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Abstract

The patterns of distribution among fish and zooplankton in the Arctic and their deep ocean
habitats remain poorly described. Climatic disruptions to natural variability in temperature, light,
and nutrient supply can modify species distributions, impacting the ecosystem at various levels.
Across spatial and vertical domains, these environmental factors form complex relationships
with species assemblages, which are challenging to measure with conventional sampling
methods. Hydroacoustics is a promising approach to studying the distribution of organisms in
hard-to-reach ecosystems. This thesis aims to advance new hydroacoustic methodologies for the
study of pelagic fish and zooplankton and identify the structural drivers of their communities and
distribution along the boundaries of Arctic-Atlantic modulated ecosystems. In my thesis, I used
several emerging technologies, including lowered acoustic probes and broadband acoustic
measurements, to assess the distributional patterns of pelagic fish and zooplankton at meter-level
to ocean basin scales. I found that measurements of lanternfish inhabiting deep-scattering layers
require detailed analysis that includes the identification and removal of anomalous signals, which
can arise from a combination of physical and biological processes. To deal with this, I introduced
a machine learning approach that helps identify anomalous signals and improves the precision of
acoustic density measurements. When examining similar lanternfish dominated communities at
the basin scale, I report that temperature-driven water mass boundaries act as a barrier to the
dispersal of mesopelagic communities at high-latitudes, in both the northern and southern
hemispheres. Furthermore, this same boundary appears to impact the vertical distribution of
pelagic life, with likely impacts the vertical transport of nutrients and carbon. In the high Arctic,
I report mixing processes in glacial fjord ecosystems can impact the vertical distribution of

copepods and the morphological patterns of marine snow. This work highlights contrasting
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conditions outside of two adjacent marine terminating glaciers, which each offer a glimpse of
what future Arctic conditions may bring. Overall, my work contributes to a greater understanding
of the structural drivers of Arctic pelagic communities and can be used to understand their

sensitivities to future change.
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Chapter 1. Introduction

Understanding the interaction between organisms and their physical environment remains crucial
for predicting how ecosystems will respond to climate change. Among some of the least studied
marine ecosystems, the Arctic and deep ocean are already facing irreversible climate impacts
(Polyakov et al., 2017, 2020; Brito-Morales et al., 2020; Rantanen et al., 2022). Disruptions to
natural variability in temperature, light, and nutrient supply can modify critical global ecosystem
services such as carbon cycling and biomass production (Boscolo-Galazzo et al., 2021; Ljungstrom
et al., 2021; Ariza et al., 2022). The fundamental aspects of interactions between species and their
ocean environments occur across two spatial domains: horizontal and vertical. The horizontal
domain includes aspects of species distributions across latitudes and biogeography, with climate
warming causing range shifts in lower latitude species towards more polar latitudes, which can
lead to displacement or competition with endemic species (Perry et al., 2005; Kortsch et al., 2015;
Dee et al., 2020). Along the vertical (depth) domain, physical gradients in temperature, light, and
nutrients create distinct habitats at varying scales, such as static depth zones (e.g., epi and meso-
pelagic) and narrow dynamic ranges like shifting particle and light fields that create transient
vertical habitats for species as they move through water column (Lehodey et al., 2010; Aksnes et

al., 2017; Gloeckler et al., 2018).

Together, these horizontal and vertical domains are of particular importance to pelagic, or open
ocean, species like mesozooplankton and micronekton of size ranges from 0.2 mm to 20 cm
(Vinogradov, 1962, 1997; Sutton et al., 2013; Netburn and Koslow, 2018; Romero-Romero et al.,

2019). Pelagic species within these size ranges are characterized by their close connection to ocean



primary production, water mass properties, and their susceptibility to predation, making them a
critical component of the ocean’s biological pump (Hudson et al., 2014; Jones and Checkley, 2019;

Koslow et al., 2019).

Oceanographic measurements can facilitate a better understanding of the physical characteristics
of fish and zooplankton habitat in the ocean, yet the detection and measurement of organisms
themselves remains challenging. Advances in remote sensing and autonomous data collection have
significantly improved our understanding of these marine environments and the pressures they
face with ongoing climate change. Through studies applying hydroacoustic technology, we have
gained a greater understanding of the species that exist out of reach, such as those within the deep
sound-scattering layers of the ocean (Irigoien et al., 2014; Klevjer et al., 2016; Proud et al., 2017).
With steady advancements in the applicability of such technology come continuous opportunities
to develop and improve existing methods to study pelagic organisms. By leveraging technological
innovations such as broadband acoustics (Chu and Stanton, 1998; Ehrenberg and Torkelson, 2000)
and autonomous lowered probes (Kloser, 1996; Kloser et al., 2016), this thesis aims to advance
new methodologies for the study of pelagic fish and zooplankton and identify the structural drivers
of their communities in some of the farthest-reaching Arctic ecosystems. The results of these
studies can then be applied to broader ecosystem models and used to forecast the potential impacts

of climate change, harvest pressure and sustainable resource management.

1.1 The shared waters of Canada and Greenland

Eastern Canada’s and Western Greenland’s rugged and glaciated coastlines extend north to the
edge of the Central Arctic Ocean, where the Nares Strait links the North Atlantic basin of Baffin
Bay with the Lincoln Sea, in the Arctic Ocean. Here, ca. 30-year-old Atlantic water that has

circulated around the Arctic basins carries the last of its distinct temperature and salinity signal



from when it first entered the Arctic Ocean through the Fram Strait and the northern Barents Sea
(Figure 1.1; Wefing et al., 2021). The last remnant of Atlantic water sheds its heat along Canada’s
and Greenland’s northern coasts, contributing to basal melting of marine terminating glaciers
(Straneo et al., 2012; Jakobsson et al., 2020b), thereby initiating a new journey for meltwater. The
resultant glacial meltwater and terrestrial runoff form the beginnings of major south-flowing
currents that reach as far south as the Gulf of Maine (Straneo and Saucier, 2008; Curry et al., 2014).
Along Canada’s eastern boundary, the ocean transitions from a cryosphere encased in sea-ice for
up to 12 months of the year to the temperate and seasonally productive Northwest Atlantic Ocean
(Greene et al., 2008; Pershing and Stamieszkin, 2020). Between Greenland and Labrador, another
entry-point for warm Atlantic water occurs. Relatively warm, north-flowing water traveling along
Greenland’s southern coast encounters the sill-like structure of Davis Strait. The relatively shallow
Strait channels most of the Atlantic water counterclockwise around the Labrador Sea. However,
along the eastern margin of the Davis Strait, a portion of the coastal water moves along the
Greenland coast, carrying the Atlantic water mass signal north into Baffin Bay (Figure 1.1; Curry
et al.,, 2014). Simultaneously, buoyant south-flowing Arctic-origin water crosses the western
margin of the Davis Strait, eventually joining water flowing from Hudson Bay to form the
Labrador current (Haine et al., 2008; Straneo and Saucier, 2008). As it travels south along the
North American continental shelf, the Labrador current supplies cold, oxygen-rich waters to the
NW Atlantic ecosystem, which has supported some of the highest densities of the lipid-rich
copepods Calanus finmarchicus and centuries of rich fishery harvests (Pershing et al., 2015;
Pershing and Stamieszkin, 2020; Gongalves Neto et al., 2021). In a similar fashion, Atlantic water

from the Irminger Sea carries heat and nutrients north along the Greenland coast, enriching the



coastal ecosystem and contributing to the basal melting of the Greenland ice sheet (Wood et al.,

