means, including
implementation of yearly harvest allocations. Models used in 2011 indicated that harvesting 50
individuals per year would result in a 50% probability of population decline (DFO 2011b,
Doniol-Valcroze et al. 2011). The subsequent year it was determined that an annual harvest of 49
individuals would result in a 50% chance of the stock declining in numbers (DFO 2012; Doniol-
Valcroze et al. 2012a). Harvest (59) exceeded quota (49) in 2012, which the authors of a DFO
report attribute to an increase in harvest from Sanikiluaq (DFO 2013b). An increase in stock size
resulted in a quota of 62 EHB belugas in 2013 (Doniol-Valcroze et al. 2013; DFO 2013b). In
2014, a new, more flexible management strategy was implemented at the request of northern
community members. (DFO 2014, Doniol-Valcroze et al. 2014). Having found that probability
of EHB stock decline was not significantly different when total allowable harvests were grouped

into three years compared to a single year, the authors determined that the annual harvesting
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allocation could be changed into 3-year harvesting periods; the number of animals harvested was
set at 180 individuals over three years, as long as all 180 individuals were not harvested in the

first year.

Following implementation of the new management strategy in 2015 and 2016, research
on beluga focused on proportion of EHB beluga harvested in different regions of eastern Hudson
Bay, rather than on annual harvest. Hammill et al. (2017) used population modeling to determine
how many EHB belugas could be harvested in the 2017 to 2020 period, and it was estimated that
a harvest of 68 individuals per year would result in a 50% probability of decreasing stock size
(Hammill et al. 2017, DFO 2018). A decrease in stock size in 2019 may have reflected harvests
of 70, 74, and 98 EHB belugas in 2017, 2018, and 2019, respectively. This led to a harvest limit
of 58 EHB belugas per year, which was implemented to result in a 50% probability of increasing
the stock to 3 400 individuals in 5 years (DFO 2020). Generally, beluga harvests in the eastern
Hudson Bay EBSAs tended to exceed quotas in the 2011 to 2021 period.

Harvests of beluga that exceed quotas may reflect, at least in part, inadequate
collaboration in the development of management and conservation plans. In the Beaufort Sea
region in the western Arctic, beluga populations are co-managed by boards that represent
government and local Indigenous communities. Centering Indigenous communities and
subsistence harvesters in the development and implementation of management plans has reduced
struck/loss scenarios and wastage, and increased safety surrounding hunting practices (FIMC
2013; Wu 2018). When Indigenous communities are included in developing management
guidelines, compliance with quotas and other guidelines increases (Alyes et al. 2007; Wu 2018).
Although not the focus of this literature review, I did not find mention of co-management
strategies or boards for beluga harvest in the Hudson Bay region. The success of the Fisheries
Joint Management Committee in the Inuvialuit Settlement Region suggests that developing a

more collaborative management strategy may further effective stewardship of EHB beluga.

As there are multiple beluga stocks in the HBC, it is critical to know what stocks beluga
are being harvested from. As briefly mentioned, many papers published on beluga in 2016
focused on the proportion of EHB beluga being harvested from different locations in the eastern
HBC. Although proportions differed between publications (DFO 2016¢, Doniol-Valcroze et al.
2016, Mosnier et al. 2017, DFO 2020), 10.8% of the spring harvest (May to August) and 26.1%
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of the fall/winter harvest (September to January) in Hudson Strait were represented by EHB
beluga. EHB beluga represented 1.5% of the spring harvest (April 1% to June 30™) and 4.4% of
the extended spring harvest (April 1% to July 14") in the Belcher Islands (DFO 2016¢, Doniol-
Valcroze et al. 2016, Mosnier et al. 2017, DFO 2020). Approximately 6% of the spring harvest
(Feb 1* to Aug 31st) of beluga in Ungava Bay were EHB beluga, whereas 44.5% of the
fall/winter harvest (Sept 1% to July 14™) in northeast Hudson Bay were EHB beluga (DFO 2020).
Understanding proportional contributions of different stocks to spatially specific, seasonal
harvests can help guide management strategies by limiting harvest during certain times of the
year when EHB beluga abundance is high in a particular area (DFO 2012). For example,
abundance of beluga from the EHB stock peaked in the Belcher Islands in August, and thus a
voluntary closure from July 15" to September 30™ is effective (Doniol-Valcroze and Hammill

2012b).

Currently, harvest allocations are determined by assessing how many individuals can be
harvested without increasing the probability of stock reduction to more than 50%. Several
authors have stated that this method of determining annual total allowable harvests does not
allow for stock recovery (Doniol-Valcroze et al. 2011, Doniol-Valcroze et al. 2012a, DFO 2014,
Doniol-Valcroze et al. 2014), and have calculated harvest allocations that will promote stock
growth. DFO (2013b) used precautionary methods when modeling the stock, and set two target
goals of reaching 5 600 and 8 000 individuals in 25 years, based on a reference level set to 70%
of the maximum stock size. Results indicated that extreme actions need to be taken to achieve
maximum stock size; only a no-harvest scenario would lead to a 58% and 35% chance of
reaching 5 600 and 8 000 individuals, respectively, in 25 years. This is not feasible. Harvesting
17 to 61 individuals would give the EHB stock an 80% and 50% probability of recovering to
above 4000 within 50 years (DFO 2018). This would move the stock from the cautious zone it is
currently designated in, to the healthy zone. Many authors throughout the decade of interest have

articulated the lack of vigorous recovery initiatives present in existing management strategies.
EHB Beluga Stock Structure

Molecular data are generally lacking for beluga whales, despite the abundance of
literature. This can make creating management plans difficult, as ideally these plans include

genetic data (Doniol-Valcroze et al. 2016). Researchers have commented that age and sex
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composition of stocks is also largely unknown, and that harvesting too many reproductive
females could have grave impacts for the stock (DFO 2014; Doniol-Valcroze et al. 2014).
Investigators who have managed to pair molecular data with life history data have reported some
important findings for the EHB stock. Doniol-Valcroze et al. (2011) determined that the mean
age of the EHB beluga stock was 4.5 years younger than that of other belugas stocks, confirming
that older belugas are more frequently harvested than younger ones in the EHB beluga stock. The
age of harvest also increased between 1984 and 2015 (Hammill et al. 2017). Harvesting older
whales in the EHB stock is concerning because calves stay with their mothers for two to three
years, and it is thought that during this time calves learn migration routes from their mothers
(Doniol-Valcroze et al. 2012b). Belugas appear to display site fidelity, in that they return to the
same migration location as previous years, therefore learning migration routes is critical (Doniol-

Valcroze et al. 2012b).

Other research has suggested that belugas are typically harvested from estuaries, and
genetic data has shown that belugas killed in the same event are likely related (DFO 2012). It is
thus possible that single hunting events of multiple individuals could wipe out families (DFO
2012), which would not only reduce genetic diversity, but also reduce numbers at particular sites
due to the high philopatry of belugas. Lower mean stock age, along with loss of migration route
knowledge, may explain why some estuaries in eastern Hudson Bay no longer support beluga

(DFO 2012, Doniol-Valcroze et al. 2012b).
Feeding and Migration Behaviour of Beluga Whales

Understanding feeding and migration habitats and behaviour is critical to developing
sound conservation and management plans. Data have shown that belugas that foraged more
aggregately in groups tended to migrate approximately three weeks later than belugas that were
more dispersed on feeding grounds (Bailleul et al. 2012). Belugas prefer waters that are cooler
than 4°C, and aggregate diving behaviour has been observed in colder waters (Bailleul et al.
2012). Inuit hunters from southeastern Hudson Bay and Hudson Strait gave mixed responses
about whether belugas feed during migration; however, Inuit from all communities stated that
belugas ate more during the winter compared to the summer and that belugas are fattest during
the early spring and thinnest in the fall (Breton-Honeyman et al. 2016). Sculpin (Cottidae), chars

(Salmonidae), crustaceans, and cod (Gadidae) were the most abundant prey items reported in

29



beluga diets by Inuit, and observations of beluga prey were similar among communities (Breton-
Honeyman et al. 2016). As Bailleul et al. (2012) showed that temperature influences migrations
of beluga, future climate-induced changes causing sea surface temperature to rise could impact

the timing of migration and dispersal of beluga whales.
Other Beluga Stocks in Eastern Hudson Bay

Although the EHB beluga stock is the most researched, other important beluga stocks in
eastern Hudson Bay include the James Bay (JB) stock and the endangered Ungava Bay (UB)
stock. There is genetic overlap between the JB and EHB stocks; however, beluga from James
Bay are distinct enough to be considered their own stock. Satellite telemetry data showed that
belugas tagged in James Bay stayed there throughout the winter, unlike EHB beluga (Postma et
al. 2012), which migrate through the Hudson Strait. The JB beluga stock is larger than the EHB
stock, and results from aerial surveys indicated that abundance of JB beluga varied throughout
the decade; estimates range from 8 205t019 439 individuals in 2012, 14 967 individuals in 2013,
and 10 615 individuals in 2017 (DFO 2012, Gosselin et al. 2013, Gosselin et al. 2017). Whereas
harvesting is the biggest threat to the EHB stock, the biggest threat to the JB stock is climate-
induced changes to sea surface temperature and sea ice (Hoover et al. 2013a). When evaluating
different harvest scenarios in a model, Hoover et al. (2013a) found that the JB beluga stock
actually performed worse under a ‘no harvest’ scenario. The authors suspect this is because with
no harvest, populations of JB beluga predators would increase. A subsequent paper by Hoover et
al. (2013b) ran model scenarios of different levels of harvest and climate change; under the low
climate change and constant harvest scenario, they predicted EHB belugas would be extirpated

by 2069 while the JB belugas would thrive.

Recent data on abundance for the Ungava Bay beluga stock are limited. While there were
no beluga sightings during their survey, Doniol-Valcroze and Hammill (2012a) determined a
stock abundance of 32 individuals. A harvest of even one UB beluga could therefore have a big
impact on stock size. The authors mentioned that the hunt is closed after August 31 to protect
the EHB belugas that migrate through the UB area in fall, and that this management strategy
increases the likelihood that belugas hunted in summer will be from the Ungava Bay stock

(Doniol-Valcroze and Hammill 2012a).
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It is not known whether the Belcher Islands have their own beluga stock; currently, there
is no stock identified as being specific to that region. Community members from Sanikiluaq
harvest approximately 69 belugas annually (DFO 2016b). They voluntarily do not harvest from
July 15" to Sept 30" as EHB beluga are abundant in the area during that time (DFO 2016b).
EHB beluga harvest allocations are split amongst the Belcher Islands and the 5 other EBSA
locations in the Nunavik region (DFO 2016b). When it was determined that the proportion of
EHB beluga harvest from Sanikiluaq was lower than models estimated in 2016, Nunavik
communities wanted to re-assess the 3-year management strategy in place at the time to have the
under-harvested EHB beluga whales from Sanikiluaq re-assigned to the Nunavik territory (DFO
2016b). The re-assignment never occurred because Nunavik hunters had already exceeded their
quota for the first two years, and thus this strategy would have resulted in having fewer EHB
beluga allocated rather than more (DFO 2016b). Management strategies and proportional
allocations of harvest would likely be different if there were a Belcher Islands beluga stock,
which is why further research into the presence (or not) of a Belcher Island beluga stock would
be beneficial. Overall, although there is genetic and habitat overlap among the beluga stocks in
the six eastern Hudson Bay EBSAs (Postma et al. 2012), stock abundances, threats (Hoover et al.
2013a), migration behaviours (Doniol-Valcroze and Hammill 2012b, Doniol-Valcroze et al.
2012b), and overwintering locations vary (Postma et al. 2012, Doniol-Valcroze and Hammill

2012b). Continuing research is thus necessary.

2.4.2 Narwhals

Narwhals (Monodon monoceros) are a species in the cetacean suborder that are culturally
and economically important to Indigenous communities (Hoover et al. 2013a; Watt et al. 2013).
Narwhals are unique in that they only inhabit Arctic areas and there are three known populations,
one of which occupies northern Hudson Bay (NHB) and is comprised of 12 500 individuals
(Watt et al. 2013). The NHB narwhal population inhabits an area that extends from Foxe Basin
all the way to Ungava Bay, as well as EBSAs in eastern and western Hudson Strait. The NHB
population migrates to Hudson Strait during the winter and returns to NHB during the summer.
Narwhals are sexually dimorphic; males have a large tooth that extends into a single tusk on the
front of their face, whereas females (generally) do not (Watt et al. 2013). In this review, ~9% of

the papers published on biota focused on narwhals. Narwhals are designated as a species of
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special concern and generally only produce one calf every three years (COSEWIC, 2004); thus,

information about their behaviour and abundance is important.

Diet and foraging behaviour of narwhals was analyzed by Watt et al. (2013) to determine
how plastic they are and how they might respond to climate-induced changes occurring in their
habitat. Although there were some similarities between male and female narwhals, it was found
that males have a significantly higher 8'*C ratio compared to females, which likely reflects that
their larger size allows them to dive deeper and feed on more benthic species compared to
females. The NHB narwhal population had different isotope values compared to other
populations studied (Watt et al. 2013). Compared to the other Arctic narwhal populations, the
NHB population fed more on benthic prey rather than pelagic prey, likely because the NHB
population occupies a relatively shallower habitat (Watt et al. 2013). The NHB narwhal
population also had the highest '°N of the three Arctic populations (Watt et al. 2013). Greenland
Halibut (Reinhardtius hippoglossoides) is a common food source for NHB narwhals, although
males consumed this prey item more frequently than females (Watt et al. 2013). Although
narwhals displayed some plasticity in their foraging behaviour, results from models run by
Hoover et al. (2013b) indicated that if temperature continues to rise, ice continues to melt, and
harvesting stays constant at 2009 levels, narwhals will be extirpated by 2069. This is quite
concerning for species that prey on narwhals and the communities that depend on them as a

subsistence food source.

Monitoring harvest of NHB narwhals is a critical part of developing ongoing
management and conservation plans, as data suggest that narwhal abundance will decrease in the
future due to climate change and harvesting pressures (Hoover et al. 2013a; Hoover et al. 2013b).
Hudson and Watt (2020) determined that from 1957 to 2018 there were 4 207 narwhals
harvested, averaging approximately 68 narwhals per year. The authors note that harvest was
relatively low until the 1960s and has since increased. To support the development of
management plans for narwhals, DFO (2011a) conducted a genetic analysis. Results indicated
that all three narwhal stocks, including the Baffin Bay stock, the east Greenland stock, and the
northern Hudson Bay stock, are significantly different from each other, although there is some
overlap in allele frequency. The possible decline in northern Hudson Bay narwhals (Hoover et al.
2013a; Hoover et al. 2013b) is meaningful information for Hudson Strait and Ungava Bay EBSA

reports as they are already classified as a species of special concern.
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2.4.3 Bowhead Whales

There are two Bowhead Whale (Balaena mysticetus) populations in Canada, one of
which is the eastern Canada-west Greenland (EC-WG) population. Bowhead whales migrate all
throughout eastern Canada and western Greenland. In the winter, Bowhead whales can be found
in the two EBSAs in Hudson Strait and in northern Hudson Bay, and in the summer, they occupy
other areas within Hudson Bay (Pomerleau et al. 2012). Like many other whales in the Canadian
Arctic, loss of sea ice is impacting available Bowhead habitat in the EBSAs of interest for this
review (Hoover et al. 2013a; Hoover et al. 2013b). Furthermore, availability of prey may be
affected by climate change. Pomerleau et al. (2012) reported that EC-WG Bowhead whales rely
on zooplankton as a primary food source, and thus may be susceptible to climate-induced range
shifts in this prey source. These same authors caution, however, that there are uncertainties and
that their research may only reflect the spring/summer diet of Bowhead. Modelling results from
Hoover et al. (2013a) and Hoover et al. (2013b) indicated that shifts in food webs, as a result of
sea surface temperature and sea ice changes, will impact Bowhead biomass. Their projection
models showed the bowhead population may increase, likely due to prey increase and low initial

harvesting. Continued research and monitoring of range and population size is needed.
2.4.4 Atlantic Walrus

Atlantic Walrus (Odobenus rosmarus rosmarus) is the largest pinniped species in
Canada. In this review, ~11% of the included papers focused on walrus. The main food source
for walrus is bivalves, although they eat other invertebrates and occasionally seals when
invertebrates are unavailable, usually due to deep water (DFO 2017). Mating occurs early in the
year (Jan to April) and calves are born in early summer (May to June), usually one calf every
three years (DFO 2017). Mature females have a pregnancy rate of approximately 33 to 35%.
Walrus pregnancy rate, along with their COSEWIC status as a species of special concern
(COSEWIC 2017), warrants continued monitoring and research in the Belcher Islands, Hudson
Strait, and Ungava Bay EBSAs.

There are two distinct populations of walrus in Canada. The central Arctic population
contains the north Foxe Basin and central Foxe Basin stocks, the Hudson Bay-Davis Strait stock,
and a south and east Hudson Bay stock. Although the south and east Hudson Bay stock is

considered a separate stock due to its location near the Belcher Islands EBSA, scientists in the
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field have stated the importance of verifying this with genetic analyses (DFO 2013a; Hammill et
al. 2016).

Stock abundance and harvest reports are somewhat limited for the Atlantic walrus in the
eastern Hudson Bay EBSAs. Using the information available, DFO (2013a) estimated that there
were 166 walruses harvested annually from the Hudson Bay-Davis Strait stock, and that a stock
size of 9 500 individuals would be needed to sustain a yearly harvest of that size. Aerial survey
data conducted in 2014 indicated that the Hudson Bay-Davis Strait Stock contained ~7100
individuals (DFO 2016a, Hammill et al. 2016). This stock number can sustain a harvest of 79 to
180 individuals per year in the northern Hudson Bay and Hudson Strait (Hammill et al. 2016,
DFO 2016a). Harvests reported by hunters averaged 85 individuals annually over the last five
years (2010 to 2014), which was calculated to be 121 individuals removed after accounting for
individuals that were struck-and-loss (DFO 2016a). Abundance of the south and east Hudson
Bay stock was estimated to be ~200 individuals, which would sustain an annual harvest of 2 to 6
individuals (Hammill et al. 2016, DFO 2016a). For the south and east Hudson Bay stock,
reported harvesting numbers have decreased since 2009 to an average of 2.4 individuals per year;
pre-2009, the yearly harvesting average was 12 individuals. Population models indicated that the
Hudson Bay-Davis Strait stock had 10 400 individuals in 1954, fell to 3 600 individuals by 1993,
and rose to 7 000 individuals by 2014 (DFO 2016a). The authors reported that harvesting seems
to have declined in the past 5 years (2010 to 2014) for both Hudson Bay stocks (DFO
2016a). These harvest and stock abundance data will help inform robust conservation and
management strategies that allow recovery from COSEWIC ‘special concern’ status, which is

especially important given the ongoing and added stresses imposed by climate change.

In a modeling exercise, the two Hudson Bay walrus stocks reacted differently to future
climate-induced changes. Hoover et al. (2013a) determined that the biomass of the smaller,
southern Hudson Bay population of walrus was more impacted by hunting than climate-induced
changes (e.g., sea surface temperature and sea ice extent) whereas the larger, northern population
was impacted by both climate change and harvest. Simulations were run until 2069 and both
Hudson Bay walrus stocks were at risk of becoming extirpated due to harvest and continued ice
melt and temperature increase. Simulations also showed walrus may be impacted by bottom-up
changes in food webs, as their invertebrate prey showed biomass decreases in the projection

models (Hoover et al. 2013b). Walrus extirpation could have significant impacts on the
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ecosystems within the EBSAs (Hoover et al. 2013a), and effects would likely propagate through
food webs. To reduce the threat of extirpation, mitigation policies need to be implemented.
Authors of a report published in 2017 (DFO 2017) reviewed current management strategies and
suggested a new, flexible 5-year management strategy designed to help hunters stay within the

harvest recommendations.
2.4.5 Ringed Seal

Ringed seals (Pusa hispida) are a small pinniped species that are found throughout Arctic
Canada. Ringed seals are strong swimmers that claw holes through the sea ice for breathing.
Males are slightly larger than females, and females give birth to one pup between mid-February
and May and nurse them for 40 days (Luque et al. 2014). Ringed seals were the second most
studied species included in this review, accounting for ~17% of papers that focused on biota.
Ringed seals are a keystone Arctic species, and function as both predator and prey for several
highly-valued species in Arctic marine food webs (Luque et al. 2014). Sea ice is very important
for ringed seals as they use it for rest, moulting, and it is where they are most often captured as
prey; they are a very important food source for both polar bears and fox (Luque et al. 2014).
Seals are widespread in Arctic Canada and can be found in all of the six EBSAs included in this

review.

Movement of adult seals is greatly dependent on sea ice concentration, and future
changes in sea ice could impact seal reproduction and feeding (Luque et al. 2014). In a modeling
study, Luque et al. (2014) showed that age, sex, sea ice concentration, day of year, and ocean
depth were all important factors in predicting behaviour. Results from models also indicated that
adults are more responsive to ocean depth and sea ice concentration (Luque et al. 2014). Hoover
et al. (2013a) and Hoover et al. (2013b), ran projection models showing that despite future
climate conditions and harvesting pressures, the HBC ecosystem can sustain ringed seal
populations at increased biomass levels, possibly due to decreased predation from polar bears in
the future. In contrast, Ferguson et al. (2017) determined that from 2003 to 2012 pup survival
decreased, stress level increased, and seal body condition decreased significantly as duration of
open water increased. These results are consistent with results of models from Luque et al.
(2014) that showed that sea ice forcing and temperature will influence biomass of ringed seal in

the future. These authors also note that reduced sea ice may require the seals to learn to breed on
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land. This may be possible, as authors of some studies have shown that seal behaviour may be

more flexible than previously thought (Yurkowski et al. 2016).

Behaviour of seals differs among populations, which may suggest that seals can adapt to
different habitats. Young and Ferguson (2014) investigated stable isotope signatures of western
and eastern Hudson Bay ringed seals and determined that their isotopic niches are different and
appear to be changing and diverging as warming occurs in the Bay. They also determined that
there was more niche overlap between age classes in eastern Hudson Bay seals than in western
Hudson Bay seals. Seals in different stocks are known to have different behaviours; Yurkowski
et al. (2016) showed that while sea ice concentration is positively associated with resident
behaviour for seals around Sanikiluag, seals in Saglek Bay traveled more with increased ice
concentration. Higher concentrations of Chlorophyll A were also associated with increased seal
travel in Sanikiluaq. For both Sanikiluaq and Saglek Bay, seals dove less when resident
compared to when traveling. The ice-free season was longer in Sanikiluaq and Saglek Bay
compared to other locations of ringed seals at higher latitudes. The authors also discovered a
latitudinal pattern in seal movement; there was a positive correlation between residence time and

duration of the open water season (Yurkowski et al. 2016).

Contaminant concentrations in ringed seal muscle and liver also differ among locations.
Ringed seals in eastern Arctic Canada have lower total mercury concentrations than ringed seals
in the western Arctic Canada (Brown et al. 2016). In a study conducted by Brown et al. (2016),
the authors found that seals collected from a population near Inukjuaq, Quebec had the lowest
concentrations of total mercury in both liver and muscle tissue for subadult and adult seals.
These same seals had the highest total cadmium concentrations, which the authors explain is
likely due to the low trophic position occupied by this population; they are heavily reliant on
amphipods (Brown et al. 2016). In another study, it was found that contaminants such as
polybrominated diphenyl ethers (PBDEs) were higher in ringed seals at more southerly locations
(e.g., Inukjuaq and Ungava Bay) compared to more northerly locations. The same spatial pattern
was found for perfluorinated carboxylic acid (PFCA) and perfluorooctane sulfonate (PFOS) for
seals in Inukjuaq (Brown et al. 2018). Another contaminant, selenium, was also found at higher
levels in Hudson Bay seals compared to seals in Central Arctic Canada, Ungava/Nunatsiavut,

and east Baffin Island (Houde et al. 2020).
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Other authors have explored temporal trends in contaminants in ringed seals and found
no relation between time and mercury concentrations in seal liver tissue; however, total mercury
levels did decrease in muscle tissue in Hudson Bay (-0.91%/year) and Ungava/Nunatsiavut (-
1.30%/year) seals. Unlike the Beaufort Sea and Central Arctic Canada, the North Atlantic
Oscillation (NAO) index was negatively correlated with total mercury for seal muscle tissue in
Hudson Bay and Ungava/Nunatsiavut as was the PNA (Pacific/North American pattern) index
(Houde et al. 2020). Effects of interacting climate-induced changes on diet, habitat, behaviour,

and contaminant concentrations deserve further study in the eastern Hudson Bay EBASs.
2.4.6 Polar Cod

Polar cod (Boreogadus saida) are part of the Gadidae family and are a species of
considerable research interest. Approximately 6% of papers devoted to biotic topics in this
review focused on polar cod. Polar cod are an important pelagic prey species for many higher
trophic level Arctic species, such beluga whales, seabirds, narwhals, and ringed seals (Breton-
Honeyman et al. 2016, Bouchard and Fortier 2011, Watt et al. 2013, Houde et al. 2020). Polar
cod can also be cannibalistic. They spawn under the ice during late fall or early winter and
anywhere between January and July, depending on the sub-zero temperature they occupy

(Bouchard and Fortier 2011).

Literature documenting the life history of polar cod, such as hatching times and winter
migrations undertaken by juveniles, provide important data for modeling effects of stressors on
higher trophic levels. As cod have many predators and are very small at hatch (4 to 8 mm),
previous researchers have postulated that it is advantageous for polar cod to get as big as possible
before their first winter, when they migrate to deeper water (Bouchard and Fortier 2011,
Bouchard et al. 2015). Bouchard and Fortier (2011) determined that Arctic areas with higher
freshwater influence, such as Hudson Bay, have warmer temperatures that allow polar cod to
hatch earlier. This allows them to reach a larger body size more quickly, migrate earlier in the
fall, and escape predation by adult polar cod and seabirds. The authors also found that polar cod
in Hudson Bay had an earlier hatch date than polar cod in the Canadian Archipelago, north
Baffin Bay, and Northeast Water. As melting of multi-year sea is increasing (Steiner et al. 2013)
causing higher amounts of freshwater input to Hudson Bay, it is possible that juvenile cod may

start hatching earlier in future.
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Hoover et al. (2013b) ran projection models with different climate change scenarios and
determined that polar cod populations will likely decrease due to bottom-up and top-down
forces; while abundance of polar cod prey is predicted to decrease, predation is predicted to
increase. As polar cod is such a common prey source for many species at higher trophic positions

within HBC EBSAs, it is critical to continue monitoring polar cod in the future.
2.4.7 Other Fish

Fish are a very important part of the Arctic ecosystem, often occupying middle trophic
positions and transferring energy from lower to higher trophic levels. There are many fish
species in the HBC, including sculpin (Cottidae spp.), sandlance (Ammodytidae spp.), cod
(Gadiformes), and capelin (Mallotus villosus). Despite this, this literature search yielded no
papers on single fish species, other than polar cod. Hoover et al. (2013a) and Hoover et al.
(2013Db) published findings on an entire HBC ecosystem model that included information on
multiple fish species. Because data on fish species were so limited, they used the diets of
predators, such as seabirds, to estimate fish biomass. Hoover et al. (2013a) used a fitted model to
estimate biomass of fish and reported that Gadiformes had the highest biomass at 0.81 t/km and
sandlance had the second highest biomass at 0.64t/km. Their model also predicted that future
declines in fish biomass will be steepest for fish that rely on benthic food sources. Hoover et al.
(2013a) predicted that sculpins and zoarchids will decline by -55%, sharks and rays by
approximately -45%, and Gadiformes by approximately -20%. In contrast, fish that prey on
pelagic species are expected to increase; sandlance and capelin, both pelagic prey fish species,
will increase by 101% and 90%, respectively. Under a hypothetical “no harvest” scenario, fish
biomass in the model did not change as greatly as some of the marine mammals. Although the
model represents the entire HBC, fish data used in the model came from the northern portion of
the Bay. Results may be different in southern Hudson Bay and James Bay (Hoover et al. 2013a),
and this data gap should be addressed.

In models that simulated future climate and harvest scenarios, Hoover et al. (2013b)
reported that even with the least severe scenario of consistent harvest (from 2009) and constant
climate change, fish that relied on ice algae and benthic prey species (e.g., sculpin/zoarchids,
Gadiformes, and sharks/rays) declined in biomass (-25% to <-75%) whereas fish that depended

on pelagic prey species (e.g., sandlance and capelin) increased in biomass (25% to >75%). In
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predictive models, the entire food web shifted from an ice algae and benthos base, with benthic
fish at a higher trophic level, to a spring bloom and zooplankton base, with pelagic fish
dominating higher trophic levels. Future research should focus on collecting data that can be

used to evaluate and refine these predictions.
2.4.8 Invertebrates

Invertebrates support higher trophic level species in Arctic marine food webs. Common
Arctic marine invertebrates include species of polychaetes, bivalves, gastropods, echinoderms,
zooplankton, and amphipods. These organisms support many fish species, including Gadiformes
spp., sculpin/zoarchids, and sharks/rays, which in turn support larger fish and marine mammals
(Hoover et al. 2013b). Only 9% of biotic papers from the search focused on invertebrates,
demonstrating a need for more invertebrate research. Of the papers that focused on invertebrates,

only sponges, polychaetes, and zooplankton had individual papers that focused solely on them.

Analyses on invertebrate diversity is especially important for the monitoring of EBSAs.
Carr (2011) stated there are over 1200 species of polychaetes in Canada. She found that Hudson
Bay had the lowest polychaete diversity (Terebellidae was the most common polychaete in
Hudson Bay), followed by Hudson Strait which had the second lowest, although sampling efforts
were lowest in this area as well. Beazley et al. (2016) published a paper on sponges using species
distribution modeling, and determined that eastern Hudson Strait had a higher abundance of
sponges compared to western Hudson Strait, but sponges in western Hudson Strait were more
uniformly distributed. Sponges are often negatively impacted by fisheries, and thus are important

to monitor as fisheries activities expand (Beazley et al. 2016).

Climate-induced effects on invertebrates are poorly understood, but there is no doubt that
changes in invertebrate diversity and abundance will have bottom-up effects on megafauna
species that occupy higher trophic levels. Whole-ecosystem modeling performed by Hoover et
al. (2013a) and Hoover et al. (2013b) indicated that as climate change continues and sea ice
declines, spring blooms of plankton will increase and catalyze a benthic to pelagic shift in lower
trophic levels. The models indicated that biomass of bivalves, marine worms, and echinoderms
would decrease from 0% to -25%. Other benthic biomass decreased by an average of -39%. In
contrast, zooplankton increased in biomass, with macro-zooplankton increasing 71% (Hoover et

al. 2013a). This could cause shifts in the biomagnification of mercury and other contaminants in
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HBC food webs, as monomethylmercury biomagnifies within the zooplankton community
throughout the 1 to 4 trophic levels that they occupy (Foster et al. 2012). The model produced by
Hoover et al. (2013a) showed that, unsurprisingly, lower trophic levels taxa, such as zooplankton
and benthic invertebrates, are more susceptible to climate change than to harvesting pressure
(Hoover et al. 2013a). In an evaluation of different future scenarios, the model still resulted in a
shift from dominantly benthic to dominantly pelagic production, even under a scenario of lower
climate change and constant harvesting (Hoover et al. 2013b). Changes in the dominant sources
of production will have bottom-up impacts, and species that currently feed on benthic
invertebrates may need to find new prey species or they may be extirpated. Additionally, species
that prey on pelagic invertebrates may become more abundant, but ongoing empirical data are

needed to evaluate and refine these predictions.

Several environmental variables, including substrate type, have large impacts on
invertebrate biomass and diversity. Pierrejean et al. (2020) identified 380 epibenthic taxa around
Hudson Bay, Hudson Strait, and Ungava Bay and tested the influence of different environmental
factors on diversity and biomass. The authors examined findings in the context of three spatially
defined units: community 1 occupied the coastal area of Hudson Bay, community 2 occupied an
area farther out into the Bay, and community 3 occupied an area in the middle of the Bay.
Generally, for all three communities, particulate organic carbon content in surface water and
salinity levels in bottom waters had the largest impact on epibenthic community composition.
Coarse substrates in the coastal community supported the largest biomass of suspension feeders
and filter feeders. The middle community had a more mixed substrate and supported an
abundance of filter feeders. The third, deep community in the middle of Hudson Bay had a mud
substrate and supported a large abundance of deposit feeders and filter-suspension feeders.
Baseline information such as this informs future predictions and is critical as species diversity is

important in designating EBSAs.
2.4.9 Primary Producers

Ice algae are an important basal food source in the Hudson Bay Complex, along with
phytoplankton and detritus (Hoover et al. 2013a). Despite their fundamental role in producing

energy for food webs, and the vulnerability of primary producers to climate-induced changes to
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sea ice and water temperature, only ~7% of papers included in this review investigated primary

producers.

Biological productivity is a factor that is included in EBSA designation. The Hudson Bay
Complex has many different ecosystems within it that have unique patterns of primary
production. The main bay typically has low mixing and high ice algae production, whereas
Hudson Strait has high mixing due to wave patterns (Sandstrom and Elliott 2011) and lower ice
algae production but higher plankton production (Sibert et al. 2011). Eastern Hudson Bay and
James Bay have low ice algae biomass that occurs relatively late in the season. Phytoplankton
blooms in Hudson and James Bay can occur three weeks later than in Hudson Strait (Sibert et al.
2011). Ice patterns are changing rapidly with climate change, resulting in changes to algae and
plankton (Hoover et al. 2013a; Hoover et al 2013b). Consistent monitoring is needed to better

understand and project region-specific changes in primary producers and primary production.

As with invertebrates, benthic primary producers are expected to be negatively affected
by climate change whereas pelagic primary producers are predicted to increase. Hoover et al.
(2013a) determined that changes in ice are causing ice algae biomass to decline by -37% and ice
detritus to decline by -27%. Conversely, pelagic production is increasing 73% and pelagic
detritus is increasing 67%. This is causing bottom-up shifts that propagate through the food web
(Hoover et al. 2013a; Hoover et al. 2013b). Models that project 50 years into the future also
indicate an increase in phytoplankton primary production and subsurface Chlorophyll a (Lavoie
et al. 2013). More intense climate change forcing in models resulted in increased pelagic
phytoplankton and pelagic detritus biomass, and decreases in ice algae and ice detritus (Hoover
et al. 2013b). A decrease in ice algae will be especially impactful in Hudson Bay and perhaps
less impactful in Hudson Strait because Sibert et al. (2011) determined that Hudson Bay has

higher ice algae levels than Hudson Strait.