2023)

When combined with atmospheric warming, climate-driven shifts in ocean circulation will impact
these major currents, thereby altering the structure of Canada’s Arctic, boreal and temperate marine
ecosystems (Greene et al., 2008; Wilson et al., 2016; Peng et al., 2023). Along the latitudinal
gradient of Arctic-Atlantic modulated ecosystems, the sensitivities of marine species, communities
and populations to rapid warming remain largely unresolved. While some forage fish species are
replacing others (Rose, 2005; Vihtakari et al., 2018), gelatinous plankton are taking on a larger
role in the ecosystem (Geoffroy et al., 2018; Pettitt-Wade et al., 2020), and some species, such as
polar bears, are developing specialized adaptations to sea-ice habitat loss (Laidre et al., 2022). In
the absence of long-term observations, it is often along biogeographic (or oceanographic)
boundaries where we can learn the most about the biological responses to climate change; such
boundaries can indicate range limits of species and the environmental drivers that restrict them
(Pinsky et al., 2020). As Atlantic water is the dominant water mass carrying the heat signature of
atmospheric warming in the Arctic (Muilwijk et al., 2018), it plays a crucial role in structuring

eastern Canada’s pelagic ecosystem and its boundaries (Greene et al., 2008).

1.2 Canada’s Eastern Subarctic — The Labrador Sea Ecosystem

Directly transected by the Arctic Circle (66° N), the Davis Strait is a geomorphological feature that
separates the Labrador Sea from Baffin Bay (Figure 1.1). North of this point, the sun does not rise
during days near the winter solstice. The extreme photoperiod above the Arctic Circle, governed
by periods of prolonged winter darkness and prolonged summer sunlight, drives distinct
adaptations to the daily and seasonal rhythms of feeding, growth, and reproduction of fish and

plankton (Kaartvedt, 2008; Kaartvedt and Titelman, 2018). Acting almost as a sill, this relatively



shallow Strait also separates the cold bottom waters of Baffin Bay from the warmer Atlantic basin
waters of the Labrador Sea and divides the north flowing Atlantic water along Greenland’s coast

into minor and major branches (Curry et al., 2014).

In the deepest parts of the Labrador Sea, away from the continental shelf, a complex and biodiverse
pelagic ecosystem thrives (McKelvie and Haedrich, 1985; Sameoto, 1989; Pepin, 2013).
Lanternfishes, of the family Myctophidae, are the dominant vertebrate component of the system
and primary consumers of the lipid rich Calanus copepods (Sameoto, 1989; Pepin, 2013)
Emerging in surface waters only at night to feed, these fish go largely unnoticed by humans. Yet,
they are a vastly untapped protein source, despite being a major part of global ocean biomass.
(Catul et al., 2011; Irigoien et al., 2014). Many species living in the darkness of the ocean’s
mesopelagic zone are notoriously difficult to sample for study (Kaartvedt et al., 2012; Proud et al.,
2018). It is assumed that the near global distribution of mesopelagic fishes makes them an
important component of the global carbon cycle (Davison et al., 2013; Belcher et al., 2019);
however, many aspects of their relationship to the environment (e.g., physiological constraints)
remain poorly documented (St. John et al., 2016). North of the Labrador Sea, the latitude of the
Davis strait coincides with the Arctic circle (66° N), where the light-driven adaptations of globally
distributed lanternfish species are theorized to reach their limit (Langbehn et al., 2022). However,
as the northern Labrador Sea is constrained from Baffin Bay by basin-scale circulation patterns
and winter sea-ice, it remains unclear how the environment in this region impacts the biogeography
of lanternfish and other mesopelagic organisms. As interest in harvest potential of mesopelagic
resources builds (Prellezo and Maravelias, 2019; Grimaldo et al., 2020), developing baseline

estimates of abundance and distribution for sustainable management is crucial. Yet, due to the



many challenges of navigating fierce winter storms and seasonal sea-ice, the Labrador Sea remains

a challenging pelagic ecosystem to study.

ARCTICOCEAN

LABRADOR SEA

LINCOLN SEA

IRMINGER SEA
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Figure 1.1 Ocean current pathways in the study area for Arctic (blue) and Atlantic (red) origin
water (left). Northern Labrador Sea, Canada’s southern Arctic-Atlantic gateway (top right), and
Nares Strait region, Canada’s northern Arctic-Atlantic gateway (bottom right). Image source:
Google Earth ©.

1.3 The structure of subarctic mesopelagic ecosystems
Pelagic marine communities along the latitudinal gradient from temperate/sub-Arctic to Arctic
waters are structured by both light and temperature (Aksnes et al., 2017; Ljungstrom et al., 2021).

In lower latitudes across the world oceans, the ocean twilight zone supports rich communities of



fish and zooplankton, including lanternfish (family Myctophidae) and bristlemouth (family
Gonostomatidae) species that feed on zooplankton and particles from the euphotic zone (Proud et
al., 2017). Responding to daily changes in solar irradiance (i.e. day/night cycles), large portions
of these communities rise in the water column to feed and rely on the cover of darkness to avoid
predation, in a behavioral process known as diel vertical migration, or DVM (Brierley, 2014). In
addition to abiotic factors, the structure and function of these communities is driven by complex
trophic interactions and competing ontogenetic stages across taxa including arthropods, mollusks,

fish, and marine mammals (Lehodey et al., 2010; Choy et al., 2016; Romero-Romero et al., 2019).

Given little is known about the complex biotic interactions of Arctic taxa, and how these
interactions may change in the future, a first step towards understanding community responses to
climate change is to leverage ecological theory that underpins species relationships with their
physical environment. (Kaartvedt, 2008; Langbehn, 2017; Kaartvedt and Titelman, 2018;
Ljungstrom et al., 2021). For instance, the photoperiod constraint hypothesis (Kaartvedt, 2008)
poses that the population success of DVM performing lanternfish is limited by extreme
photoperiod at high latitudes. However, few field studies have directly investigated their
distributional patterns toward Arctic waters. At present, the highest biomass of twilight zone
communities occurs at temperate latitudes (Irigoien et al., 2014; Hernandez-Leon et al., 2020).
However, because the oceanography of the mesopelagic zone is facing irreversible warming
(Brito-Morales et al., 2020), this biomass may shift north, toward Arctic latitudes in the coming

century (Ariza et al., 2022; Snoeijs-Leijonmalm et al., 2022).

1.4 Drivers of High Arctic ecosystems
At High-Arctic latitudes, which remain encased in sea ice for up to 12 months of the year, daily

light-driven DVM behavior becomes less important (Longhurst et al., 1984; Fortier et al., 2001)



and seasonal impacts of light and temperature drive community assembly (Wassman and Reigstad,
2011). At high latitudes, both light and temperature are inherently connected to the presence of ice:
it provides year-round habitat for sympagic (‘ice-associated’) algae, fish, and crustacean species
(Sereide et al., 2006; Taylor et al., 2013; Koch et al., 2023) and acts as an insulator, regulating
ocean temperature and downwelling light (Grenfell, 1979). Various freshwater sources, including
ice melt, alter the thermohaline structure of the ocean, contributing to density differences of ocean
layers in a process known as stratification (Aagaard et al., 1981; Yamamoto-Kawai et al., 2008).
By trapping nutrients and algal cells in the euphotic zone, near-surface stratification helps initiate
the process of phytoplankton blooms, regulating both the amplitude of production and the rate at

which carbon reaches the seafloor (Tremblay et al., 2015; von Appen et al., 2021).