In addition to monitoring shifts in composition and biomass of primary producers, it is
important to know which producers can be harmful, and how their presence and abundance is
responding to ongoing change. Pucko et al. (2019) found that several taxa of toxic algae,
including Bacillariophyceae, Dinophyceae, Haptophyceae, and Raphidophyceae are present in
the HBC. Bottom-up effects of these taxa in Arctic marine environments are poorly understood

and warrant further study.
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2.4.10 Aquatic Invasive Species

Climate change is increasing the risk of aquatic invasive species entering Hudson Bay
and potentially outcompeting native species. Although Hudson Bay is fairly isolated,
opportunities for aquatic invasive species to enter the Bay are increasing as temperature rises, sea
ice melts, and the shipping season lengthens (Goldsmit et al. 2020). Ports in Hudson Bay receive
both domestic and international ships and are thus at relatively high risk of invasion (Chan et al.
2012). Compounding the problem of increased shipping is the fact that Hudson Bay provides a
relatively hospitable environment for several aquatic invasive species (Goldsmit et al. 2020).
DFO (2015) and Goldsmit et al. (2019) determined that the current alternate water ballast
exchange area should be changed from Hudson Strait, which is a high-risk area for invasive
species, to a deeper and farther offshore area, such as Baffin Island or the Canadian-Greenland
Ridge. This is especially important as Hudson Bay has been identified as an area that has one of
the highest diversities of marine benthic invertebrates (Wei et al. 2019), cetaceans, pinnipeds,
and seabirds in the Canadian Arctic (Yurkowski et al. 2019). High emphasis is placed on
biodiversity in EBSAs; therefore, the threat of invasive species entering EBSAs in Hudson Bay,
and potentially threatening an area which has been identified as having very high biodiversity, is

of great concern and requires close future monitoring.
2.4.11 Rising Temperatures and Sea Ice

Climate change is causing both air and sea surface temperature to rise. This is occurring
faster in the Arctic than in other places around the world (Bush and Lemmen 2019). Researchers
of several studies agree that Hudson Bay has seen rapid warming in air temperature since the
1990s. Recent models have predicted a ~0.9°C increase in temperature each decade from 2012 to
2061 (Steiner et al. 2013). This warming in air temperature is leading to increases in sea surface
temperature of ~2.7°C per century (Steiner et al. 2013). Models projecting 50 years into the
future have also shown increasing trends for sea surface temperature (Lavoie et al. 2013). In fact,
Hudson Bay is experiencing some of the fastest sea surface temperature increases in the Arctic,
with the coastal regions being warmer than the center, with the exception of the Belcher Islands
and Hudson Strait (Larouche and Galbraith 2016). Factors that influence variability in air
temperature and thus sea surface temperature and sea ice include the North Atlantic Oscillation

in winter and the Atlantic Multidecadal Oscillation in summer (Peterson and Pettipas
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2013). Researchers are in agreement that air and sea surface temperatures are rising, which is
consistent with increases in sea ice melt (Steiner et al. 2013, Larouche and Galbraith 2016,

Lavoie et al. 2013).

Many species rely on sea ice (e.g., Hoover et al. 2013a, Hoover et al. 2013b). Climate
change is reducing the extent and volume of sea ice each year; sea ice coverage in Hudson Bay
has decreased by 7.5% to 17.8% per decade, depending on the region. There is also less multi-
year ice and more seasonal, thin ice (Steiner et al. 2013). Fifty-year model projections have
shown decreasing trends for sea ice concentration in Hudson Bay (Lavoie et al. 2013). Papers
included in this review have shown that temperature increases and sea ice melt will decrease ice
algae, potentially leading to bottom-up energy effects felt through entire food webs (Hoover et
al. 2013a, Hoover et al. 2013b). Sea ice melt may also change migration patterns of marine
mammals (Bailleul et al. 2012), facilitate proliferation of aquatic invasive species (Goldsmith et
al. 2020), and promote ocean acidification (Steiner et al. 2013). As sea ice is an important
environmental feature that species use as haul-out sites (DFO 2017), for moulting, hunting, and
rest (Luque et al. 2014), sea ice loss has widespread impacts on biological productivity,
biological diversity, and species life history stages, which are all key factors that are monitored
in EBSAs. Consequently, future studies related to warming of the HBC and sea ice decline are

critical for mitigating and understanding effects.
2.4.12 Nutrients and Pollutants

Many nutrients and pollutants are found in eastern Hudson Bay EBSAs, and
concentrations are being affected by ongoing anthropogenic influences. Ocean acidification is
increasing due to enhanced uptake of CO», a longer open water season, and increased river
discharge (Steiner et al. 2013). Additionally, historic trends show surface nitrate levels in
Hudson Bay decreased and are projected to continue decreasing, while levels of nitrate,
phosphate, and silicate all increased at depths below 100 m, likely due to a decrease in winter
mixing or stronger summer water stratification (Steiner et al. 2013). Fifty-year projection models
of Hudson Bay indicate decreasing trends for sea surface salinity, nitrate concentration, surface
dissolved oxygen concentration, pH, and aragonite and calcite saturation horizon depths (Lavoie

et al. 2013). Shifts in these compounds and environmental factors impact biological production
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(Hoover et al. 2013a) and lower trophic levels, such as invertebrates, which will affect high

trophic level species through bottom-up effects.
2.4.13 Gaps in Knowledge

Although considerable research has been conducted on EBSAs in eastern Hudson Bay in
the last decade, substantial gaps in knowledge remain. Many authors clearly state ongoing
uncertainty in calculations and models that would be mitigated by more empirical data; more
data are needed to constrain estimates on population abundance, total allowable takes, niche
overlap, diets, and stock distinction (DFO 2011a, DFO 2011b, DFO 2012, Pomerleau et al. 2012,
DFO 2016a). Uncertainty also results from use of different methods with similar input data. For
example, in modeling estimates of abundance for the COSEWIC-listed EHB beluga stock,
authors of two papers used different growth rate and struck-and-loss rates in their calculations,
which led to different results in abundance (Doniol-Valcroze et al. 2013; Gosselin et al. 2013).
This uncertainty and variability has implications for harvest management, which is particularly
problematic when harvest is critical for food security of Indigenous peoples. More empirical data
and discussion on models employed are clearly needed for several components of the Hudson

Bay ecosystems.

Lack of data also directly impacted EHB beluga management strategies around the
Belcher Islands, as it was unknown what proportion of beluga harvested on the islands belonged
to the EHB stock. Management plans were implemented using an estimated value. A few years
later, genetic analyses were conducted, and the proportional contribution of the EHB stock to the
Belcher Island harvest was lower than previously thought (DFO 2016c, Doniol-Valcroze et al.
2016). The updated value, which required molecular data, allowed more evidence-based
management. At present, estimates from many projection and management models are poorly
constrained by lack of precision and accuracy in input values, and this lack of data must be
addressed to achieve effective management and conservation, particularly because harvested

species are critical to food security for many communities.

A common reason for lack of data in the HBC is a reduction in sampling and
observations due to unfavourable weather conditions. Conducting Arctic research is difficult
under the best circumstances; however, the best circumstances are often not encountered in the

Arctic. Weather can be a big issue for aerial surveys, and it is common to have to cancel
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observation days due to inclement weather (Gosselin et al. 2013, Gosselin et al. 2017; Hammill
et al. 2016). Most of the surveys are also conducted in the summer or the ice-free season
(Pierrejean et al. 2020, Bouchard et al. 2015, Watt et al. 2013, Bouchard and Fortier 2011, Luque
et al. 2014, Foster et al. 2012, Pomerleau et al. 2012, Hammill et al. 2016). The result is a
profound lack of winter data for many species and ecosystem components. More data in general,
and more data collected year-round would greatly increase our understanding and ability to make

accurate predictions of effects of stressors.

Aerial surveys are commonly used in the Arctic, because a large area can be covered by
minimal people and with minimal disruption; however, this leads to a lack of molecular data that
can provide information on age structure, sex structure, health, and genetic structure (DFO 2020,
DFO 2016a). Greater availability of genetic data can reduce uncertainty around estimates
(Mosnier et al. 2017). In 2016 (a), DFO studied Atlantic walruses, and the authors were
uncertain as to whether there was a separate south and east Hudson Bay stock, or if the Hudson
Bay-Hudson Strait stock extended all the way to the south of Hudson Bay. Whether this is one or
two different walrus stocks has serious implications for how the stock is managed and is
important information to note for the Belcher Island EBSA report as that is the area that the
south and east Hudson Bay stock inhabits. Individually, each of aerial survey and genetics
methods are beneficial, but together they increase holistic understanding. This is especially
important when reporting on existing EBSAs and determining which regions should be
designated as EBSAs; knowing that there is a separate stock in an area or that a population in a
specific region has a lower ratio of reproductive females can influence whether the region should

be designated as an EBSA.

Knowledge on the eastern Hudson Bay complex is becoming increasingly abundant and
available in the scientific literature; however, some topics and species receive disproportionate
attention. This review highlights the bias towards research with a biotic focus. Within biotic
research, there is a bias towards marine mammals. Research on fish, invertebrates, and primary
producers is lacking. For example, Hoover et al. (2013a) did not have enough data on fish
species in the HBC to parameterize whole-ecosystem models, and had to indirectly estimate fish

biomass through seabird diet. This increased uncertainty within the results.
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There were also relatively few papers published on entire ecosystems. The exceptions
were Hoover et al. (2013a) and Hoover et al. (2013b). Authors of these papers modeled both
bottom-up and top-down impacts of stressors, which is key to understanding how ecosystem
structure, function, and services may respond to ongoing anthropogenic stressors. Continuing
and expanding whole-ecosystem modeling efforts may help forecast changes in eastern Hudson

Bay EBSAs with enough time to undertake mitigative management actions.

There is also a lack of traditional ecological knowledge (TEK) included in papers
incorporated in this review. Of all the papers included in the literature review, only 2 papers
(Brown and Fast 2012, Breton-Honeyman et al. 2016) used traditional knowledge in the
methodology. Authors of some papers mentioned that Inuit were consulted or that Inuit sightings
of certain species were included, but few used Indigenous knowledge as a primary method.
Traditional ecological knowledge is a wealth of relatively untapped information on the HBC that
could aid researchers in understanding species behaviour and stock abundance. An increase in
the inclusion of traditional ecological knowledge in future scientific publications could greatly

help protect and expand the knowledge on existing EBSAs.
2.5 Future Recommendations

Continued research in the six eastern Hudson Bay EBSAs equips scientists with better
knowledge and understanding to protect and manage ecosystems such that they continue to have
high ecological and biological significance. The best tool to ensure these areas stay protected is
ample and accurate data and knowledge. Significant progress has been made with monitoring
marine mammal stock abundance, especially EHB belugas; however, future mitigation strategies
would be more impactful if molecular data were collected in conjunction with survey
observations. This is true not only for beluga stocks but also for other marine mammals, such as
walruses and narwhals. It had been more than five years since aerial surveys were conducted for
some of the marine mammals included in this review, and some species, such as the EHB
belugas, have seen a decrease in stock size since then. Conducting an aerial survey in the near
future could thus be very important. In addition to aerial survey and molecular data, more data
collected using traditional ecological knowledge would be greatly beneficial for future
publications as TEK does not suffer the same limitations in terms of seasonality, time-scale, and

reductionism as western science does.
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In additional to expanding methodologies, topics of future research need to be expanded.
Future research on fish, invertebrates, and primary producers is needed. Additionally, more
research spanning multiple species and trophic levels would be greatly beneficial as these
publications provide an abundance of valuable information on how species interact with each

other and how a shift in one species or trophic level can propagate through an entire food web.
2.6 Conclusion

With climate change becoming an increasingly large threat for the six eastern Hudson
Bay EBSAs and prediction models projecting environmental and species shifts to continue,
reviews of the updated literature are important to help ensure EBSAs are managed, monitored,
and protected as effectively as possible. Sixty papers were assessed in this review, which
included literature published between 2011 to 2021, and there were many topics researched and
published in relation to the six eastern Hudson Bay EBSAs. This review synthesized and
evaluated relevant advances in the knowledge surrounding the six eastern Hudson Bay EBSAs in
the past decade, and identified gaps in the literature. Marine mammals were the taxa most
thoroughly studied between 2011 to 2021, with stock abundance, harvest trends, and
management strategies being topics of interest for researchers. Potential threats, future shifts and
abundance, and physiological changes in fish were also addressed in the literature. Diversity of
invertebrates present in the six eastern Hudson Bay EBSAs was a topic of interest, as was the
threat of aquatic invasive species, especially as shipping increases. A change in the alternate
ballast water exchange area was proposed. The large impact of changes in sea ice and sea surface
temperature on species throughout the entire ecosystem was identified, and the body of research
indicates that ongoing climate change will result in shifts from more benthic-based to pelagic-
based food webs. Bottom-up changes to food webs in the six EBSAs are predicted. Gaps in the
literature were identified to highlight key areas for future research, and include whole-ecosystem
research, research on trophic levels below marine mammals, research conducted in multiple
seasons, and the include of TEK. Addressing these gaps will allow more informed

parameterization of, and more accurate results from, projection, stock, and harvest models.
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3.0 Food Web Structure Among Three Depths in Frobisher Bay,
Nunavut

3.1 Introduction

Marine food webs are a network of complex interactions, and elucidating these
interactions can provide insight into energy flow and species interactions that help us predict
effects of anthropogenic stressors on ecosystem structure and function. The structure of food
webs can be quantified using direct (e.g., stomach content) and/or indirect (e.g., stable isotope)
diet data (Layman et al. 2007; Peterson and Fry 1987), and then analyzed and interpreted to
support inferences regarding species interactions, energy flow, and the impact of environmental
gradients. Food webs are often depicted as connected nodes; nodes often represent functional
feeding groups or taxonomic species that are connected through direct trophic linkages, which
can represent consumption and the transfer of energy, mass, and contaminants (Dunne et al.
2002). To best understand food webs, it is important to get a holistic view by including as many
taxa as possible; this is especially important in the context of environmental change, as taxa can
respond differently to stressors (Hoover et al. 2013; Best et al. 2015), and in the Arctic, where

food webs are subject to rapid changes from both climate warming and increased human activity.

Stable isotope ratios of carbon, nitrogen, and sulphur are commonly used to investigate
food web structure in Arctic marine environments, as these ratios vary in biota based on
predictable fractionation and mixing processes (Fry 2006). Typically, 8!3C and 8'°N ratios are
used to infer carbon source and trophic position, respectively (Wada et al. 1991; Post 2002).
Delta!N is often used to infer trophic level because 8!'°N increases ~ 3 to 5 %o with each trophic
transfer (Peterson and Fry 1987; Montanari 2017). In contrast, '*C ratios of organisms do not
change appreciably with trophic transfer, but instead reflect availability and sources of dissolved
inorganic carbon for primary producers (Wada et al. 1991). This allows 8'*C values to be used to
infer carbon source, and to discriminate between freshwater and marine food sources. Terrestrial
and freshwater sources of carbon are known to be more depleted in '*C compared to marine
sources, which can allow scientists to identify freshwater vs marine source of primary production
(Hunt 1966; Schell et al. 1998; Iken et al. 2010; Pulsipher et al. 2021). Similar to 3'3C, 3**S does
not change appreciably with trophic transfer, and can be used to help differentiate among

different sources of basal organic matter - specifically among marine, freshwater, and terrestrial
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sources. Terrestrial and freshwater sources of organic matter are more depleted in S than
marine sources (Fry 2006; Whitney et al. 2018). Pelagic and benthic organisms differ in both
8'3C and 8*S values, with pelagic organisms tending to have lower 8'3C and higher 5**S values
compared to benthic organisms. These differences allow scientists to investigate many processes
related to energy flow, including organic matter pathways and benthic-pelagic coupling (Thode

1961; Hobson et al. 2002; Le Loc’h et al. 2008; Duffill-Telsnig et al. 2019).

Comparing food web structure among sites or regions in the Arctic, as well as relating
food web structure to environmental gradients, often requires that taxa are categorized into
functional feeding groups. Functional feeding groups can be more comparable over relatively
large spatial and/or temporal gradients than taxonomically identified organisms, because
presence/absence of individual species often varies widely at scales that might not be of interest
(e.g., among meso- or microhabitat scales when the interest is regional or sub-regional). This is
particularly true in studies in Arctic marine systems, where study design and spatio-temporal

replication of sampling are often compromised by challenging logistics.

Two prevalent functional feeding groups in Arctic marine food webs are benthic
carnivores and benthic suspension feeders. Both promote benthic-pelagic coupling in ecosystems
that can be very spatially and temporally variable in terms of productivity. Benthic carnivores are
known to affect food webs by exerting top-down pressure via predation, and effects cascade
through the entire food web to the lowest trophic levels (Estes et al. 2011; Hui 2012). Benthic
carnivores feed in both pelagic and benthic food webs, which is one mechanism through which

benthic-pelagic coupling occurs (Iken et al. 2001).

Benthic suspension feeders are a second important functional feeding group in Arctic
marine food webs. Benthic suspension feeders affect plankton populations by filtering
phytoplankton and particulate matter from the water column, and their presence can improve
water quality (Lonsdale et al. 2009). Benthic suspension feeders promote benthic-pelagic
coupling by digesting suspended particles and transferring undigested remains to the sediment
(Newell 2004). Studying both particular functional feeding groups of interest and overall food
web structure can further our understanding of ecosystem function and allow more informed

predictions of effects of environmental change.
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Food web structure is affected by a myriad of biotic and abiotic factors. One abiotic
variable of especial interest in Arctic marine food webs is water depth, not least of which
because food web structure is less well understood in deeper Arctic waters compared to
shallower ones (Roy et al. 2015; Wolfl et al. 2019; Mayer et al. 2018). Many proximate variables
that affect food web structure are also ultimately affected by water depth, such as amount and
dominant sources of primary production (Hsiao 1988; Roy et al. 2015). Food webs vary in size,
both vertically and horizontally, and previous researchers have shown that longer (vertical) food
webs are often found in deeper waters (Divine et al. 2015: Iken et al. 2005). Longer food webs
are thought to be less stable and may take longer to recover after a stressful or disruptive event
occurs compared to shorter food webs due to the increased number of trophic levels (Pimm and
Lawton 1977; Lawler and Morin 1993; Jonsson and Ebenman 1998; Chanut et al. 2020); that is,
they are thought to be less resistant and less resilient to change. Characterizing food webs and
identifying the more vulnerable ones may help direct research, conservation, and management

efforts in the vast and poorly understood Arctic marine ecosystems.

Divine et al. (2015) examined food web structure at shallow (14 to 90 m) and deep (100
to 220 m) sites in the Beaufort Sea and found that the food web in one of the deep areas was
relatively long, but that the effect of depth on food web length was inconsistent among locations.
The authors highlighted the importance of determining baseline data for food web structure and
energy flow in all Arctic marine environments, as these environments are facing unprecedented
climate-induced changes. The variability found in food web structure along a gradient of depth

highlights the need for more research in this area.

While all marine food webs in the Arctic are in general poorly understood, less is known
about the structure of benthic food webs in Arctic marine ecosystems compared to pelagic food
webs. Benthic food webs are thought to be more susceptible to stressors because availability of
food decreases more strongly with increasing water depth in benthic food webs than in pelagic
food webs (Roy et al. 2015). Benthic marine habitats support ~90% of Arctic marine diversity
(Roy and Gagon 2018), and previous researchers have highlighted the need for, and urgency of,

more investigation into their structure and function (Renaud et al. 2019).

As benthic food webs become more resource-constrained with increasing depth, the rate

of transfer of nutrients from overlying waters to sediments (and back again - i.e., benthic-pelagic
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coupling) is critically important in shaping food web structure. The strength of benthic-pelagic
coupling also varies with depth (Stasko et al. 2018; Sibert et al. 2011; Giordani et al. 2002);
however, there are many other factors that influence this complex coupling process, including
the rate and efficiency of pelagic grazing (Stasko et al. 2018), functional feeding group diversity
(Caliman et al. 2007; Montoya et al. 2015; Griffiths et al. 2017; Wang et al. 2020), tidal action
and resuspension activity (Mason et al. 2010; Jansen et al. 2018), and shear stress (Capet et al.
2016). Understanding how benthic food web structure varies in response to water depth could
help scientists better predict how food webs will respond to climate-induced changes in primary
productivity and benthic-pelagic coupling, particularly because benthic taxa are often used as
bio-indicators (Oleszczuk et al. 2021). While there have been some studies on how trophic
ecology of organisms and food web structure vary along gradients of water depth in Arctic
marine environments (Stasko et al. 2018; Roy et al. 2015; Iken et al. 2005), our understanding
remains incomplete, particularly for benthic food webs subject to current and imminent

anthropogenic influences, such as food webs in Frobisher Bay, NU.

Marine food webs in Frobisher Bay support food security, through provision of a wide
variety of traditionally harvested fish (e.g., Arctic Char, Salvelinus namaycush) and shellfish
(e.g., Mya truncata) species, for the community of Iqaluit, NU. Frobisher Bay is subject to a
wide range of local, regional, and global anthropogenic influences. Iqaluit is the most populated
community in Nunavut and is home to ~7740 people (Statistics Canada 2017). Local marine
food web structure is affected via wastewater inputs (Schaefer 2020), fishing, and boating (Ding
and Li 2020). Additionally, a new deep-water port was recently developed in Iqaluit, and this
port has been determined to be the most valuable port in the Northwest Passage in terms of
container transport (Ding and Li 2020). Increases in shipping activity could impact food web
structure through the introduction of invasive species (Goldsmit et al. 2018), oil spills (Satei
2018), or underwater noise (Slabbekoorn et al. 2010). Climate change will also no doubt affect
food web structure in this high-latitude region. Given the importance of the Frobisher Bay
environment, the current minimal knowledge on food web structures in Frobisher Bay, and both
a general and local lack of knowledge of the structure and function of deep benthic food webs

and benthic functional feeding groups, this study aimed to:
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1.

Characterize Frobisher Bay nearshore (10 to 15 m), midshore (20 to 45 m), and offshore
(260 to 351 m) food web structures using nitrogen, carbon and sulphur stable isotope
data;

Compare trophic ecology indices (niche volume, distance to centroid, nearest neighbour
distance, maximum trophic level, and 8'3C and 8**S ranges) of benthic carnivores and
benthic suspension feeders among nearshore, midshore, and offshore depths; and,
Compare trophic ecology indices (niche volume, distance to centroid, nearest neighbour
distance, maximum trophic levels, and 3'3C and 8°*S ranges) of benthic carnivores and

benthic suspension feeders within depths to each other, to infer interactions.

I predicted that:

1.

The nearshore and offshore food web structures would each be more isotopically similar
to the midshore food web than to each other.

The nearshore food web would have fewer trophic levels, lower food web diversity,
larger 3'3C and &S ranges, and lower 8'3C and &°*S means than the midshore and
offshore food webs, due to reports of food webs being longer in deeper areas (Iken et al.
2005; Divine et al. 2015), reports of species diversity increasing with water depth
(Renaud et al. 2019; Herder 2020), and the closer proximity of the nearshore food web to
terrestrial and freshwater runoff, which influences nearshore 8'°C and §**S values (Hunt

1966; Schell et al. 1998; Iken et al. 2010; Pulsipher et al. 2021).

. Benthic carnivores and benthic suspension feeders at the nearshore depth would have

smaller 8!°N ranges, larger 8'°C and &S ranges, and thus larger isotopic niche volume,
due to the findings of previous studies that have investigated food web length and depth
(Iken et al. 2005; Divine et al. 2015), and because terrestrial and freshwater inputs at the
nearshore depth could provide more diverse carbon and sulphur sources (Hunt 1966;

Schell et al. 1998; Iken et al 2010)

Benthic carnivores would occupy larger niche volume, higher trophic levels, and larger
8!3C and 534S ranges than benthic suspension feeders within each of the three depths, due

to direct predation on both pelagic and benthic prey (Iken et al. 2001).
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3.2 Methods
3.2.1 Study Area

Frobisher Bay is located adjacent to Baffin Island, NU. The capital of Nunavut, Iqaluit, is
located along the coast of Frobisher Bay. The Sylvia Grinnell River discharges into Frobisher
Bay between two marine inlets; Koojesse Inlet and Peterhead Inlet. Frobisher Bay is 230 km in
length, and ranges from 20 to 40 km wide (Todd et al. 2016). The depth of the sea floor varies in
Frobisher Bay; along almost the entire southwest side of the bay is a trough that extends to
depths greater than 640 m. Calanus Shelf, also within Frobisher Bay, extends from shallow
waters to depths of ~130 m before meeting the deep trough (Dunbar 1958) (Fig. 3.1). The ice-
free season in Frobisher Bay starts in mid-June or July and continues until November or
December (Carter et al. 2020). During this time, primary production is highest in the top 10m
and decreases with depth (Hsiao 1988). The narrow shape of the bay, in combination with high
tides up to 36 feet, result in turbulent conditions (Dunbar 1958). The uniquely high tide can
move ~17 km? of water in and out of Frobisher Bay in a single day (Spares et al. 2012).

FROBISHER BAY

BATHYMETRY

CONTOURS IN HUNDREDS
OF METRES

Figure 3.1. Map of Frobisher Bay with bathymetry contour lines in hundreds of meters (Dunbar
1958).
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3.2.2 Sample Collection and Lab Processing

Food web structure was analyzed and compared among three broad depth categories in
Frobisher Bay, Nunavut. These categories reflect sampling undertaken by project partners
(Fisheries and Oceans Canada), and are hereafter referred to as Frobisher Bay nearshore (FBN;
10 to 15 m depth), Frobisher Bay midshore (FBM; 20 to 45 m depth), and Frobisher Bay
offshore (FBO; 260 to 351 m depth; Fig. 3.2). FBN samples were comprised of species collected
from one site in Koojesse Inlet and one site in Peterhead Inlet. The FBM samples were
comprised of species collected from six different sites in Koojesse and Peterhead inlets. The
FBN and FBM samples were collected during the summer of 2019 and 2020. As FBN and FBM
samples were collected across two years, a t-test was conducted (p <0.05) on a subset of samples
to confirm that there were no statistical differences in isotope ratios of the same taxon from
different years before samples were averaged together so that they only appeared once in each
depth dataset. FBO samples were comprised of species collected during the summer of 2021
from three sites in the middle of the bay (Fig. 3.2). These samples and depths were used in this
study due to availability and sampling constraints that resulted from the COVID-19 pandemic.
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Figure 3.2. Map of Frobisher Bay including nearshore (red), midshore (black), and offshore
(green) sampling locations.

Sample collection of invertebrates occurred during the summers of 2019, 2020, and 2021
using 500 um mesh zooplankton nets, Van Veen grabs, and benthic trawls. Fish were collected
using multi-mesh gill nets and benthic trawls. Identification of invertebrates and fish was done
on-site to the lowest level of taxa possible, and then samples were frozen for shipping. Once
samples arrived at the University of Waterloo laboratory, they were further identified to family,
genus or species, with the aid of a dissection microscope when needed. A few unidentifiable
samples were sent as voucher specimens to Université Laval, Quebec. Fish, crustaceans, and
mollusks were further dissected to obtain the muscle tissue. When samples were too small to
support analysis of stable isotope ratios, whole-body samples were used instead of muscle
samples. When whole-body samples were too small, individuals of the same taxon were

combined to achieve sufficient mass for stable isotope analysis.
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After taxonomic identification, species were classified into different functional feeding
group using the classification from Macdonald et al. (2010) (Appendix A). Classification
included feeding location (i.e., pelagic, benthopelagic, or benthic) and feeding mechanism (i.e.,
herbivore/grazer, suspension feeder, deposit feeder, suspension/surface deposit feeder, or
carnivore). In total, seven functional feeding groups were identified: pelagic carnivores (PC),
pelagic herbivores (PH), benthopelagic carnivores (BPC), benthic suspension feeders (BSF),
benthic deposit feeders (BSDF), benthic suspension feeders/deposit feeders (BSDF/SF), and
benthic carnivores (BC). Of the seven functional feeding groups, two (benthic carnivores and
benthic suspension feeders) had a sample size sufficient to conduct stable isotope analyses and

statistical analyses.

Once dissected, samples were stored in a -20°C freezer until they were freeze dried at -
53°C with a vacuum pressure between 0.018 mBar and 0.024 mBar for 48 hours or until
completely dry. Dried samples were homogenised, whereupon samples with excess exoskeleton
were acidified using 10% HCIl to remove the inorganic carbon from the samples. Acidified
samples were re-dried in a fume hood for 24 hours and then transferred to an oven at 50°C for 24
hours or until completely dry. If needed, samples were re-homogenized after drying. Samples
were then weighed for nitrogen, carbon, and sulphur stable isotope analysis using a
microbalance. Every tenth sample was duplicated to enable estimates of precision. Samples were
then sent to the Environmental Isotope Laboratory at the University of Waterloo where they were
run through a 4010 Elemental Analyzer (Costech Instruments, Italy) coupled to a Delta Plus XL
(Thermo-Finnigan, Germany) continuous flow isotope ratio mass spectrometer (CFIRMS).
Delta**S values were obtained using a 4010 Elemental Analyzer (Costech Instruments, Italy)
coupled to an Isochrom (Micromass UK) continuous flow isotope ratio mass spectrometer
(CFIRMS). Nitrogen, carbon, and sulphur delta values were determined by quantifying a ratio of
heavy to light isotopes (1*C:!'2C, N:!¥N, or **S:32S) in samples and comparing them to
international standards (Fry 2006). The standards used for this analysis were Vienna Pee Dee
Belemnite for carbon, atmospheric AIR for nitrogen, and Vienna-Canyon Diablo Troilite
meteorite for sulphur, and are expressed as 8'°C, 8'°N, and 84S for carbon, nitrogen, and

sulphur, respectively, where d represents the parts per thousand difference from the standard.
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3.2.3 Data Analysis

All statistical analyses were conducted in Microsoft Excel version 16.38 and R version
4.2.0 (R Core Team, 2022), with alpha set to 0.05. Residual quantile-quantile plots were assessed
for normality and the taxa Scleractinia was removed from the FBO isotope analysis to improve
normality. Isotope ratios were qualitatively compared among the three depths at the taxa level, as
well as between the two functional feeding groups of interest - benthic suspension feeders and

benthic carnivores.

Stable isotope analysis was used to quantify food web structure at three depths - FBN,
FBM, and FBO. When comparing the structures of different food webs, it is often necessary to
correct for among-system variability in isotope ratios in basal organisms (i.e., baseline variation).
Establishing an appropriate '°N isotopic baseline can be difficult; ideally, a relatively long-lived
primary consumer species that is linked to the food web of interest is selected as a baseline
organism (Post 2002). The long-lived primary consumers selected to account for baseline
variation in this study were Musculus discors and Musculus sp.; if those taxa were not available,
then the bivalves Hiatella Arctica, and Serripes groenlandicus were used. All isotope baseline

correction was done at the site level, and was calculated as:

Equation 1: Adjusted 8"°N value = (8" Neonsumer — 8'°Nase)

where,
8" Neonsumer 15 the 8'°N value of the consumer of interest; and,

8!*Npase is the 8'°N value of the chosen baseline species

Adjusted 8'°N values were used for all further food web data analysis. If a single taxon
was collected from multiple sites within the same depth category, adjusted 8!°N isotope values
were averaged so that each taxon was only represented once at each depth. Delta'3C and 84S
values were also averaged so that each taxon was represented once for each depth category.
Sulphur stable isotope analysis was conducted on fewer samples than carbon and nitrogen stable
isotope analysis due to mass constraints; analysis of 6**S requires more mass than analysis of

8!3C and 8"°N (Supplement Table 1). The fuller 3'°N and 8!°C dataset was used to determine
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8'N and 8'3C range and means, whereas the smaller dataset including all sulphur stable isotopes

was used for all other three-dimensional analysis (see below).

Trophic level was also calculated for each consumer using the following equation (Post

2002):

Equatlon 2: TLconsumer = [(815Nc0nsumer i SlsNbase)/3.4%0 + )\4

where,

3.4 is the estimated average enrichment of 3'°N per trophic level increase;

8" Nconsumer 18 the 81°N value of the consumer of interest;

8!*Npase is the 8'°N value of the chosen baseline species; and,

M is the is the trophic position of the reference species used to estimate the 3!°N value of the

chosen baseline species (i.e. A =2 because a primary consumer was used as a baseline).

Several metrics are often used to quantify food web structure using two-dimensional
isotope data (usually using 8'°N and §'3C) (Layman et al. 2007; Jackson et al. 2011), including:
8!°N and 8'3C range, distance to centroid (CD), total food web area (TA), nearest neighbour
distance (NND), standard deviation of the nearest neighbour distance (SDNND) (Layman et al.
2007), and standard ellipse area (SEA), and standard ellipse area correct for small sample size
and Bayesian implementation (SEAc and SEAg) (Jackson et al. 2011). Ranges of the stable
isotope values provide information on the vertical and horizontal structure of a food web. Food
web area, as well as distance to centroid provide information on the amount of diversity in a
given food web, and distance to centroid can help identify “outliers” in the system (Layman et al.
2007). Nearest neighbour distance provides information on the amount of redundancy in a food
web, whereas standard deviation of nearest neighbour distance provides information on the

evenness of the distribution (Layman et al. 2007).

Sulphur stable isotope analysis, while less commonly used in food web studies, can
improve aquatic food web analysis by helping differentiate between different nutrient sources
(Connolly et al. 2004). All three stable isotopes (8'°N, 8'3C, and §**S) were analyzed in this

study, and thus a diversity of quantification approaches was used.
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Three-dimensional isotopic analyses were conducted at the taxa level to facilitate
comparison of food web structure at all three depths. Ranges of '°N, §!3C, and &S, as well as
CD, NND, and SDNND were calculated using data from all three isotopes. Additional three-
dimensional analysis to quantify isotopic food web volume and food web similarity were
conducted using the package nicheROVER (Swanson et al. 2015). As sample size was larger for
8'N and 8'3C analysis - due to the lower mass needed to determine stable isotope ratios - this
larger dataset was used to calculate 3'°N and 8'°C range and means. To facilitate comparison
with the more frequently used two-dimensional Layman et al. (2007) and Jackson et al. (2011)
metrics, two-dimensional isotopic metrics were also calculated using the package SIBER (Stable
Isotope Bayesian Ellipses in R). Two-dimensional analyses included: §'°N, §!3C, and §°*S range,
CD, NND, and SDNND. To estimate two-dimensional food web area, the package SIBER was
used to calculate standard ellipse areas (SEA, SEAc, and SEAR) using areas that included 40% of
the data (Jackson et al. 2011). Ellipse areas were plotted two ways: 1) 8'°N on the y-axis and
8!3C on the x-axis; and, 2) 5**S on the y-axis and §!*C on the x-axis. Results for all two-

dimensional analyses can be found in Appendix B.