1.5 The Nares Strait Ecosystem

Far north of the Labrador Sea lies the High Arctic ecosystem surrounding the Nares Strait, a narrow
waterway separating Canada’s Ellesmere Island from the outlet glaciers of the Northern Greenland
Icesheet. It is also the connection between productive open waters of the North Water Polynya
(Sarvarjuaq) in the North Atlantic’s Baffin Bay and the ice-packed Lincoln Sea in the Arctic Ocean.
Here, both glacial ice and sea ice play a dominant role in structuring the marine ecosystem; the
region is home to some of the largest marine terminating glaciers of the northern Greenland ice
sheet (Johnson et al., 2011; Hogan et al., 2020) and the surrounding Lincoln Sea is known for the
highest multiyear sea-ice concentration in the Arctic (Laxon et al., 2013). Atmospheric warming
is accelerating melting of the Greenland ice sheet from above (Trusel et al., 2018), while the
remnants of Atlantic water that has circulated the deep basins of the Central Arctic, sheds the last
of its heat content in fjords, contributing to basal melting of glaciers (Straneo et al., 2012;

Jakobsson et al., 2020b). The near-glacial marine ecosystems of the Greenland ice sheet face a



range of impacts from glacial meltwater, including increased freshwater, nutrient, and particle
loading (Meire et al., 2017; Hopwood et al., 2020; Stuart-Lee et al., 2023). Together, these
modifications to the marine ecosystem have unknown consequences to pelagic primary and

secondary productivity, leaving uncertainty about future ecosystems.

Both the dominant Calanus copepod species C. glacialis and C. hyperboreus and their predator
Arctic cod (Boreogadus saida) are adapted to the cold, low salinity meltwater and time their
reproduction and feeding to coincide with phytoplankton blooms and seasonal patterns of ice
formation and breakup (Daase et al., 2013; Mueter et al., 2016; Bouchard and Fortier, 2020;
Sereide et al., 2022). By converting photosynthetically produced fatty acids to stable lipids,
Calanus copepods of the High Arctic make energy available to higher trophic levels and contribute
to the energetic balance of the ecosystem throughout winter months (Falk-Petersen et al., 2009;
Sereide et al., 2010). Well-adapted to the extremes of the Arctic, they remain physiologically
flexible to shifts in environmental conditions (Trudnowska et al., 2020; Hatlebakk et al., 2022).
However, due to their vital role in the ecosystem, their risk of climate-driven displacement by
lower latitude species has strong ecological implications for energy transfer through the ecosystem
(Kaiser et al., 2022). Following a recent expedition to Ryder Glacier in 2019, we learned that
glacial fjord environments of marine-terminating glaciers in the Nares Strait experience different
levels of mixing based on their topography (Jakobsson et al., 2020b; Nilsson et al., 2023) and the
ice-damming effects of the Lincoln Sea pack ice (Stranne et al., 2021). As these initial findings
revealed distinct geomorphological drivers of ecosystem productivity, the conditions among two
adjacent fjords presented as a unique mesocosm to study the effects of increasing stratification on

particle production and Calanus copepods.



1.6 Remote sensing in the cold, deep ocean

In Canada’s Arctic and deep ocean systems, where long-term observations are scarce,
contemporary studies rely on remote sensing and opportunistic field sampling during
interdisciplinary icebreaker expeditions (Doel et al., 2014). These expeditions are costly and leave
significant spatio-temporal gaps in sampling, especially outside of summer months (Van Pelt et
al., 2017). Remote sensing techniques, like hydroacoustics (Benoit-Bird and Lawson, 2016) are
often used to fill these gaps. Hydroacoustics involves studying underwater sound propagation and
its interaction with different mediums to measure targets and boundaries (MacLennan and
Simmonds, 2004). Backscattering signatures, which relate to the size and properties of marine
organisms, provide insights into organism distribution and behavior. For example, small
zooplankton like copepods (2-8 mm) with fluid-like scattering properties due to their high lipid
content are best detected at high frequencies (300-500 kHz) (Stanton and Chu, 2000). On the other
hand, larger fish with gas-filled swim bladders produce geometric scattering signatures
(Korneliussen et al., 2018). To study fish abundance and distribution, lower frequencies like 18,
38, and 70 kHz are used in standard acoustic fisheries surveys (Simmonds and MacLennan, 2005).
Although species-specific scattering signatures are being developed using broadband acoustics,
these simplified relationships between organisms and their scattering help fill knowledge gaps

regarding their vertical and horizontal distribution (Benoit-Bird and Lawson, 2016).

Standardized acoustic-trawl surveys typically combine hull-mounted (down facing, mobile
surveys) echosounders with biological sampling using trawl nets to obtain species identifications
and abundance estimates (Simmonds and MacLennan, 2005). Recently, there has been increased
interest in exploring a range of acoustic deployment types which can look at different aspects of

organismal distribution at varying scales (Benoit-Bird and Lawson, 2016). For example, the recent
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attention to the deep-scattering layer (DSL) as a hotspot for biodiversity and biomass, has led to
novel acoustic approaches using lowered acoustic probes (Kloser et al., 2016; Bassett et al., 2020;
Cotter et al., 2021b). By lowering autonomous echosounders to depth, scientists can take vertical
measurements that extend beyond the range of hull-mounted instruments. For instance, the power
of investigation using multi-frequency acoustics (i.e., transmitting multiple frequency signals
simultaneously) is largely dependent on range from the receiver, which decreases with frequency
due to seawater absorption loss (Francois and Garrison, 1982). These limitations have been met
with new advancements in autonomous acoustic technology, whereby entire instrument packages
(e.g., transducer & transceiver) can be lowered to the desired depth of study (Kloser et al., 2016).
With the advancements, studies which could previously describe only the patterns of distribution
of backscatter from the surface, can now measure individual targets at exceptionally high

resolution throughout the water column (Bassett et al., 2020; Cotter et al., 2021b, 2021a).

The adoption of broadband (or frequency-modulated, FM) acoustic measurements vastly expands
the volume of data collected, offering the potential promise of improving taxonomic or size
detection of targets (Benoit-Bird and Waluk, 2020; Kubilius et al., 2020). Rather than using a
continuous wave pulse, which transmits and measures the return pulse using a narrow frequency
bandwidth, FM pulses are composed of a chirp that transmits a range of frequencies (Ehrenberg
and Torkelson, 2000). FM returned pulses can contain distinguishing information along the
frequency response about targets; however, they add to the considerable data volume of
hydroacoustic data, which can slow processing time (Benoit-Bird and Waluk, 2020). With the
commercial advancement of these new acoustic technologies come new scientific challenges that
require merging the fields of signal processing, data science, physics, and biology. As such, lessons

from other fields offer opportunities for novel applications of deep learning / machine learning for
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sorting and filtering data to improve our understanding of species behavior and distribution

(Lavery et al., 2017; Agersted et al., 2021; Cotter et al., 2021b).

1.7 Thesis overview

This thesis investigates the biogeographic and environmental drivers of fish and zooplankton
assemblages in polar ecosystems, with a major focus on the western Atlantic-Arctic corridor. While
this corridor broadly extends from the northeastern tip of the Canadian Arctic Archipelago to the
northwest Atlantic Ocean, there are two focal points where the boundaries between water masses,
or ice regimes, define how the ecosystem is structured: The Labrador Sea and Nares Strait. The
Labrador Sea is widely recognized for its unique role in the physical oceanography of the global
ocean, through deep water formation (Lilly et al., 1999). In light of recent proposals to expand
Canada’s marine protected areas, this region has been the focus of much biological research
through the Integrated Studies and Ecosystem Characterization of the Labrador Sea Deep Ocean
(ISECOLD) project. Through work with Fisheries & Oceans Canada (DFO), we embarked on
several studies to characterize the biological components of the mesopelagic zone of the Labrador
Sea. In the first set of studies, we developed eDNA methodology for the study of the mesopelagic
fish and zooplankton and compared the detectability of organisms across functional groups with
net sampling (Coté et al., n.d.; McClenaghan et al., 2020). Leveraging the broad spatial coverage
of the ISECOLD expeditions in 2018 and 2019 in the Northwest Labrador Sea and transects
extending into Baffin Bay, I developed two studies examining the vertical (Chapter 3) and
horizontal (Chapter 2) distribution of lanternfishes near their biogeographic boundary. In 2019, 1
participated in the Ryder 2019 expedition to Northwest Greenland, aimed at geophysical mapping
of Sherard Osborn Fjord, the terminus of the Ryder Glacier. Building upon the initial findings

describing the unique physical oceanographic conditions in adjacent fjords, I developed a study
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using a novel approach which combines optical and acoustic measurements to better understand

the relationship between near-surface stratification, marine snow, and Calanus copepods.

There are several threads that tie this thesis together: 1) each study is among the first of its kind to
use state-of-the-art acoustics tools in remote high Arctic regions; 2) each study required innovative
applications of hull-mounted acoustics and/or lowered acoustic probes; and 3) each study deals

with biogeographic regions that lie at the interface between Arctic and Atlantic waters.

Throughout this thesis, I leverage hydroacoustic tools to quantify and describe the distributions of
fish and zooplankton within their environments. Much of the groundwork for this thesis involved
designing and testing methodologies to obtain the highest quality acoustic data for comparison
with a suite of other instrumentation and each chapter involves some iteration of a lowered acoustic
probe. Specifically, hydroacoustic measurements are used primarily to infer how marine
ecosystems are structured across horizontal and vertical scales. Chapters 3 and 4 focus on the
distribution of backscatter in the vertical domain (Chapter 4) and a combination of both vertical
and horizontal domains (Chapter 3). In Chapter 2, I measured individual fish within the
mesopelagic deep scattering layer of the Northwest Labrador Sea, assessing their vertical
distribution and density patterns. Chapter 2 uses broadband acoustic scattering to distinguish target
signals, providing precise measurements of mesopelagic fish target strength (acoustic size) and
estimates of their density within the DSL. As each approach has relevant applications in
understudied systems in the deep ocean, this thesis combines several acoustic approaches to
investigate pelagic organisms (Figure 1.2). Hydroacoustic data were used to measure patterns in
backscatter across basin scales (1,000s of km) in Chapter 3, and individual targets at centimeter

scales in Chapter 2. By combining two autonomous data streams, optical particle imaging with
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high frequency acoustics, Chapter 4 advances the application of hydroacoustics on standard

oceanographic sampling packages, such as the CTD rosette.

Depth

METHODOLOGY

TAXONOMY

Figure 1.2 Overview of methodological approaches and broad taxonomic groups studied in each
chapter. Chapter 3 uses both hull-mounted measurements (spatial) and lowered acoustic probes
(vertical). Chapters 2 and 4 use lowered acoustic probes with vertical and horizontal oriented
transducers, respectively.

Chapter 3 investigates how temperature boundaries influence the structure of meso- and bathy-
pelagic ecosystems, by combining data collected from the Canadian Arctic with transects from the
Southern Ocean. I used comparative transects to investigate why the deep-scattering layer weakens
across frontal boundaries. In association with weakening backscatter towards the poles, we found
evidence of a shift in the vertical structure of backscatter measured using lowered profilers,

pointing to a broader change in ecosystem functioning and carbon cycling in the deep ocean.
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Chapter 2 takes a finer scale look at the Northwest Labrador Sea, by investigating the vertical
patterns of lanternfish distribution. This chapter introduces a new form of outlier detection used in
machine learning to improve precision in target measurements within the broadband acoustic
signal processing pipeline. I use these improved measurements to document target strength (i.e.
acoustic size) patterns throughout the water column and estimate the density of organisms bearing
gas-filled structure (i.e. swim bladders). There, I provide important estimates which can then be

used in regionalized assessment of mesopelagic biomass and distributional patterns.

Chapter 4 focuses on the Nares Strait region of Northwest Greenland, an important Arctic-Atlantic
throughflow which carries nutrient rich water into Baffin Bay (Jennings et al., 2011). Data for this
chapter were collected during the 2019 Ryder Glacier cruise, a multi-disciplinary cruise led by
Stockholm University to map Sherard Osborn Fjord in NW Greenland (Jakobsson et al., 2020a).
During the cruise, the team uncovered key differences in the physical environments of these fjords,
showing topographic control of ocean mixing by sea-ice and iceberg damming (Jakobsson et al.,
2020b; Stranne et al., 2021). Chapter 4 expands on this geophysical research by investigating how
amplified stratification impacts marine production and vertical distribution of copepods in the
upper ocean. This chapter leverages a suite of optical, acoustic, and remote sensing tools to relate

complex biogeophysical conditions of high Arctic fjords to the planktonic ecosystem.
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Chapter 2. Improved precision in target strength and density estimation of
mesopelagic fish through detection of anomalous acoustic broadband
signals

2.1 Abstract

Mesopelagic fish are widespread and abundant in the global oceans. They contribute to nutrient

cycling via the biological carbon pump and may be a target of future fisheries. Estimating

abundance of mesopelagic fish remains a challenge due to the limitations of ship-based
echosounders and traditional trawling methods. Submersible broadband acoustic probes offer
significant improvements to target measurements via increased range resolution and the possibility
to use higher frequencies with expanded spectra; however, broadband measurements can introduce
undesired signals into the data. Using an unsupervised outlier detection approach, we improved
the precision of individual target measurements and density estimation of mesopelagic fish in the

Labrador Sea. Consistently across the survey, we encountered a high variability in the frequency

response of targets, both within the insonified volume and within distinct echo-traces. We apply

an unsupervised outlier detection algorithm to identify unwanted target measurements based on
their frequency response. We then use the target measurements of all frequency responses selected
by the algorithm to estimate density of mesopelagic fish using echo-integration. We find that

including anomalous signals positively skew density estimates of mesopelagic fish by up to 25%.