To address objective one, nearshore, midshore, and offshore food webs were quantified
by 85N, 8'3C, and 8°*S ranges, food web length, CD, NND, and SDNND using three-
dimensional isotopic data. The mean 8'°N, §'°C, and 84S values were also calculated as
measures of centrality for each food web. Metrics were calculated for each depth category and
qualitatively compared among depth categories. To estimate isotopic food web size, food web
niche volumes were calculated for each depth category using the package nicheROVER, with
alpha set to 0.95. Similarity of the three food webs among depths was determined in
nicheROVER by estimating posterior probability of overlap (+95% credible interval) (Swanson

et al. 2015) between each pairwise combination of depths.

To address objectives two and three, trophic ecology indices for benthic carnivores and
benthic suspension feeders were quantified by 8'°N, 6'3C, and §°*S ranges, maximum trophic
level, CD, NND, and SDNND using three-dimensional isotope data. These calculations were
performed in Excel. The mean §'°N, §'3C, and 8**S values were also calculated as measures of
centrality for each food web. Functional feeding group niche region volumes were estimated
using the package nicheROVER, with alpha set to 0.95. This analysis was done for benthic

carnivores and benthic suspension feeders at each depth category. Trophic ecology indices were

59



then qualitatively compared among the three depth categories for each of benthic carnivores and
benthic suspension feeders. Finally, trophic ecology metrics for benthic carnivores and benthic

suspension feeders were qualitatively compared to each other for each depth category.
3.3 Results and Discussion
3.3.1 Food Webs

Invertebrates represented the majority of samples analyzed for this study; 98 invertebrate
taxa were identified from sample collections (Appendix A). Nineteen fish species were collected
(all depths combined). The number of taxa collected was highest at the midshore depth, where 80
invertebrate taxa and 14 fish species were captured (there was adequate mass for 75 invertebrate
taxa and 13 fish species for stable sulphur isotope analysis). In the nearshore depth category, 38
invertebrate taxa and 8 fish species were captured (there was adequate mass for 31 invertebrate
taxa and 6 fish species for sulphur isotope analysis), and in the offshore depth category, 30
invertebrate taxa and 7 fish species were captured (there was adequate mass for 28 invertebrates

and 7 fish for sulphur) (Appendix A).
Similarity Among Food Webs

Food web metrics based on three-dimensional nitrogen, carbon, and sulphur stable
isotope ratios indicated that food webs were similarly structured in all three depth categories.
Overlap probability plots generated in nicheROVER, visual overlap of elliptical plots, and SEAc
values (Table 3.1; Fig. 3.3; Fig. 3.4; Appendix B) all indicated little variation in food web
structure among the three depth categories. This is attributed to the large overlap for all three
stable isotopes ranges among the three depths (Table 3.1), as is obvious from the one-
dimensional density line plots in Fig 3.4. Although I expected some overlap on the '°N axis, I
did not expect to have such similar §'*C and &°*S means and ranges among the three depth
categories (Table 3.1). I expected that there would be a gradient in 3'3C and 3°**S means from
FBN to FBO due to terrestrial and freshwater influences at the nearshore depth (Hunt 1966;
Schell et al. 1998; Koziorowska et al. 2016); however, 8'°C and 6**S means and ranges were
similar among the three depths. I suggest that the strong similarity in inferred organic nutrient
sources (8°C and 6°*S) among the three depths is due to the large tidal amplitude (11 m) in
Frobisher Bay, which can bring ~17 km?® of marine water in and out of the bay in one tidal cycle

(Spares et al. 2012). In comparison, even during highest discharge in July, the Sylvia Grinnell
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River only discharged 0.0265 km? of water per day between 2015 and 2021 (Government of
Canada, 2023). Déry et al. (2016) determined the average annual discharge of the Sylvia Grinnell
River to be 1.06 km? from 1964 to 2013. Lovrity (1984) determined that at 33 m in Frobisher
Bay, marine water is well mixed and salinity and temperature at the bottom vary little due to high
tidal currents and mixing in the area. Additionally, Dunbar (1958) determined that the high tidal
amplitude in Frobisher Bay causes water 100 to 200 m deep to be warmer and have lower
salinity compared to similar marine depths that lack this high tide. The strong influence of the
Frobisher Bay tide on environmental conditions in deeper areas of the bay may contribute to the

similarity in food web structure that I observed among the three depths.

Table 3.1. Three-dimensional isotopic Layman (2007) metrics and food web volume values
(Swanson et al. 2015) calculated using §'°Nagj, 6'°C, and §**S from taxa collected from three
depth categories: Frobisher Bay nearshore, Frobisher Bay midshore, and Frobisher Bay offshore.

Depth Category

Metric Nearshore Midshore Offshore
15 . (0,

0" Nagj (%o) 8.90 10.64 10.06
Range

515Na; Mean 4.02 3.92 4.84
13

67C (%) 11.90 14.91 11.21
Range

§1°C Mean 11824 118.59 [18.44
34 0,

6*S (%o) 6.18 11.43 735
Range

34 0,

6 (%o) 18.75 17.72 18.38
Mean

CD 2.79 3.49 3.14
NND 1.10 0.92 111
SDNND 0.64 0.63 0.74
Trophic 4.40 5.05 4.96
levels
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Figure 3.3. Frequency histograms for probability of overlap among the 95% food web regions
estimated using three-dimensional isotopic data for Frobisher Bay midshore (black), Frobisher
Bay nearshore (red), and Frobisher Bay offshore (green) food webs. The mean directional
probability of overlap between all pairs is >60%. Note that the scale of X-axes differs among
individual plots.
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Figure 3.4. Visual representation of isotope data from each food web depth as one-dimensional
density plots (lines), two-dimensional scatterplots, and two-dimensional food web niche region
based on ten randomly selected elliptical projections.

Previous authors who have examined effects of tidal influence on coastal ecosystems
have reported effects on organic matter sources. Researchers in Australia investigated carbon in
sediment cores in coastal areas and found that even with a 3 m tidal range, the surface carbon
was mainly influenced by tidal transport of carbon material (Saintilan et al. 2013). As the
Frobisher Bay tidal range is much larger than 3 m, tidal transport of carbon material likely

influences the nearshore area. Also, due to the shape of Frobisher Bay, offshore marine sediment
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would be directly funneled into the nearshore and midshore areas, which could explain why the
ranges in carbon and sulphur isotope ratios are so similar among the three depths in my study.
Other studies have found that the tide can enrich §'3C values in nearshore marine environments
(Rezende et al. 1990; Bouillon et al. 2000). Authors of one study in the Bay of Fundy, which has
the highest tidal amplitude in the world, reported a 8'3C range (-8.27%o to -15.81%o) (Bradford et
al. 2023) that was enriched relative to the typical range of '*C in marine primary producers (-
10%o to -24%0) (Hunt 1966; Fry 2006). While a definitive cause could not be stated, the authors
mentioned that tidal influence may have been a factor in these enriched ratios in the Bay of
Fundy (English et al. 2015; Bradford et al. 2023). While further research is necessary, tides have
been known to influence sources of organic matter and energy flow in other coastal
environments, and large tidal amplitude is a working hypothesis for why ranges of 6!3C and §**S

were similar among the three depths investigated in Frobisher Bay.
Food Web Structure

Characterizing food web structures and identifying food web stability is becoming an
area of increasing research focus and importance, especially in Arctic environments like
Frobisher Bay that have relatively large anthropogenic influences. Shorter food webs are often
considered to be more stable and may have a shorter recovery time after stressful or disruptive
events occur compared to longer food webs (Pimm and Lawton 1977; Lawler and Morin 1993;
Jonsson and Ebenman 1998; Chanut et al. 2020). Consistent with my predictions and with the
results of some previous studies (Iken et al. 2005; Divine et al. 2015), the smallest '°N range
and lowest number of trophic levels was observed in the nearshore food web, indicating shorter
food web length (Table 1). The difference was small, however; the midshore and offshore food
webs were longer by less than one trophic level. In contrast with predictions made, the midshore
and offshore depths had similar 3'°N ranges and food web length (~5 trophic levels), and the
offshore food web was actually slightly shorter than the midshore food web. Mean §!'°N was
34% higher at the offshore depth, however, indicating that more species from the offshore food
web occupied higher trophic positions. Although I expected to see increasing food web length
with depth, the lack of a convincing pattern among depths has been observed by authors of other

Arctic marine studies (Divine et al. 2015; Bell et al. 2016).
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Larger food webs with more redundancy are more stable, complex, and resilient to
biodiversity loss (Sanders et al. 2018; Ziotkowska and Sokotowski 2022), which is critical for
maintaining food web structure in the face of stressors. High food web redundancy in some
marine environments can be attributed to strong benthic-pelagic coupling, as greater food
opportunity throughout a food web allows multiple species with similar nutrient consumption to
coexist within the same food web (Ying et al. 2020). Additionally, strong benthic-pelagic
coupling allows basal resources to move through entire food webs, causing isotope signatures to
be similar throughout food webs and redundancy to increase (Cobain et al. 2022). Both
redundancy and strong benthic-pelagic coupling have been shown to increase stability and
resilience in food webs (Rooney et al. 2006; Sanders et al. 2018; Zidtkowska and Sokotowski
2022). I predicted that the offshore food web would have larger ranges, higher diversity, and
higher redundancy. I found, however, that the FBM food web had a larger three-dimensional
niche volume and higher food web redundancy, as shown by lower nearest neighbour distance
(Table 1), than the FBN and FBO food webs. Food web complexity and diversity, as indicated
by three-dimensional niche volume and distance to centroid, were also higher for FBM (Table 1).
The presence of diverse functional groups can enhance benthic-pelagic coupling (Caliman et al.
2007; Montoya et al. 2015; Griffiths et al. 2017; Wang et al. 2020), and future research that
couples measures of taxonomic diversity and full-profile physical oceanography data with the
isotope analyses presented here would allow inferences with respect to causes and effects of the

slightly larger food web volume and redundancy at the midshore depth in Frobisher Bay.

In addition to larger food web volume, redundancy, and diversity, midshore Frobisher
Bay had a larger 8'3C and 8**S range than nearshore or offshore Frobisher Bay, suggesting a
wider variety of carbon and sulphur resources at the midshore depth (Table 1). This is consistent
with the large amounts of primary producers, macrophytes, and zoobenthic production that have
previously been observed within midshore depths in Frobisher Bay (Atkinson and Wacasey
1987; Grainger 1991). In addition, particulate organic matter (POM) is an important basal
nutrient source in marine food webs, and the amount and quality of POM reaching benthic
environments is influenced by nearby hydrodynamics and water depth (Giordani et al. 2002).
Tidal hydrodynamics could result in high quantity and quality of POM reaching the midshore
depth, which would act to increase the 6'3C and 8**S ranges at FBM via one mechanism by

which benthic-pelagic coupling occurs. A study conducted in Frobisher Bay showed that at a
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depth of 33m, between 31% to 53% of all primary production reached the benthic environment
(Atkinson and Wacasey 1987). Other authors studying the North Sea have shown that this
percentage decreases at greater depths (Davies and Payne 1984), which would be consistent with

the narrower 8'°C range observed at FBO in this study.

Although some previous studies have shown shallower depths have tighter benthic-
pelagic coupling (Giordani et al. 2002; Sibert et al. 2011; Giraldo et al. 2017), the nearshore site
at Frobisher Bay is unique, as discussed above, because of the particularly high tidal amplitude
in the bay (Dunbar 1958). Mason et al. (2010) conducted an experimental ecosystem study and
found that tidal amplitude increases resuspension of POM and transfers these nutrients out of the
benthic environment and into the water column. The authors found microphytobenthos biomass
was lower in the tanks that simulated tidal resuspension compared to the non-resuspension tanks.
High tidal amplitude also increases shear stress which reduces accumulation of nutrients in
sediment in shallow areas and instead carries them to deeper areas (Capet et al. 2016). This may
explain the comparatively narrower 8'°C and &°*S range and inferred weaker benthic-pelagic
coupling at FBN, and the larger '°C and &°*S range and inferred stronger benthic-pelagic
coupling at FBM.

3.3.2 Functional Feeding Groups

Further data analyses were conducted on two of the seven sampled functional feeding
groups: sufficient samples of benthic carnivores and benthic suspension feeders were obtained
for analyses, and these two functional feeding groups are of considerable interest as they carry
out very different, and very under-studied, functions in Arctic marine food webs and ecosystems.
The niche region occupied by carnivores can have large impacts on overall food web structure by
exerting top-down pressure, which cascades through the entire food web (Estes et al. 2011).
Benthic suspension feeders can impact food webs by controlling amounts of primary production

and contributing to benthic-pelagic coupling (Gili and Coma 1998; Newell 2004).

Similar to the complete food web structure analysis, the sample size for benthic
carnivores was largest at the midshore depth, where 35 invertebrate taxa and 10 fish species were
captured (35 invertebrate taxa and 9 fish species for sulphur). In the nearshore depth category, 17
invertebrate taxa and 6 fish species were captured (14 invertebrate taxa and 4 fish species for

sulphur), and in the offshore depth category, 11 invertebrate taxa and 6 fish species were
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captured (11 invertebrate taxa and 6 fish species for sulphur) (Appendix A). The sample size for
suspension feeders was lower than that for benthic carnivores, with nearshore, midshore, and
offshore depths having sample sizes of 7, 19, and 9 invertebrate taxa, respectively (6, 18, and 8
for sulphur) (Appendix A). Species richness thus appears higher for benthic carnivores than for
benthic suspension feeders in FBN, FBM, and FBO food webs, although taxonomic diversity

was not the focus of this study.
Benthic Carnivores and Benthic Suspension Feeders Among Depths

Patterns in trophic ecology for benthic carnivores among the three depths were similar to
those observed for whole food webs. Ranges of nitrogen, carbon, and sulphur were highest, and
niche volume was largest, at FBM (Table 3.2; Fig. 3.5). The CD and NND for benthic carnivores
were also highest and lowest at FBM, respectively — as they were for the entire food web
analysis — indicating that benthic carnivore isotopic diversity and redundancy are higher at
FBM than at the other two depths. The benthic carnivore community at the midshore depth may
therefore be more stable, complex, and resilient to biodiversity loss (Sanders et al. 2018;
Ziotkowska and Sokotowski 2022), which is important to consider when assessing future
anthropogenic impacts. Multiple benthic carnivore taxa had similar isotope ratios, which was
reflected in the relatively low NND, and it is possible that higher isotopic redundancy within the
benthic carnivore functional feeding group reflects benthic-pelagic coupling (Ying et al. 2020).
The larger niche width for benthic carnivores at FBM could also reflect strong benthic-pelagic
coupling at this depth, as large niche width can indicate generalist or omnivory feeding
(Sweeting et al. 2005; Bergmann et al. 2009), which has been found to support strong benthic-

pelagic coupling (Timmerman et al. 2021).
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Table 3.2: Three-dimensional isotopic Layman (2007) metrics and isotopic volume values
(Swanson et al. 2015) calculated using §'*Nagj, 61°C, and §**S for benthic carnivores in the
Frobisher Bay nearshore, Frobisher Bay midshore, and Frobisher Bay offshore depth categories.

Depth Category

Metric Nearshore Midshore Offshore
8"*Nagj (%0) Range 6.54 10.42 5.53
8'*Nagi Mean 5.08 5.41 5.85
813C (%o) Range 9.55 10.44 5.06
&13C Mean -17.87 -18.12 -18.82
534S (%o0) Range 3.52 8.65 7.17
§%*S Mean 18.73 17.83 18.13
CD 2.59 2.87 2.19
NND 1.42 1.35 1.83
SDNND 0.70 0.89 1.40
Trophic levels 4.40 5.05 4.57
3-dimensional niche 169.29 546.01 261.41

volume
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Figure 3.5. Visualization of the isotopic niche region of benthic carnivores, illustrated as one-
dimensional density plots (lines), two-dimensional scatterplots, and two-dimensional projections
of the three-dimensional niche regions (based on ten randomly selected ellipses; Swanson et al.
2015).

Isotopic patterns for benthic suspension feeders did not mirror the patterns observed for
the whole food web analysis or for the benthic carnivore analysis. First, there was a lot of
uncertainty in the niche volumes; in the bivariate ellipse projections in Figure 3.6, some ellipses

of the same colour (depth) are at almost 90° to each other. This uncertainly likely reflects

relatively lower sample sizes.
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Fewer benthic suspension feeder taxa were captured at FBO compared to FBM, and yet
the niche volume was higher at FBO than at FBM. Benthic suspension feeders captured at FBO
thus appeared to occupy more unique isotopic spaces. This is further supported by the fact that
NND was highest at FBO (Table 3.3), indicating redundancy was low in benthic suspension
feeders at FBO. Low redundancy may mean that the benthic suspension feeder group is more
vulnerable to biodiversity loss and stressors (Sanders et al. 2018; Ziotkowska and Sokotowski

2022) at the offshore depth than at the midshore or nearshore depths.