Our approach reduces measurement error within echo-trace measurements and increases the

precision of target strength and density estimations for mesopelagic targets within sound-scattering

layers. This study provides new insight into the application of broadband echosounders for density

estimation of mesopelagic resources.
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2.2 Introduction

Mesopelagic fish are becoming increasingly recognized for their importance in biogeochemical
cycling (St. John et al., 2016) and as a potential source of protein in future fisheries (Prellezo and
Maravelias, 2019; Grimaldo et al., 2020). Hydroacoustic surveys are instrumental in revealing the
distribution and biomass of mesopelagic sound-scattering organisms forming deep-scattering
layers (DSLs) (Davison et al., 2015). However, biomass estimation across large spatial scales using
echo-integration requires knowledge of the target strength distribution of organisms within sound
scattering layers (Chu, 2011). Estimates of target strength using standard shipboard echosounders
is limited due to beam spreading, poor range resolution, and a weakened signal-to-noise ratio at
mesopelagic depths (Davison et al., 2015). Lowered acoustic platforms can facilitate
measurements of individual organisms at depth and show promise in differentiating biological
scatterers based on their frequency response characteristics at close range (Kloser et al., 2016;
Bassett et al., 2020; Benoit-Bird and Waluk, 2020; Dias Bernardes et al., 2020; Agersted et al.,

2021; Cotter et al., 2021Db).

Recent adoption of broadband acoustic processing offers the advantage of pulse compression of
frequency modulated (FM) signals which results in higher range resolution than available with
narrowband signals (Chu and Stanton, 1998; Ehrenberg and Torkelson, 2000). This signal-
processing approach allows for the detection of multiple impedance contrasts from body parts as
well as constructive and destructive interference of echoes associated with movement (Kubilius et
al., 2020). For these reasons, broadband scattering from individual fish is a complex signal that is
dependent on the geometric, physical, biological characteristics of the target (Imaizumi et al.,

2008; Forland et al., 2014).
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For many species, swim-bladders are typically used to estimate the size and position of an
organism in the water column due to their strong reflectance (Simmonds and MacLennan, 2005)
and relative insensitivity to angle or orientation (Scoulding et al., 2015; Proud et al., 2018). Recent
improvements in broadband model estimation of mesopelagic swim-bladders provide evidence
that in-situ measurements can align with model projections (Agersted et al., 2021; Cotter et al.,
2021b). However, to achieve precise measurements of target strength of swim-bladders within a
given insonified volume requires the ability to differentiate signals produced by a range of
stochastic biological and physical processes. In an individual fish, target strength can vary based
on the combination of coherent and incoherent energy. Incoherent energy can add random
components to the echo due to fish size exceeding the pulse wavelength and or inconsistencies
from fish movement (i.e., swimming) (Stanton and Clay, 1986). The ratio of coherent and
incoherent energy can be defined as a type of ‘signal-to-noise’ ratio (Demer and Conti, 2003;
Kieser et al., 2005). Variations in this ratio can occur from overlapping echoes originating from
different anatomical parts of an individual animal or from multiple fish within an aggregation
(Demer et al., 2009). Depending on fish densities (individuals / volume), beam pattern effects can
also play a strong role in ping-to-ping fluctuations in target strength (Stanton and Clay, 1986).
Furthermore, the material properties of fish flesh, such as shear elastic viscosity, can lead to under
or overestimation of target strength (Khodabandeloo et al., 2021) In addition to these challenges
faced with single frequency measurements, current approaches to broadband processing can
require additional parameterization that can impact the frequency response of a signal (Benoit-

Bird and Waluk, 2020).

Following the widespread adoption of broadband (FM) capable instrumentation such as Simrad ©

EK&80s on fisheries research vessels, the field of fisheries acoustics has been faced with new
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challenges associated with data volume: broadband acoustic measurements can outsize previously
collected narrowband datasets by several orders of magnitude. Because broadband analyses
introduce additional signal complexity and large data volume, analytical approaches require
automated steps to distinguish anomalous signals (e.g., from multiple organs or overlapping fish)
from deterministic signals carrying information on the scattering properties of organisms, such as
true reflections of gas-filled swimbladders. Unsupervised pattern recognition tools, such as
clustering, offer a practical approach to classifying large wideband acoustic datasets (Malde et al.,
2019; Agersted et al., 2021). Unsupervised cluster analysis assigns groups to untrained data
without a universal definition for a cluster (Kaufman and Rousseeuw, 1990). Widely applied
clustering algorithms like k-means and hierarchical clustering rely on assumptions about the data
distribution, require parameterization, and are poorly designed to deal with noise (Macqueen,
1967; Kaufman and Rousseeuw, 1990; Xiao and Yu, 2012). Due to the complexity of —in-situ
sound scattering within mesopelagic scattering layers we cannot rely on a priori assumptions about
cluster shape or density. Instead, we rely on automated approach to detecting noise, or outliers in

our data.

The aim of this study is to improve the precision of acoustic measurements of mesopelagic fish
within deep sound-scattering layers. In the context of this study, the goal of precise measurements
is to reduce the variation surrounding the mean value of target strength among individuals and
identify any patterns of systematic bias at the survey level. The recent adoption of broadband
echosounders offers a promising approach to improve target measurements, which requires further
investigation into the source of frequency-dependent target measurements. Using lowered acoustic
probe measurements, we demonstrate how the inclusion of anomalous target measurements within

insonified volumes can impact target strength measurements and density estimation. We present a
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detailed investigation into the potential sources of anomalous broadband target measurements,

spotlighting an unsupervised approach to outlier detection in broadband spectral data.

2.3 Methods

2.3.1 Data Collection.
Data were collected aboard the CCGS Amundsen as part of the Integrated Studies and Ecosystem
Characterization of the Labrador Sea Deep Ocean (ISECOLD) program. The survey was designed

along three transects conducted over the northwest slope of the Labrador Sea (Figure 2.1).
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Figure 2.1 Sampling region and sites in the NW Labrador Sea. Data were collected during the
ISECOLD expedition in July 2018 and 2019. Points on the map indicate mid-water trawl
sampling sites (2019) and red points indicate sites where both the mid-water trawl and lowered

acoustic probe were deployed (2018).

2.3.2 Biological Sampling

Biological samples were collected at 5 stations in 2018 and 10 stations in 2019 using a modified
Isaac Kidd Midwater Trawl (IKMT). The net has a 9 m? rectangular opening with forward mesh
size of 11 mm and a 5 mm codend. At each station, the net was lowered at 2 m s! to a target depth,
as determined by real-time monitoring of acoustic backscatter from the hull-mounted EK60. Head-
rope depth was monitored using a high precision acoustic positioning system (Kongsberg ®) while
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the net was towed for 15-30 minutes at 1.5 to 2 m s™' through the DSL depths ranging from 360 to
540 m, as seen on the ship’s echosounder. An additional four tows were deployed ad hoc to < 100
m to confirm the presence/absence of migrating taxa. All biological samples were measured by

their wet weight to within £1 g.

Shipboard acoustic data were continuously collected with a 38 kHz hull-mounted (7 m ship’s draft)
EK60 split-beam echosounder operated at 1.204 ms pulse duration and 1000 W power at a 1000
m range. Ping rate was multiplexed with other acoustic systems to reduce interference and ranged
from 0.3 to 1 Hz. The ship’s transducers are calibrated annually following standard sphere methods

(Demer et al., 2015).

A portion of the mesopelagic organisms of the Labrador Sea conduct diel vertical migration i.e.
they ascend at dusk and descend at dawn (Figure 2.1). We thus classified the periods of the day
using three broad categories: daytime, twilight, and nighttime. While any delineation of “biological
day and night” related to solar angle is more or less arbitrary as organisms tend to track light levels
rather than solar height (Kaartvedt et al., 2019), our observations of peak sound scattering layer
migrations seen on the shipboard echosounder aligned well with the classic definition of ‘civil
twilight,” or when the solar angle falls below -6° from the horizon, henceforth defined as ‘night’.
Furthermore, we observed little to no vertical migration when the solar angle was greater than 6°
above the horizon and used that threshold to define the ‘day’ period. The intervening period, during
which organisms are visibly migrating, is defined as ‘twilight’; however, no lowered probe

measurements were made during this time.
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Figure 2.2 Relationship between solar altitude and DVM patterns observed in the Labrador Sea.
The upper panel shows the estimated solar height angle based on the location and time of day,
which is divided into three ecologically significant periods: Day (> 6°), Twilight (> -6°, < 6°), and
Night (< -6°). The red dashed line corresponds to the horizon. The lower panel shows the mean
volume backscatter strength calculated for 1-minute x 2.5 m cells. A -60 dB (upper) and -90 dB
(lower) thresholds were applied to improve visualization of the dominant scattering layer. Vertical
grey bars correspond to omitted data where CTD and net sampling operations took place.

2.3.3 Instrumentation Platform

In-situ broadband measurements were made with a wideband autonomous transceiver (WBAT,
Kongsberg ©), equipped with a downward-facing 38 kHz (ES38-18DK) split-beam transducer.
The echosounder package was mounted in a simple custom-built steel cage (dimensions 30 x 30 x
120 cm) and operated autonomously with a pre-programmed mission plan. The split-beam
transducer transmitted frequency-modulated (FM) pulses in the 35-45 kHz bandwidth to a 200 m

range. Each 1.024 ms pulse was transmitted at 450 W in 1 s intervals with an upward, linear
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frequency sweep using a ‘fast’ taper at the beginning and end of the signal. The WBAT was
calibrated at 30 m depth after the cruise using a 38.1 mm tungsten-carbide sphere following
methods outlined by Stanton & Chu (2008) and Demer et al. (2015). Frequency-dependent gain,

G(f), and beam-formation values were applied to raw acoustic data before further processing.

The probe was lowered at a rate of 80 m min™' to approximately 10 m above scattering layers
visible during real-time shipboard acquisition of the EK60. At each of the 6 stations, the probe
stopped at four depths between 10-625 m (Table 1) and remained at each depth for an interval of
200-500 pings (4-8 minutes). CTD measurements were taken at each station using an SBE 911-
plus ® and temperature and salinity profiles were used to calculate sound speed (Mackenzie, 1981)

and the coefficient of absorption (Francois and Garrison, 1982).

2.3.4 Processing of in-situ data

Data was processed through a broadband signal processing pipeline (Figure 2.3). Band-pass
filtered echoes from the WBAT were match-filtered (i.e. pulse compression) using the Echoview
© post-processing software. Target processing was done using Echoview’s wideband single target
detection algorithm and echo-traces containing three or more target measurements across multiple
pings, were automatically detected using the Echoview target tracking algorithm (see
Supplementary Table 1 for full single target detection and echo-trace selection settings). Echo-
traces meeting detection criteria were selected from a range between 3 and 50 m from the
transducer. In some cases, the effective measurement range was reduced due to high target
densities causing an attenuation of the returned signal. At each depth, TS measurements were
adjusted to compensate for depth and environmental dependent absorption values using CTD data.
For each target within an echo-trace, the TS(f) spectrum, in dB re 1 m? was calculated using the

following equation, as implemented in Cotter et al (2021a):
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TS(f) =20 10glO Vtarg + 40 loglo(rpk) + Za(f) Tpk + ZG(f) + b(d)' f) (eq- 1)

For 34 < f'< 45 kHz, where 1, is the range to the peak in the power spectrum (V), a(f) is the
frequency-dependent absorption coefficient, and b is the two-way beam pattern as a function of
angle (¢) and frequency (f). V is calculated using a fast Fourier transform (FFT) with a 0.5 m
window. Window size was selected based on the high level of classification accuracy found by
Benoit-Bird & Waluk (2020) and applied for mesopelagic organisms by Bassett et al (2020). Prior
to further analysis, TS(f) spectra were trimmed to omit 1 kHz portions at either end of the
bandwidth to proactively reduce the influence of edge effects on the Fourier transform window
(Benoit-Bird & Waluk, 2020). TS(f) curves were calculated for all target detections using 0.1 kHz

frequency resolution.
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Figure 2.3 Flowchart indicating steps taken within the broadband signal processing pipeline.

2.3.5 Detection of anomalous signals

For the detection of anomalous frequency response signals within the TS(f) spectra dataset, we
used hierarchical density-based spatial clustering of applications with noise (HDBSCAN,
Campello et al 2015). HDBSCAN is a non-parametric approach for outlier detection that
circumvents the need for determining a threshold based on the underlying distribution of the data
and has been used to identify anomalous measurements across a range of applications (Lin et al.,
2019; Wang et al., 2021; Ye et al., 2021). Embedded within the HBSCAN algorithm is a method
called ‘global-local outlier scores from hierarchies’ (GLOSH), which is particularly effective for
data that cannot be depicted in low-dimensional space. This is achieved by partitioning the data
using a k-dimension tree and can be calculated in sub-linear time (Hahsler et al., 2019). Compared
to other unsupervised outlier detection approaches, such as spectral and nearest-neighbor
approaches, HBSCAN is a relatively low computation clustering method that is suitable for
datasets containing up to 100 dimensions (Hahsler et al., 2019; ur Rehman and Belhaouari, 2021).
Importantly, the algorithm can extract ‘flat’, or stable, clusters from a data corresponding to an
infinite number of density thresholds in an unsupervised way (Campello et al., 2013). We therefore
used this approach based on the hypothesis that outliers within our dataset had an unpredictable
and stochastic distribution structure that arose from measurement errors that are inherent to in-situ
and largely unfiltered target measurements. Furthermore, we made no prior assumptions about the
amplitude or structure of the frequency response of targets. Due to the relatively narrow bandwidth
(36-44 kHz) used in this study, we also assumed there was a low likelihood in distinguishing

between taxa.
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We implemented the HBSCAN algorithm on all the frequency response curves (TS spectra)
meeting basic echo-trace criteria (Supplementary Table 1). Due to the robustness of the
HDBSCAN algorithm to large data volumes, we performed no prior feature selection on the data
and saw no difference in performance when the data were normalized. Without making
assumptions about cluster size, we used the maximum number of targets within in an echo-trace
(20) to set the sole parameter of the algorithm—minPts—which represents the minimum cluster
size and acts as a smoothing factor for the density estimates. All analysis was done on an Intel ®
19 8 core 2.5GHz CPU with 16 GB RAM running Windows 10. HDBCAN was performed using

the implementation in the R package ‘dbscan’(Hahsler et al., 2019).

Sources of anomalous signals. We investigated the impact of variability of TS(f) within echo-trace
measurements to assess the impact of measurement error due to weak signals or overlapping
targets. To do this, we calculated the complex pulse envelope, A(t)e ™ ?®) (m?) of the analytical

signal using the following equation as described in Lee & Stanton (2016):

A®) = VIROP+IHOPZ (eq.2)

whereby ‘real’ (R) and ‘imaginary’ (/) components are the coordinates representing the amplitude

and phase of the FFT used to compute the frequency response, or TS(f), of each target.