Table 3.3: Three-dimensional isotopic Layman (2007) metrics and isotopic volume values
(Swanson et al. 2015) calculated using 6'*Nagj, §'3C, and §**S for benthic suspension feeders in
the Frobisher Bay nearshore, Frobisher Bay midshore, and Frobisher Bay offshore depth
categories.

Depth Category
Metric FBN FBM FBO
&1 Nagj (%0) Range 3.65 5.63 4.84
619 Nagj Mean 1.93 1.39 1.67
&13C (%o) Range 4.83 3.69 3.36
&13C Mean -17.75 -19.40 -18.87
&S (%0) Range 1.44 2.45 3.18
534S Mean 19.27 18.52 19.11
CD 1.55 1.55 1.70
NND 2.58 2.55 3.13
SDNND 1.29 1.96 1.67
Trophic levels 3.07 3.58 3.42
3-dimensional niche volume 29.49 78.29 114.31
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Figure 3.6. Visualization of the isotopic niche region of benthic suspension feeders, illustrated as
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one-dimensional density plots (lines), two-dimensional scatterplots, and two-dimensional
projections of the three-dimensional niche regions (based on ten randomly selected ellipses;

Swanson et al. 2015).

Benthic suspension feeders appear to play a particularly important role in the offshore
food web. Not only do they occupy more unique, less redundant isotopic niches, the estimated
isotopic niche volume for benthic suspension feeders at the offshore depth represents almost
20% of the whole food web volume. In contrast, benthic suspension feeders at the nearshore and

midshore depths comprise less than 10% of total food web volume. The relatively large isotopic
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volume, as well as the higher distance to centroid for benthic suspension feeders at the offshore
depth, are likely driven by the large sulphur range; 8**S range for benthic suspension feeders at
the offshore depth was double the range observed at the nearshore depth and 30% larger than the
range observed at the midshore depth (Table 3). While the large isotopic volume observed in
benthic suspension feeders at FBO was unexpected, this phenomenon may be explained by the
presence of sulphate reducing bacteria. Sulphate reducing bacteria are ubiquitous in the
environment and inhabit deep, anoxic marine sediment. These bacteria are able to use sulphate as
an electron acceptor in metabolic processes when oxygen is not readily available, such as in
anoxic zones or microzones at the sediment-water interface (Muyzer and Stams 2008; Jergensen
et al. 2019). During sulphate reduction, heavier isotopes are discriminated against, which can
result in more enriched **S being left for other organisms (Jergensen 1979; Fry et al. 1988;
Muyzer and Stams 2008; Sim et al. 2023). Antedonidae was the taxon that contributed the most
to the larger sulphur range observed at FBO, and while this taxon is not known for burrowing in
sediments, it does move along the seafloor and attaches to bottom substrates (Smith and Callow
2006), which could result in exposure to sources of organic matter that are enriched in §**S,
Delta**S samples of benthic deposit feeders and suspension feeder/deposit feeders were also
relatively higher in the offshore region; however, limited sample sizes prevented statistical

analysis for those functional feeding groups (Appendix A).

Alternatively, taxonomic composition of the samples could be part or all of the reason for
higher 8°*S range at FBO. Antedonidae is the taxon that contributed the most to the larger
sulphur range observed at FBO, and its sulphur value was only available for this depth (not
enough biomass was available at the other depths. It is possible that this taxon may have
naturally enriched sulphur values due to unique physiology that affects fractionation. It is also
possible that this explanation is related to the hypothesis that there are unique sulphur sources at

deeper depths that Antedonidae can capitalize on.

Benthic suspension feeder 8'°N mean values were relatively similar among the three
depths, which was unexpected. Authors of previous studies have found that 3'°N values of
suspension feeders increase with depth (Bergmann et al. 2009; Roy et al. 2015), possibly due to
higher reliance on resuspended and degraded POM at larger water depths (Bergmann et al. 2009;
Roy et al. 2015). The lack of pattern found in suspension feeders in this study may be due to the
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narrower depth range tested here, as well as the high tidal amplitude and consequent

homogenization of resources, but further research is necessary.
Comparison Between Benthic Carnivores and Benthic Suspension Feeders

Results of nitrogen stable isotope analysis showed that benthic carnivores occupied
higher trophic positions compared to benthic suspension feeders at all depths. This is consistent
with the findings of other studies (Stasko et al. 2018; Wtodarska-Kowalczuk et al. 2019). Also
consistent with other studies (Mittermayr et al. 2014), benthic carnivores had more depleted
mean 8*S at all depths compared to benthic suspension feeders, although the differences were
small. Fish are generally more depleted in 8**S compared to invertebrates (Kwak and Zedler
1997), and the inclusion of fish in the benthic carnivore functional feeding group likely

contributed to the slightly lower 8**S means for benthic carnivores.

At all three depths, benthic carnivores had a larger niche volume compared to benthic
suspension feeders, due to larger ranges in all three isotope ratios (Table 3.2, Table 3.3). This is
likely due to the inclusion of predators and scavengers from both invertebrate and fish taxa in the
benthic carnivore functional feeding group, whereas the benthic suspension feeder functional
feeding group was comprised entirely of invertebrates. Additionally, many benthic carnivores are
known to have generalist or opportunistic feeding behaviour (Bergmann et al. 2009; Sweeting et
al. 2005); are highly mobile, and have the ability to feed on a wide range of prey items, including
suspension feeders, deposit feeders, omnivores, and other carnivores. Benthic carnivores also
had higher CD, lower NND, and lower SDNND than benthic suspension feeders at all three
depths, indicating that the benthic carnivore functional feeding group represented more isotopic
diversity, redundancy, and evenness than the benthic suspension feeder functional feeding group.
Similar to the isotopic ranges and niche volume, the larger isotopic diversity (indicated by CD)
represented by benthic carnivores is likely due to their wider prey range, and their role in

benthic-pelagic coupling (Iken et al. 2001).

As mentioned previously, species redundancy (indicated by NND) is correlated with
resiliency to biodiversity loss (Sanders et al. 2018; Ziotkowska and Sokotowski 2022); therefore,
benthic carnivores may be more resilient to future climate threats than benthic suspension
feeders. Higher evenness (indicated by SDNND) is positively correlated with ecosystem

functioning and productivity, and within a community higher evenness allows for faster
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adaptation to environmental changes and maintains ecosystem productivity (Hillebrand et al.
2008). Relatively higher evenness among benthic carnivores could suggest that this functional
feeding group will recover faster from environmental stresses compared to benthic suspension
feeders. Overall, my results indicated that benthic carnivores occupied a large proportion of the
isotopic range of the food webs analyzed, and thus greatly contribute to the stability and

productivity of the food web.
3.4 Conclusion

Analyses of food web structure provide insight on energy pathways, benthic-pelagic coupling,
and species interactions. Arctic marine food webs are being affected by climate-induced changes,
and quantifying the current structure of these food webs is critically important. This study is the
first characterization of food web structure in Frobisher Bay along a depth gradient. The
unexpected isotopic similarities among all three depths (FBN; 10 to 15 m, FBM; 20 to 45 m, and
FBO; 260 to 351 m) in Frobisher Bay could reflect high tidal amplitude that acts to reduce
heterogeneity in biogeochemical conditions, and thus isotope ratios and food web structure,
among depths. Additionally, the large 8!°C and &°*S ranges, high redundancy (as evidenced by
NND) and food web diversity (as evidenced by CD) and volume suggest strong benthic-pelagic
coupling in the midshore food web. With ongoing and accelerating anthropogenic influences in
Frobisher Bay, including construction of a deep sea port that opened in July 2023, these data
provide a reference point against which to compare future conditions; thoroughly characterizing
food webs increases our understanding of the functioning of these systems and furthers our
ability to effectively monitor and predict effects of future change. Further research that directly
examines the influence that the Frobisher Bay tide has on biogeochemical conditions (e.g., stable
isotope values, nutrient and pollutant levels, water salinity and temperature, and benthic-pelagic

coupling) and food web structure would be a useful next step.
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4.0 General Conclusion

4.1 Summary

The research conducted in this thesis first provided (Chapter Two) a review and synthesis
of recently published literature that furthers our understanding of ecological and
physicochemical conditions in six Ecologically and Biologically Significant Areas in the eastern
Hudson Bay Complex, Canada, including: James Bay, the Belcher Islands, the eastern Hudson
Bay Coastline, western Hudson Strait, eastern Hudson Strait, and Ungava Bay. After collating 60
sources of information published in peer-reviewed and grey literature between 2011 and 2021, I
highlighted a number of important advances, as well as knowledge gaps that need to be
addressed.

Impacts of climate warming were a common theme among the papers reviewed.
Available evidence suggests that environmental changes in sea surface temperature and sea ice
extent are impacting primary production and are causing bottom-up shifts that propagate through
entire food webs (e.g., Hoover et al. 2013a; Hoover et al. 2013b). Projection models have shown
that these bottom-up shifts will continue in the future as warming increases and sea ice extent
and thickness continue to decline (Hoover et al. 2013a; Hoover et al. 2013b). Hudson Bay is an
area of exceptional concern for climate warming, as it forms the southern border of the Canadian
Arctic environment, and sea surface temperatures are projected to be higher in this region than
elsewhere in the Arctic (Laforest et al. 2018). Additionally, Hudson Bay is the southern range
limit for several keystone Arctic species, and several threatened and endangered Arctic species,
including polar bears (Ursus maritimus), narwhals (Monodon monoceros), and beluga whales
(Delphinapterus leucas) (Watt et al. 2013; Laforest et al. 2018; DFO 2018). Impacts of climate
warming are particularly problematic for northern Indigenous communities that rely on marine
mammals, fish, and invertebrate populations in the Bay for subsistence (Berkes 1990; DFO
2012; Thompson et al. 2017). The species of most concern, as evidenced by the numerous
studies published on this species, was the COSEWIC-designated eastern Hudson Bay beluga
whale.

The review I conducted (Chapter two) revealed that marine mammals were vastly more
studied between 2011 and 2021 than fish, invertebrates, and abiotic ecosystem components.

While thorough knowledge on Arctic marine mammals is important for the future monitoring
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and conservation of these species, there is a gap in the knowledge regarding biota that occupy
lower trophic positions and support the higher-trophic level organisms. Additional gaps in the
literature identified in the review included whole-ecosystem research, research on multiple
species and their interactions, and research conducted in multiple seasons. Research needs to be
targeted towards these areas to determine how future climate changes will impact the eastern
Hudson Bay Complex and the species that reside within its borders permanently and seasonally.

As the literature review conducted in the second chapter of this thesis revealed that lower
trophic level species, such as fish and invertebrates, were greatly understudied compared to
marine mammals, the third chapter of this thesis focused on the trophic ecology of fish and
invertebrates in one particular marine area: Frobisher Bay, Nunavut. I investigated trophic
ecology and food web structure at three depths in Frobisher Bay; this had not been studied
before, and Inuit who rely on the fish, mammal, and invertebrate resources of Frobisher Bay
have demonstrated an interest in learning more about benthic food webs at a variety of depths,
particularly in the context of increased industrial activity in the area (i.e., construction of a deep-
water port). [sotope analysis of nitrogen, carbon, and sulphur were used to infer trophic ecology
and food web structure at nearshore (10 to 15 m), midshore (20 to 45 m), and offshore (261 to
350 m) locations in Frobisher Bay.

Results from this chapter differed substantially from the original predictions made, as
food web structures were found to be very isotopically similar among all three depths. I
hypothesized that this may be due to the large tidal amplitude in Frobisher Bay, which could
cause marine environments at different depths to be more homogeneous in their nutrient sources
and availability than predicted. Food web structure at the Frobisher Bay midshore depth had
greater nutrient diversity, had a more complex structure, was more stable, and had higher
redundancy, as indicated by the larger 8'3C and &°*S ranges, larger niche volume, lower nearest
neighbour distance, and larger distance to centroid. I inferred that these results may reflect strong
benthic-pelagic coupling at this depth.

The two functional feeding groups analyzed further (benthic carnivores and benthic
suspension feeders) also had similar isotopic niche overlap among depths, which I again
hypothesized to be due to tidal influence. A closer examination of the trophic ecology of benthic
carnivores revealed that they had a more nutrient diverse, complex, redundant, and stable niche

region at the midshore depth than at the nearshore or offshore depths, which was consistent with
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my findings for the whole food web structure analysis. As redundancy can be attributed to strong
benthic-pelagic coupling, the higher benthic carnivore redundancy at the midshore depth may
indicate that this functional feeding group is contributing to inferred strong benthic-pelagic
coupling at this depth, as multiple benthic carnivores with similar trophic ecology coexist in this
food web (Ying et al. 2020). Benthic suspension feeders did not show this same pattern at the
midshore depth. Instead, benthic suspension feeders at the offshore depth had a more nutrient
diverse, complex, and redundant niche region. I suggested that this could be due to bacterial
reduction of sulphate in the more anoxic conditions that could be found in the sediments of this
deeper site; cycling of sulphate could provide more resuspended material that is enriched in 3**S
to be available for benthic suspension feeder consumption (Jorgensen 1979; Fry et al. 1988;

Muyzer and Stams 2008).

4.2 Connections Between Chapter Two and Chapter Three

Insights from chapter two revealed a paucity of studies on lower trophic level species and
holistic studies that include interspecific interactions and abiotic-biotic linkages. This prompted
my study questions in chapter three, where I focused on lower trophic level species, and
interactions among these species and with depth. Previous researchers had reported that
invertebrates are influenced by many abiotic factors, such as salinity, organic carbon content, and
substrate type (Pierrejean et al. 2020), all of which are affected by depth. I found few differences
among the three depth categories, however, and found that tidal amplitude appeared to have a
large impact on invertebrate-fish food web structure among the three depths studied.

Authors of the few papers that did focus on invertebrates in the literature review (Chapter
2) mentioned how invertebrates are poorly understood, both in terms of climate change impacts
but also in terms of general ecology, particularly responses to environmental gradients. It is
known that stressor-induced changes in invertebrate diversity and abundance will have bottom-
up effects on megafauna species that occupy higher trophic levels, and that these impacts may be
especially apparent in environments like Frobisher Bay. Frobisher Bay supports a relatively
diverse and complex basal invertebrate community that directly supports the fish community,
and ultimately Inuit who rely on fish (and their predators) for subsistence. Some authors reported
that climate change is the largest threat to invertebrates, rather than harvesting (Hoover et al.
2013a); however, other authors have reported that the fishing industry can do severe damage to

some invertebrate communities, such as sponges (Beazley et al. 2016). As different invertebrate
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taxa may respond differently to environmental variables and anthropogenic stressors, more
studies on individual invertebrate taxa or functional feeding groups would be beneficial.

Different responses to one important environmental variable —depth— by two functional
feeding groups are shown in chapter three. I found that benthic carnivores and benthic
suspension feeders had different food web niche region volumes and different sulphur nutrient
sources available to them at the offshore depth category. While benthic carnivore trophic ecology
indices closely mirrored those of the whole food web, benthic suspension feeder ecology indices
differed at the offshore region as more diverse sources of sulphur became available from inferred
bacterial reduction of sulphate. As climate change is predicted to greatly impact entire bacterial
communities in Arctic marine environments (Nguyen et al. 2022), benthic suspension feeders
may be more sensitive to these shifts in bacteria populations compared to benthic carnivores.
Therefore, studying individual functional feeding groups will more accurately predict how those
groups will be impacted by climate induced changes.

An additional climate change concern highlighted in the literature review was the large
impact of changes in sea ice and sea surface temperature on species throughout the entire
ecosystem. Some authors suggest that there will be a shift from more benthic-based to pelagic-
based food webs (Hoover et al. 2013a; Hoover et al. 2013b). This change may be especially
pronounced in areas like Frobisher Bay that appear to have strong benthic-pelagic coupling.
Additionally, the benthic invertebrate community in Frobisher Bay was quite diverse compared
to the pelagic community. Therefore, a shift from the currently more diverse benthic community
to the pelagic community in Frobisher Bay may cause serious shifts in the food web structures,
and thus energy flow, within the bay.

Some climate change ramifications that were addressed in the reviewed papers in chapter
two include the threat of aquatic invasive species, especially as shipping increases. The increase
in Arctic shipping activity is directly applicable to the study area in chapter three of this thesis
due to the recent development of a deep-sea port in Frobisher Bay. The port, which opened in
July 2023, puts Frobisher Bay at greater risk for invasive species introduction. A proposed
solution brought up in the literature review was a change in ballast water exchange to a deeper,
offshore location (Goldsmit et al. 2019); however, research performed in chapter three of this
thesis suggests that deep, offshore locations can be strongly connected to nearshore, coastal

locations under certain circumstances, such as large tidal amplitudes. Therefore, any future
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alternate ballast water exchange area must be chosen after extensive research and while
considering all possible factors and ramifications. The high connectivity among the nearshore,
midshore, and offshore environments in Frobisher Bay suggest that the increasing threats of oil

spills and invasive species introduction may have widespread impacts throughout the bay.