2.3.6 Density Estimates

The volumetric density of mesopelagic organisms was calculated using an echo-integration
approach (Simmonds and MacLennan, 2005). Due to the inherent challenges of echo-counting in high
density scattering layers such as the DSL (Cotter et al., 2021), we combined our in-situ TS3s
measurements with the volume backscattering coefficient (sy, m’) from the hull-mounted EK60

echosounder. Concurrent mean volume backscattering (S,, dB re 1 m™!) was calculated at probe-
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adjacent depths using the nearest post-deployment 5-minute interval. S, was used to obtain the
volume backscattering coefficient (s,, m™') which are related by S, =10 log10 (s,). Density (p,,

individuals / m?) was calculated using the following equation:

py = =2 (eq. 3)

Ops

Whereby, G, is equal to the depth-dependent mean backscattering cross section (in m?) at 38 kHz
measured by the lowered probe. The mean backscattering cross-section was calculated from the
depth-dependent linearly averaged Target Strength (dB re 1 m?). The relationship between Target

Strength and the backscattering cross-section can be expressed as:
TS =10logp0ps (eq.4)

Anomalous TS measurements, as identified using outlier detection, were removed from echo-
traces, and the resulting filtered TS, spectra (i.e., outlier removal), were used to calculate the linear
average of TS at the nominal frequency, 38 kHz (TS3s). TS3s was then calculated for each depth
interval in which the lowered probe was deployed. Our density estimates were then compared with

results from previous studies conducted in the Labrador Sea.

2.4 Results

During the expedition to the Labrador Sea, a distinct deep scattering layer was observed between
450 and 600 m, and the shipboard echosounder showed that this scattering layer migrated toward
the surface during night and descended to mesopelagic depths during the day (Figure 2.2). The
glacier lanternfish, Benthosema glaciale, was the dominant species captured by midwater trawl,

comprising 97% of fish biomass and 53% of all catch biomass.
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A total of 38,122 targets forming 6799 echo-traces were detected between ~40 m and 675 m depth
during lowered probe deployments targeting scattering layers seen on the shipboard echosounder.
Following implementation of the HDBSCAN algorithm, 64.81% of targets were grouped into a
single coherent stable cluster (Figure 2.3). A small number of target spectra (87 targets, ~0.22%)
were classified into their own discrete cluster; however, these were likely artefacts of the ‘single-
linkage’ approach whereby objects lying in the sparser regions of the density-space did not fit
within the stable cluster hierarchy. Thus, these targets were removed, and no further analyses of

these spectra were performed.

stable cluster (n=24,709)

eps value

Figure 2.4 HDBSCAN hierarchy tree. This simplified tree shows cluster hierarchy, whereby eps
(epsilon) value is equivalent to the radius associated with the density threshold. Cluster width
shows cluster wide changes across the range of eps values. Only three clusters were identified The
green box highlights the only coherent and stable TS(f) spectra among the three clusters found. By
detecting a single stable cluster, the algorithm effectively acts as a de-noising algorithm. The
frequency responses of this single stable cluster were later used to compute depth dependent TS3s.
Subsequent branches on the tree indicate data groupings within cluster 3 with weak associations
that were not identified as clusters.

In the outlier detection portion of the HDBSCAN algorithm, 35.2% of targets were identified as

outliers, which we refer to as anomalous signals within the TS spectrum. Within the entire
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dataset, anomalous-labelled targets displayed a nearly 65 dB variation in TS;3s, with stochastic nulls

of varying magnitude occurring across the 36-44 kHz bandwidth (Figure 2.4)
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Figure 2.5 Representative TS(f) spectrum measurements for anomalous and coherent broadband
signals. TS(f) spectra shown comprise a randomly sampled 1% of the total dataset. Dotted lines
show the minimum and maximum values computed from the entire dataset for noise (red) and
stable curves (blue). Grey bars indicate the portion of the bandwidth that was removed prior to
classification due to known ‘edge’ effects from the fast Fourier transform.

Comparisons of TS(f) within echo-traces showed that both anomalous and coherent spectra were
consistently found within individual echo-traces (Figure 2.5). Within the pings comprising an

echo-trace, we observed several sources of measurement error which likely contributed to
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anomalous TS(f) spectra. First, anomalous target spectra tended to occur within the first and last
measurements of an echo-trace (Figure 2.5A). In many cases, anomalous spectra were a result of
low amplitude in the frequency domain (i.e. frequency loss), such that anomalous signals were
typically weaker than coherent signals (Figure 2.5B). In other cases, the source of anomalous
signals appeared to occur when the pulse envelope of nearby targets was included in the analytical
window used in the Fourier transform (0.5 m) (Figure 2.5C), thereby reducing the average TS3g of
an echo-trace. Overall, we observed consistent differences in the total variation of TS3s, whereby
coherent target measurements (i.e. pings) varied by < 0.5 dB and anomalous target measurements

varied by up to 5 dB or more over the whole spectrum (Figure 2.5D).

41



A B C D

10 401 i 6e-04 -511
Y ! -521
— N -50 1
Eail 2 [ o, 4e-041 ¥
8: g 60 | .gl = <53 -
] ™
c ® L 3 0 544
@ 121 g 701 1 O 2e-04- ~
| -551
Probe depth = 40 m -80 1 ! . N
131, i i i - )W . 0e+001— LI -56 1
150 155 160 165 35 36 37 38 39 40 41 42 43 44 45 0.00 0.25 0.500.75 1.00
321 ] 1.0e-04 1 a5
404 » i |
=331 g ol ATl ,__ﬁ [| o 750059 .
- ‘-‘ Q 1 [ x 481
S 34 601 ¥ i = 50e-051 8
: e | $ > M
70
LaPr Y = | 25e-051 -50 1
Probe depth =200 m -801 1 i
361 ] . o Wy e . 0.0e+00{ - e
70 75 80 85 35 36 37 38 39 40 41 42 43 44 45 0.000.250.500.751.00
221 w0l | i 4 -49
Y 1 -50
= N PR i 2e-04 1
£ 231 35010 Ap < % o, -
k= = ‘ Z 51
g L™ b ~% E 3
& [ o 907 ¢ ' 5 & 1e-04- o 52
o 241 o : s
Probe depth = 250 m 7o ' 54
251 I I 1 S0 0 0e+00 : I 0 '
40 45 50 55 35 36 37 38 39 40 41 42 43 44 45 0.00 0.25 0.500.75 1.00
17.0 0.00020
230 I -46 .
—175 [ . ~ ! 0.00015-
é I 40 \\ 1 o P47
_ g £ o
>18.0 & : £ 0.000101 8
e 8 501 : | 2 " s
G » I B -
(i'd =
185 50 | a 0.00005 _
Probe depth = 575 m| | . 3, ~49
1904 F/1H SEEFERNSNEEEE NS 0.00000 | Sl &
108 110 112 114 116 35 36 37 38 39 40 41 42 43 44 45 0.0 05 1.0 15 20
Ping Number Frequency [kHz] Range [m]

anomalous (==) and coherent (=) target measurements

Figure 2.6 Examples of coherent and anomalous target measurement variation within echo-traces.
Target position within echo-traces is displayed along the range axis, or distance from transducer
of the lowered probe (A), echo-trace variation in TS3s.44 (B), complex pulse envelope (0,5, m?)
(C), and TS3g distribution (D).