4.3 Relevance

Regular reviews of the literature are important to identify gaps in knowledge, to identify
areas that need more focus, and to ensure that novel, informative, and useful knowledge
contributes to improvements in management, mitigation, or conservation strategies. The review
that I conducted in Chapter two covered several topics, including assessment of many marine
species, abiotic factors, and projected climate change impacts, which is currently at the forefront
of most Arctic environmental concerns. The literature review will contribute to the upcoming
CSAS report, which is what the federal government of Canada uses to establish and help advance
establishment of management and protection strategies in areas of particular biological and
ecological importance.

Review of the literature also allows one to synthesize long-term data trends from multiple
sources and authors. Much recent literature in eastern Hudson Bay has focused on beluga whales,
and the studies reviewed through the decade will allow scientists to assess the degree to which
quota management and conservation strategies were successful. There was a decrease in the EHB
beluga population from 2015 to 2019 when harvest allocations were exceeded three years in a
row, which may indicate that the management approach needs to be revisited.

In chapter three, I answered a novel research question that provided information on food
web structure in Frobisher Bay, which Inuit communities were interested in as they rely on
species included in the food webs studies for subsistence. My results unexpectedly suggest that
the large tidal amplitude in the bay has far-reaching effects on food web structure, even at depths
of 350 m. This is important because it reveals how connected Frobisher Bay is, even in deep
offshore regions. Not only did the three food webs investigated share similar nutrient sources
among depths, but findings from this work also suggested that there are strong connections
between the pelagic and benthic environments via benthic-pelagic coupling. Understanding the
level of connectivity among food webs at different depths in this area is becoming increasingly
important as hydrologic connectivity increases the spread of anthropogenic pollutants and

invasive species (Pringle 2001; Jackson and Pringle 2010). As the risk for these disruptors
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increases in Frobisher Bay, monitoring of the connectivity of food webs will become
increasingly important. Additionally, studies have suggested that mobile marine invertebrates
and fish can move to deeper environments to mitigate effects of climate change in previously
inhabited areas (Poloczanska et al. 2016). However, with the tidal mixing in the bay resulting in
what seems to be a fairly homogeneous environment (at least ecologically, I do not have full
oceanographic data), species may need to move farther out of the bay to reach deeper, cooler

environments.

4.4 Future Recommendations

Continued research in the six eastern Hudson Bay EBSAs equips scientists with better
knowledge and understanding to protect and manage ecosystems such that they continue to have
high ecological and biological significance. Although marine mammals were quite well studied
from 2011 to 2021 in eastern Hudson Bay, methodologies used in studies were limited.
Molecular data used in conjunction with survey observations could result in more impactful
studies. Furthermore, aerial surveys have not been conducted for some marine mammals in over
five years and some species, such as the eastern Hudson Bay belugas, have had drops in stock
size since then, so conducting an aerial survey in the future could be an important priority. In
addition to aerial survey and molecular data, more data collected using traditional ecological
knowledge (TEK) would be greatly beneficial for future publications, as TEK does not suffer the
same limitations in terms of seasonality, timescale, and reductionism as western science does.

Invertebrate community structure will likely be impacted by anthropogenic stressors and
have cascading effects; however, invertebrates garner far less research attention than megafauna.
With threats from climate change (Hoover et al. 2013a) and the fishing industry (Beazley et al.
2016) differing among taxa, it is especially important that more invertebrate-focused studies are
conducted. In chapter three, I showed that even within the same food web, functional feeding
groups appear to be influenced differently by abiotic conditions, such as redox conditions and
speciation of sulphur (which then impacts isotope ratios), highlighting the importance of studies
on these lower trophic level species. In addition to invertebrates, fish and primary producers
were also quite understudied from 2011 to 2021 in eastern Hudson Bay, and future research
efforts should focus on these taxa.

Differences in food web structure among nearshore, midshore, and offshore depths in

Frobisher Bay did not conform to expected predictions. We suggest that this is due to the large
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tidal amplitude in the bay; however, this study was not designed to look at tidal influence
specifically. Future studies in Frobisher Bay and in other high tidal amplitude environments,
such as the Bay of Fundy in Nova Scotia, should look at the influence of tidal amplitude along a
depth gradient to confirm this assertion. The deepest sites sampled in this study were 261 to 350
m, and tidal influence was inferred to be strong at this depth, so future studies should extend this
depth range and determine at what depths tidal influence lessens. Additionally, I focused on
nitrogen, carbon, and sulphur stable isotopes but tidal influence would impact many other abiotic
and biotic factors, which future researchers should investigate. With anthropogenic influences
projected to substantially increase in marine environments, it is critical to know how large the
hydrologic connectivity impact area is for environmental disruptors such as invasive species

introduction, oil spills, and other anthropogenic pollution.

4.5 Final Remarks

The literature review conducted in chapter two was the first of its kind, in that it included
all six EBSAs in eastern Hudson Bay and included more than a decade of conducted research. I
synthesised relevant research and highlighted research biases towards marine mammals and gaps
in knowledge for lower trophic level species such as fish, invertebrates, and primary producers.
The identification of knowledge gaps allowed me to develop a relevant research question
regarding lower trophic level food web structures in Frobisher Bay, and how they differ among
depths. This research question was of interest to Inuit communities as they rely on species from
the food webs studied for subsistence. This study represents the first in-depth analysis of food
web structure among nearshore, midshore, and offshore depth categories in Frobisher Bay.
Results suggest food web structure among the three depths share very similar nitrogen, carbon,
and sulphur nutrient sources, which I suggest is due to the large tidal amplitude in the bay.
Additionally, benthic-pelagic coupling was inferred to be strong in this region, especially at the
midshore depth, as indicated by higher food web complexity, volume, diversity, redundancy, and
nutrient ranges. Benthic carnivores had similar among-depth patterns in trophic ecology
compared to the whole food web, whereas benthic suspension feeders at the offshore site differed
somewhat, likely due to more enriched 63*S availability from bacterial reduction of sulphur in
deeper, potentially more anoxic conditions. Results from this thesis will provide the first
knowledge of food web structure at different depths in Frobisher Bay and can be used in future

CSAS reports to help with management and conservation strategies in eastern Hudson Bay.
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Appendix A- Taxonomic classifications

Table A-1. Table of all the taxa included in the food web analysis study and the corresponding depths, functional feeding group,

sample size, isotope values, and references for functional feeding group identification.
Taxa Depth | Functional | n | 8°Nadj [ &C 838 References
Feeding (%0) (%o0) (%o)
Group
Actiniaria FBM | BC 1 394 | -18.44| 20.99 | Madio etal. 2019
Actiniaria FBO | BC 1 320 | -19.88 | 19.83 | Madio etal. 2019
Ascidiacea FBM | BSF 1 1.14 | -19.70 | 19.62 | Millar 1971; Petersen 2007
Chaetognatha FBM | BPC 1 6.15 | -21.57 | 17.39 [ Schell et al. 1998; Vannier et al. 2007
Annelida
Polychaeta
Chrysopetalidae gn. FBO BC 1 6.91 -16.35 13.79 | Fauchald and Jumars 1979; Watson et al. 2017
Euphrosinidae FBM | BC 1 549 | -18.65| 18.15 | Fauchald and Jumars 1979
Harmothoe sp. FBN | BC 2 420 | -17.42 | 17.23 | Macdonald et al. 2010
Harmothoe sp. FBM | BC 2 513 | -17.69 | 16.26 | Macdonald et al. 2010
Polynoidae gn. FBN | BC 6 336 | -18.54| 18.94 | Fauchald and Jumars 1979
Polynoidae gn. FBM | BC 7 5.71 -17.38 | 16.86 | Fauchald and Jumars 1979
Polynoidae gn. FBO | BC 1 6.00 | -18.78 | 18.29 | Fauchald and Jumars 1979
Nereididae FBM | BC 1 519 | -19.66 | 16.60 | Fauchald and Jumars 1979
Terebellida
Pista maculata FBN | BSDF 4 090 | -21.45 17.28 | Macdonald et al. 2010
Pista maculata FBM | BSDF 21 0.60 | -21.51 16.02 | Macdonald et al. 2010
Sabellidae gn. FBM | BSF 9 1.45 -20.30 18.36 | Fauchald and Jumars 1979; Macdonald et al. 2010
Sabellidae gn. FBO BSF 2 2.81 -19.20 18.61 | Fauchald and Jumars 1979; Macdonald et al. 2010
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Terebellidae gn. FBO BSDF 7 1.97 | -20.03 17.27 | Fauchald and Jumars 1979; Macdonald et al. 2010
Arthropoda

Amphipoda

100-500um Bulk zooplankton | FBN | PH 1.37 | -22.07 | 21.21 | Banse 1995; Hallanger et al. 2011; Boyce et al. 2015
>1000um Bulk zooplankton FBN | PH 1.76 | -23.15| 19.21 | Banse 1995; Hallanger et al. 2011; Boyce et al. 2015
100-500um Bulk zooplankton | FBM | PH 235 -22.59 | 19.31 | Banse 1995; Hallanger et al. 2011; Boyce et al. 2015
>1000um Bulk zooplankton FBM | PH 1.43 | -23.34 | 18.56 | Banse 1995; Hallanger et al. 2011; Boyce et al. 2015
Anonyx sp. FBN | BC 2 7.82 | -19.10 | 20.10 | Macdonald et al. 2010; McTigue and Dunton 2017
Anonyx sp. FBM | BC 20 6.15 -20.95 18.34 | Macdonald et al. 2010; McTigue and Dunton 2017
Anonyx sp. FBO BC 3 5.82 | -21.18 18.58 | Macdonald et al. 2010; McTigue and Dunton 2017
Calliopiidae gn. FBN | BC 2 2.54  -21.04 | 20.14 | Macdonald et al. 2010

Calliopiidae gn. FBM | BC 1 2.31 -21.43 18.99 | Macdonald et al. 2010

Gammaridae gn. FBN | BPC 2 1.94  -21.10 | 20.04 | Macdonald et al. 2010

Lepidepecreum gn. FBN | BC 2 1.61 -19.08 | 20.04 | Macdonald et al. 2010

Lepidepecreum gn. FBM | BC 3 3.13 | -16.67 | 16.78 | Macdonald et al. 2010

Oedicerotidae FBM | BC 1 5.00 | -19.73 16.88 | Macdonald et al. 2010

Paramphithoe hystrix FBM | BC 1 0.79 | -1947 16.53 | Coleman 1990; Watling 1993; Schnabel and Hebert 2003
Rhachotropis aculeata FBM | BC 8 496 | -19.65 16.35 | Macdonald et al. 2010

Themisto libellula FBM | PC 4 217 -20091 17.98 | Auel and Werner 2003

Themisto sp. 1 FBM | PC 1 1.88 -21.38 19.24 | Kane 1963; Watts and Tarling 2012; Lekken 2013
Themisto sp. 2 FBM | PC 1 1.49 -22.24 Kane 1963; Watts and Tarling 2012; Lekken 2013
Stegocephalus sp. FBN | BC 1 4.62| -18.94 19.11 | Macdonald et al. 2010

Stegocephalus sp. FBM | BC 13 489 | -18.58 17.60 | Macdonald et al. 2010

Stegocephalus sp. FBO | BC 3 6.73 | -19.22 | 18.11 | Macdonald et al. 2010

Uristidae gn. FBN | BC 2 3.13 | -19.05| 19.11 | Diffenthal and Horton 2007; Wilding et al. 2017
Uristidae gn. FBM | BC 11 2.88 | -13.60 [ 19.42 | Diffenthal and Horton 2007; Wilding et al. 2017
Cirripedia FBM | BSF 7 0.60 -21.64 18.93 | Crisp and Southward 1961; Ambrose et al. 2001; Macdonald

2010
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Copepoda

Calanus FBM | PH 3 0.89 -22.29 17.54 | Schell et al. 1998; Lokken 2013
Cumacea

Diastylis sp. FBM | BSDF/SF 2 0.46 | -21.62 16.09 | Macdonald et al. 2010

Decapoda

Argis dentata FBN | BPC 3 575 | -17.33 15.02 | Stasko et al. 2018

Argis dentata FBM | BPC 20 6.23 | -17.56 | 13.46 | Stasko et al. 2018

Argis sp. FBO | BPC 8 748 | -17.09 | 14.21 | Zinkann et al. 2021

Eualus sp. FBN | BPC 4 5.01 -18.03 17.72 | Macdonald et al. 2010

Eualus gaimardii belcheri FBM | BPC 3 515| -17.97 | 17.17 | Birkley and Glliksen 2003

Eualus gamairdii belcheri FBO | BPC 1 734 | -17.74| 16.21 | Birkley and Glliksen 2003

Eualus gaimardii gaimardii FBM | BPC 5 520 | -16.94 16.87 | Birkley and Glliksen 2003

Lebbeus polaris FBN | BPC 4 4.61 -18.31 17.78 | Birkley and Glliksen 2003

Lebbeus polaris FBM | BPC 30 471 -18.05| 17.03 | Birkley and Glliksen 2003

Lebbeus polaris FBO | BPC 5 557 | -17.92 | 16.77 | Birkley and Glliksen 2003

Lebbeus groenlandicus FBN | BPC 3 12.28 4.38 | -18.56 | Macdonald et al. 2010; Stasko et al. 2018
Lebbeus groenlandicus FBM | BPC 13 572 | -16.68 | 16.11 | Macdonald et al. 2010; Stasko et al. 2018
Lebbeus groenlandicus FBO | BPC 1 5.78 | -18.02 | 17.34 | Macdonald et al. 2010; Stasko et al. 2018
Sabinea sp. FBN | BC 4 328 | -18.30 19.86 | Macdonald et al. 2010

Sabinea sp. FBM | BC 1 6.52 | -17.16 18.16 | Macdonald et al. 2010

Sabinea septemcarinata FBM | BC 8 6.41 -17.18 15.29 | Stasko et al. 2018

Sclerocrangon sp. FBN | BC 1 6.64 | -17.23 16.62 | Bjerdalsbakke 2011

Sclerocrangon boreas FBM | BC 10 632 | -17.54| 16.13 | Birkley and Glliksen 2003

Spirontocaris sp. FBM | BC 21 542 -17.76 16.28 | Birkley and Glliksen 2003; Macdonald et al. 2010
Spirontocaris sp. FBO BC 4 6.42 | -17.07 16.17 | Birkley and Glliksen 2003; Macdonald et al. 2010
Isopoda

Arcturus baffini FBN | BSF 2 142 -17.86 | 20.05 | Graeve et al. 1997
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Arcturus baffini FBM | BSF 22 1.53 -21.44 18.64 | Graeve et al. 1997

Saduria sabini FBM | BC 5 497 -17.95 12.70 | Stasko et al. 2018

Mysida

Mysis sp. FBN | PH 1 1.91 -19.24 | 19.03 | Stasko et al. 2018; Hilgendag et al. 2022
Mysis sp. FBM | PH 11 3.56 | -19.44 | 15.38 | Stasko et al. 2018; Hilgendag et al. 2022
Pantopoda

Boreonymphon sp. FBM | BC 1 226 | -20.36 18.30 | Macdonald et al. 2010

Boreonymphon sp. FBO BC 3 3.85 -19.26 18.92 | Macdonald et al. 2010

Nymphon sp FBM | BC 12 348 | -19.34 17.14 | Macdonald et al. 2010

Nymphon sp. FBO BC 3 386 | -19.11 17.73 | Macdonald et al. 2010

Pisces

Gadiformes

Boreogadus saida FBN | PC 9 431 -20.36 | 18.03 | Whitehouse et al. 2017; Hilgendag et al. 2022
Boreogadus saida FBM | PC 12 4.12 | -20.56 | 18.07 | Whitehouse et al. 2017; Hilgendag et al. 2022
Perciformes

Careproctus kidoi FBO | BC 3 573 | -20.04 | 18.34 | Orretal. 2019

Careproctus reinhardti FBN | BPC 2 5.68 | -17.87 18.32 | Coad and Reist 2004

Careproctus reinhardti FBM | BPC 6.25 -18.27 18.46 | Coad and Reist 2004

Cyclopterus lumpus FBM | BPC 13 6.14 | -19.31 17.77 | Coad and Reist 2004

Eumicrotremus spinosus FBN | BC 3 5.56 | -18.29 Coad and Reist 2004

Eumicrotremus spinosus FBM | BC 8 5.88 | -19.12 18.90 | Coad and Reist 2004

Eumicrotremus spinosus FBO BC 4 6.04 | -20.20 18.53 | Coad and Reist 2005

Gymnelus viridis FBN | BC 4 8.15 -18.13 17.55 | Coad and Reist 2006

Gymnelus viridis FBM | BC 7 7.68 | -18.55 17.66 | Coad and Reist 2007

Gymnocanthus tricuspis FBN | BC 2 7.10 | -18.69 19.56 | Coad and Reist 2008

Gymnocanthus tricuspis FBM | BC 4 7.13 -18.16 17.38 | Coad and Reist 2004

Gymnocanthus tricuspis FBO BC 1 7.33 -17.92 16.42 | Coad and Reist 2009
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Icelus bicornis FBM | BPC 15 6.61 -18.47 17.81 | Coad and Reist 2010

Icelus spatula FBN | BC 4 5.10 | -18.86 17.64 | Coad and Reist 2011

Icelus spatula FBM | BC 17 6.83 -18.74 18.02 | Coad and Reist 2011

Leptagonus decagonus FBO BC 2 6.43 -18.43 18.31 | Coad and Reist 2011

Lycodes eudipleurostictus FBM | BC 2 6.19 | -18.65| 16.33 | Coad and Reist 2011

Lycodes polaris FBM | BC 1 7.74 | -17.80 Coad and Reist 2012

Myoxocephalus FBN | BC 1 7.88 | -16.45 18.33 | Coad and Reist 2011

octodecemspinosus

Myoxocephalus scorpioides FBM | BC 3 590 | -18.62 | 18.71 | Coad and Reist 2011

Myoxocephalus scorpius FBM | BC 2 6.34 | -18.44 | 18.81 | Coad and Reist 2011

Myoxocephalus quadricornis FBN | BC 2 4.81 -19.79 Coad and Reist 2011

Myoxocephalus quadricornis FBM | BC 3 5.25 -19.49 18.46 | Coad and Reist 2011

Triglops nybelini FBO BC 1 5.66 | -21.41 18.59 | Coad and Reist 2012

Triglops pingelii FBM | BC 5 5.93 -19.30 18.52 | Coad and Reist 2013

Triglops pingelii FBO BC 2 7.41 -18.85 17.92 | Coad and Reist 2014

Pleuronectiformes

Reinhardtius hippoglossoides FBO BPC 1 5.64 | -20.74 18.07 | Coad and Reist 2014

Echinodermata

Asteroidea

Asteriidae gn. FBN | BC 1 322 -16.17 Blake et al 1996 and Latyshev et al. 2001

Astropectinidae gn. FBN | BC 1 449 | -17.13 Fernandex et al. 2014

Astropectinidae gn. FBO BC 1 8.73 -16.91 | 20.96 | Fernandex et al. 2014

Crossaster pupposus FBM | BC 2 947 | -15.23 18.85 | Macdonald et al. 2010

Crossaster sp. FBM | BC 2 1037 | -15.71 19.31 | Macdonald et al. 2010

Ctenodiscus crispatus FBO BSDF 1 10.06 | -17.03 | 20.15 | Shick et al. 1981; Denisenko et al. 2003; Macdonald et al.
Leptasterias sp. FBN | BC 4 4.81 -15.25 | 17.02 2G0rlz?vem and Morgan 2017; Barreto & Bauer 2019; North et
Leptasterias sp. FBM | BC 3 5541 -11.90 15.89 a(l‘;ri(\)lclarzl and Morgan 2017; Barreto & Bauer 2019; North et

al. 2019
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Pteraster sp. FBM | BC 2 2.85 -17.29 18.82 | Macdonald et al. 2010

Solaster syrtensis FBM | BC 2 738 | -11.92 | 20.56 | Lange and Griffiths 2014

Solaster sp. FBM | BC 1 8.78 | -13.20 | 18.67 | Lange and Griffiths 2014

Stephanasterias albula FBN | BC 2 6.04 | -11.49 Mladenov et al. 1986

Stephanasterias albula FBM | BC 1 7.53 -12.15 18.25 | Mladenov et al. 1986

Crinoidea

Antedonidae gn. FBM | BSF 1 3.63 | -17.95 Messing 1997; Hays 2016; Madin et al. 2022
Antedonidae gn. FBO | BSF 2 4.84 | -18.64 | 21.14 | Messing 1997; Hays 2016; Madin et al. 2022
Echinoidea

Strongylocentrotus sp. FBM | BSF 4 1.19 | -19.89 19.11 | Macdonald et al. 2010

Strongylocentrotus sp. FBO BSF 1 0.91 -21.47 18.73 | Macdonald et al. 2010

Holothuroidea

Psolus FBM | BSF 1 1.92 -18.58 18.56 | Fankboner 1978; Kharlamenko et al. 1995
Molpadia FBM | BSDF/SF 1 0.51 [ -15.55] 19.98 | Sokolova 1959

Ophiuroidea

Amphiuria sp. FBN | BSDF/SF 4 442 | -18.96 Macdonald et al. 2010

Amphiuria sp. FBM | BSDF/SF 25 442 -12.96 Macdonald et al. 2010

Amphiurla sp. FBO BSDF/SF 6 3.89 | -16.30 | 20.90 | Macdonald et al. 2010

Ophiacantha bidentata FBN | BSDF/SF 2 7.00 | -16.50 Stasko et al. 2018

Ophiacantha bidentata FBM | BSDF/SF 22 6.65 -11.67 15.90 | Stasko et al. 2018

Ophicantha bidentata FBO BSDF/SF 5 587 | -14.79 | 20.60 | Stasko etal. 2018

Ophiocten sericeum FBM | BSDF/SF 3 4.03 -9.56 Wood et al. 2011; Conlan et al. 2013; Ravelo et al. 2017
Ophiocten sericeum FBO BSDF/SF 3 3.61 -14.38 | 20.78 | Wood et al. 2011; Conlan et al. 2013; Ravelo et al. 2017
Ophiuridae gn. FBM | BSDF/SF 1 520 | -11.37 | 23.45 | Macdonald et al. 2010

Stegophiura nodosa FBN | BSDF 4 3.15 -11.25 Wilodarska et al. 1997 and Denisenki et al 2003
Stegophiura nodosa FBM | BSDF 34 3.87 -8.43 Wilodarska et al. 1997 and Denisenki et al 2003
Stegophiura nodosa FBO BSDF 2 3.68 | -10.27 Wilodarska et al. 1997 and Denisenki et al 2003
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Mollusca

Bivalvia

Astarte sp. FBN | BSF 1 1.85 -19.35 18.77 | Macdonald et al. 2010

Astarte sp. FBM | BSF 6 092 | -19.82 19.36 | Macdonald et al. 2010

Astarte sp. FBO BSF 2 1.70 | -19.08 19.27 | Macdonald et al. 2010

Chlamys sp. FBM | BSF 2 -0.27 | -18.79 19.08 | Macdonald et al. 2010

Entodesma sp. FBM | BSF 1 0.71 -18.94 17.66 | Macdonald et al. 2010

Ennucula tenuis FBM | BSDF/SF 4 0.35 -20.00 12.02 | Macdonald et al. 2010

Hiatella Arctica FBM | BSF 16 0.74 -18.87 18.64 | Denisenko et al. 2003; Macdonald et al. 2010

Hiatella Arctica FBO BSF 6 1.07 -18.30 18.96 | Denisenko et al. 2003; Macdonald et al. 2010

Lyonsia sp. FBM | BSF 2 0.61 -19.33 17.42 | Macdonald et al. 2010

Macoma sp. FBM | BSDF/SF 4 1.03 -19.12 16.25 | Macdonald et al. 2010

Musculus discors FBN | BSF 2 0.00 | -19.38 | 18.61 | Macdonald et al. 2010

Musculus sp. FBN | BSF 1 0.85 -19.13 | 18.78 | Macdonald et al. 2010

Musculus discors FBM | BSF 6 0.00 | -19.15| 19.07 | Macdonald et al. 2010

Musculus discors FBO | BSF 3 0.00 | -18.52 | 18.80 | Macdonald et al. 2010

Musculus niger FBO BSF 1 022 | -1832 19.40 | Macdonald et al. 2010

Mya sp. FBM | BSF 7 1.30 | -18.99 | 17.30 | Macdonald et al. 2010

Mya arenaria FBO | BSF 2 1.30 [ -18.11 17.96 | Macdonald et al. 2010

Nuculana Pernula FBM | BSDF 4 1.29 [ -19.73 13.14 | Macdonald et al. 2010; McTigue and Dunton 2017

Nuculana sp. FBM | BSDF 5 -0.04 [ -19.14 16.24 | Macdonald et al. 2010

Serripes groenlandicus FBM | BSF 1 0.00 | -19.27 17.76 | Denisenko et al. 2003; Macdonald et al. 2010; McTigue and
Dunton 2017

Similipecten groenlandicus FBM | BSF 4 -0.07 [ -19.25 18.09 | Lekken 2013; Renaud et al. 2015; McTigue and Dunton 2017

Yoldiella sp. FBM | BSDF 0.48 | -19.30 14.05 | Macdonald et al. 2010

Gastropoda

Buccinum sp. FBN | BC 588 | -17.57 | 18.49 | Macdonald et al. 2010; McTigue and Dunton 2017

Buccinum cf. finmarkianum FBM | BC 4 6.65 -18.30 17.71 | Macdonald et al. 2010
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Buccinum scalariforme FBM | BC 2 5.66 | -17.52 18.31 | Macdonald et al. 2010

Buccinum sp. FBM | BC 5 4.64 | -17.88 | 17.33 | Macdonald et al. 2010; McTigue and Dunton 2017

Buccinum sp. FBO | BC 1 476 | -17.85| 19.31 | Macdonald et al. 2010; McTigue and Dunton 2017

Buccinidae gn. FBN | BC 1 532 -17.67 18.94 | Macdonald et al. 2010

Colus sp. FBM | BC 7 497 -17.99 | 18.88 | Macdonald et al. 2010

Lepeta sp. FBN | BSF 1 3.65 -14.55 Burgos-Rubio et al. 2015

Limneria undata FBM | BC 2 3.05 -18.94 19.62 | Sargent et al. 2019

Margarites Groenlandicus FBN | BSDF/SF 7 329 | -17.76 | 20.31 | Macdonald et al. 2010

umbilicus

Margarites sp. FBN | BSF 2 357 -16.50 19.41 | Macdonald et al. 2010

Margarites sp. FBM | BSF 8 276 | -18.50 17.35 | Macdonald et al. 2010

Mohnia sp. FBM | BC 5 7.14 | -17.33 17.17 | Bergmann et al. 2011

Neptunea sp. FBN | BC 3 6.91 -17.09 18.59 | McTigue and Dunton 2017; North et al. 2019; Yamakami and
Wada 2022

Neptunea sp. FBO BC 3 452 -1742 18.43 | McTigue and Dunton 2017; North et al. 2019; Yamakami and
Wada 2022

Polinices sp. FBM | BC 1 3.85 -18.54 17.30 | Wiltse 1980

Pteropoda FBN | PC 1 -0.75 -21.95 19.74 | Boer et al. 2005; Pasternak et al. 2017

Pteropoda FBM | PC 1 -0.05 -22.34 | 21.35 | Boer et al. 2005; Pasternak et al. 2017

Solariella obscura FBN | BSF 3 217 -17.49 19.99 | Macdonald et al. 2010

Velutinidae gn. FBN | BC 1 438 -19.76 | 19.85 | Sargent et al. 2019

Williama sp. FBM | BSF 1 536 | -19.32 | 19.75 | Hodgson 1999; Simone and Seabra 2017

Porifera FBM | BSF 4 290 [ -18.79 | 18.66 | Bell 2008

Porifera FBO | BSF 1 218 [ -18.17 | 13.94 | Bell 2008

Scleractinia FBO | BSF 1 326 | -11.66 | 20.78 | Goldberg 2002
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Appendix B Two-dimensional stable isotope analysis

Table B-1. Layman (2007) metrics and SIBER values (Jackson et al. 2011) calculated using
&1 Nagjand §3C from taxa collected from three depth categories: Frobisher Bay nearshore,
Frobisher Bay midshore, and Frobisher Bay offshore.

Depth Category
Metric Nearshore Midshore Offshore
8" Nadj (%o) 8.90 10.64 10.06
Range
8" Nagj Mean 4.02 3.92 4.84
SBC (%o) 11.90 14.91 11.21
Range
&13C Mean -18.24 -18.59 -18.44
CD 2.63 3.23 2.79
NND 0.68 0.43 0.78
SDNND 0.59 0.42 0.74
Trophic 4.40 5.05 4.96
levels
TA 63.79 93.21 64.54
SEA 14.01 19.75 15.95
SEAc 14.33 19.96 16.41
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Figure B-1. Standard ellipse area corrected for small sample size, set to 40% inclusivity (SEAc;
solid lines) and total area of convex hulls (dotted lines) for food webs in Frobisher Bay nearshore
(red), Frobisher Bay midshore (black), and Frobisher Bay offshore (green) using §'°Nagjand 6'3C

values.
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Table B-2. Layman (2007) metrics and SIBER values (Jackson et al. 2011) calculated using the
two-dimensional §*S by §'3C plot from taxa collected from three depth categories: Frobisher
Bay nearshore, Frobisher Bay midshore, and Frobisher Bay offshore.

Depth Category

Metric Nearshore Midshore Offshore
8%*S (%o) Range 6.18 11.43 7.35
8%*S (%0) Mean 18.75 17.72 18.38
CD 1.76 2.30 1.95
NND 0.55 0.45 0.51
SDNND 0.46 0.49 0.32
TA 28.22 93.58 29.32
SEA 6.16 13.27 8.84
SEAc 6.34 13.42 9.11
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Figure B-2. Standard ellipse area corrected for small sample size, set to 40% inclusivity (SEAc;
solid lines) and total area (dotted lines) for food webs in Frobisher Bay nearshore (red),
Frobisher Bay midshore (black), and Frobisher Bay offshore (green) using §°*S and 6'*C values.
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Table B-3. Layman (2007) metrics and SIBER values (Jackson et al. 2011) calculated using the
6" Nagj by 6"°C for benthic carnivores collected from three depth categories: Frobisher Bay
nearshore, Frobisher Bay midshore, and Frobisher Bay offshore.

Depth Category

Metric Nearshore Midshore Offshore
&1 Nagj (%0) Range 6.54 9.58 5.53
619 Nagj Mean 5.08 5.54 5.85
&13C (%0) Range 9.55 9.53 5.06
&13C Mean -17.87 -17.88 -18.82
CD 2.18 2.29 1.82
NND 0.91 0.51 0.62
SDNND 0.85 0.46 0.39
Trophic levels 4.40 5.05 4.57
TA 33.01 52.82 14.37
SEA 10.27 11.24 6.18
SEAc 10.76 11.51 6.59
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Figure B-3. Benthic carnivore standard ellipse area corrected for small sample size, set to 40%
inclusivity (SEAc; solid lines) and total area (dotted lines) for benthic carnivore niche region in
Frobisher Bay nearshore (red), Frobisher Bay midshore (black), and Frobisher Bay offshore
(green) food webs using §'°Nagjand §'3C values.
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Table B-4. Layman (2007) metrics and SIBER values (Jackson et al. 2011) calculated using the
two-dimensional §*S by §'3C plots for benthic carnivores collected from three depth categories:
Frobisher Bay nearshore, Frobisher Bay midshore, and Frobisher Bay offshore.

Depth Category

Metric Nearshore Midshore Offshore
&3S (%o) Range 3.52 8.65 7.17
§%**S Mean 18.73 17.75 18.13
CD 1.48 2.11 1.66
NND 0.58 0.60 0.75
SDNND 0.43 0.61 0.64
TA 9.15 53.96 17.77
SEA 3.29 10.20 6.66
SEAc 3.49 10.25 7.10
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Figure B-4. Benthic carnivore standard ellipse area corrected for small sample size, set to 40%
inclusivity (SEAc; solid lines) and total area (dotted lines) for benthic carnivore niche region in
Frobisher Bay nearshore (red), Frobisher Bay midshore (black), and Frobisher Bay offshore
(green) food webs using §*S and 6'°C values.
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Table B-5. Layman (2007) metrics and SIBER (Jackson et al. 2011) values, calculated using the
819 Nagj by 6'3C values for benthic suspension feeders from the Frobisher Bay nearshore,
Frobisher Bay midshore, and Frobisher Bay offshore depth categories.

Depth Category
Metric FBN FBM FBO
8" Nagj (%o) Range 3.65 5.63 4.84
85 Nagj Mean 1.93 1.39 1.67
8BC (%0) Range 4.83 3.69 3.36
&13C Mean -17.75 -19.40 -18.87
CD 1.78 1.40 1.45
NND 1.16 0.50 0.98
SDNND 0.47 0.52 0.83
Trophic levels 3.07 3.58 3.42
TA 5.98 11.79 8.37
SEA 3.77 4.05 4.87
SEAc 4.52 4.29 5.57
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Figure B-5. Benthic suspension feeder standard ellipse area corrected for small sample size, set
to 40% inclusivity (SEAc; solid lines) and total area (dotted lines) for benthic suspension feeder
niche region in Frobisher Bay nearshore (red), Frobisher Bay midshore (black), and Frobisher
Bay offshore (green), using §'°N,gjand 6'°C values.
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Table B-6. Layman (2007) metrics and SIBER (Jackson et al. 2011) values, calculated using the
5*S by 6'3C values for benthic suspension feeders from the Frobisher Bay nearshore, Frobisher
Bay midshore, and Frobisher Bay offshore depth categories.

Benthic Suspension Feeder Depth Category

Metric FBN FBM FBO
&3S (%o) Range 1.44 2.45 3.18
6*S Mean 19.27 18.52 19.11
CD 1.20 1.05 1.09
NND 0.41 0.34 0.91
SDNND 0.38 0.16 0.73
TA 1.64 4.36 5.18
SEA 1.62 2.07 3.16
SEAc 2.02 2.20 3.68
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Figure B-6. Benthic suspension feeder standard ellipse area corrected for small sample size, set
to 40% inclusivity (SEAc; solid lines) and total area (dotted lines) for benthic suspension feeder
niche region in Frobisher Bay nearshore (red), Frobisher Bay midshore (black), and Frobisher
Bay offshore (green), using §°*S and §'°C values.
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