When comparing all TS measurements from the survey, we found that the difference in the linearly

averaged TS3g between targets that included all anomalous signals (-45.65 dB) and the averaged
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TS3g of coherent signals only (-46.30 dB) values was relatively low (0.65 dB). However, when we
compared the potential bias of including anomalous target measurements, we found differences in
the depth distribution of this effect (Figure 2.6). During the day, averages of anomalous target
spectra were up to 2.50 dB lower than coherent spectra at mesopelagic depths, and up to 2.80 dB
higher at epipelagic depths. When compared to nighttime, we found a similar but less pronounced

effect during nighttime, whereby average anomalous signals deviated from coherent signals by up

to 1.20 dB.
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Figure 2.7 Difference of target strength between anomalous and coherent TS3g in relation to depth.
Grey points indicate the linear average of TS3s for anomalous signals, relative to the linear average
of TSz for coherent spectra (A TS3g) +/- the standard error. Black points indicate the corresponding
TS3g +/- the standard error after removing the anomalous signals.

Calculations at each lowered probe depth interval revealed a general pattern of decreasing target
strength with depth. Linear averages of TSss calculated from echo-traces with coherent TS(f)
spectra ranged from -52.98 dB (40-90m; nighttime) to -44.40 dB (575-625 m; daytime) (Figure
2.7). Density estimation using echo-integration revealed the highest densities occurred within the

DSL depths (400-600 m) during daytime (Figure 2.7). When compared to nighttime, densities in
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the DSL decreased by 2.2 individual / 1000 m?, representing approximately 85% decrease in
organisms during the nighttime. Concurrently, densities in the upper water column during the night

increased from 0 to up to 1.3 individuals / 1000 m? (Figure 7).
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Figure 2.8 In-situ average Target Strength measurements (red dots) of coherent signals measured
in day (left) and night (right) in relation to depth. Boxplots show maximum, minimum, and median
values and boxes with 25™ and 75" quartiles range.

Comparison of density estimates between using the linear average of all TS3s values before and
after anomalous signal detection yielded up to 25.9% bias of target densities during the day, and
up to 10% during the night (Figure 2.8). Within the mesopelagic zone during the daytime, the
presence of anomalous signals in the dataset would have consistently resulted in a 17-26%
underestimation of target density. The two shallowest daytime profiles led to a 19-23%
overestimation of target density. Overall, nighttime density estimates were less affected than

daytime, where anomalous target bias would have led to a 0.5-10% difference in density.
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Figure 2.9 Corresponding density of organisms calculated using the depth-dependent linear TS
values and the echo-integrated volume backscatter measured with the hull-mounted echosounder
including outlier-detection filtered values (blue) vs raw valued calculated prior to outlier detection
(orange). Percent (%) difference is calculated as the percent density difference between coherent
and unfiltered (anomalous + coherent) targets.

2.4 Discussion

In acoustic studies assessing mesopelagic resources through echo-integration, measuring depth-
dependent target strength is a critical component of estimating organism density and biomass
(Davison et al., 2015; Bassett et al., 2020; Cotter et al., 2021). In our study, we found that inclusion
of stochastic measurements in the target spectra, TSy, increases dispersion and positively or
negatively skews the probability distribution function (PDF) of TS3s within an echo-trace. Over
the entire survey, the removal of anomalous target measurements had minimal impact on the global
linear average of TS (0.65 dB); however, we observed both positive and negative bias within
sound-scattering layers at discrete depths. We further demonstrate that the inclusion of anomalous
spectra when calculating mean TS of broadband target measurements can result in up to 25%
underestimation of organism density within the mesopelagic zone. Our approach, while requiring

an understanding of measurement limitations, circumvents some of the challenges an analyst may
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face when parameterizing broadband target measurements during fisheries survey of mesopelagic

resources.

2.4.1 Comparison to other studies

Between the surface and 675 m, we found gas-bearing organism densities ranged between 0 - 2.5
individuals /1000 m*. When compared to other studies in the NW Atlantic, we found that our
density estimates through echo-integration fell within similar density ranges for gas-bearing
organisms in the mesopelagic zone (Table 2.2). Along the latitudinal gradient of studies, our
density estimates are lower than those seen further south along the North American continental
slope (Sameoto, 1988; Pepin, 2013) but are similar to those estimated at nearby latitudes (Sameoto,
1989; Klevjer et al., 2020a) and using acoustic methods in the Arctic (Dias Bernardes et al., 2020).
Therefore, these results may lend support to latitudinal impacts on the biogeography of
myctophids, which are tied to both temperature and photoperiod (Chawarski et al., 2022; Langbehn
et al., 2022). A comparison of nighttime measurements indicates that densities are highest near the
surface, whereby a large proportion of the organisms rise to feed at night (i.e. DVM). Interestingly,
the impact of TS measurement error on density estimation was reduced during nighttime,
presumably due to a vertical dispersion of organisms corresponding to migratory feeding behavior.
As concurrent measurements of organisms throughout the 24-cycle were not undertaken at a given
site, any further quantitative analysis of vertical patterns may be impeded by spatial and temporal
heterogeneity within the transect. However, based on our observations, the DSL of the Labrador
Sea appears to contain gas-bearing scatterers at 38 kHz with different diel migration strategies that

warrant further study.
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2.4.2 The source and impact of anomalous signals

In studies using continuous wave (CW,; single frequency) target measurements, TS of the
individual is considered a stochastic process with PDF from which a mean can be estimated
precisely (Korneliussen et al., 2018). In practice, this is achieved by calculating a linear average
of multiple ensonified echoes of an organism (i.e., fish track, or echo-trace). Within an echo-trace,
random TS error can be +/- 5-25% (Simmonds & McLennan 2005) due to the combined effect of
coherent and incoherent signals (Stanton & Clay 1986). In sound scattering layers, where
organisms are small and densities are high, measurement error can be difficult to account for, as
there are varying sources of incoherent signals (Kieser et al., 2005). Frequency modulated (FM;
broadband pules) signals can overcome some of the uncertainties around target measurements at
high densities due to the increased range resolution that comes with matched-filtered processing
(also known as pulse compression) (Chu and Stanton, 1998). Simultaneously, FM measurements
can also add further complexity to the considerations needed for precise target measurements,
through increased parameterization along the signal processing pipeline (Lavery et al., 2017). For
instance, if the pulse envelope of the organism exceeds the window size of the fast Fourier
transform, it can result in false estimates of the organism’s frequency response (Benoit-Bird and
Waluk, 2020). Matched-filtered signal processing can also introduce processing side lobes (Chu
and Stanton, 1998), requiring an adjustment to the tapering of the transmit signal, which can also
lead to loss of frequency content (Lavery et al., 2017). Furthermore, frequency-dependent beam
patterns can impact the frequency content, if the beam compensation model is unable to account

for target position along the edge of beam (Lavery et al., 2017).

While carrying some of the same error sources as CW measurements, our results suggest that some

components of broadband TS(f) measurement error can be reduced by manually inspecting echo
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envelopes, filtering off-axis targets, adjusting the fast Fourier transform (FFT) window, or
adjusting the parameters of target detection and echo-tracing algorithms. We observed that
incoherent TS(f) spectra within echo-traces can occur due to weak insonification of the target (i.e.
low signal-to-noise ratio), or insufficient peak separation from nearby targets or residual ringing
(Kieser et al., 2005). Typically, these occurred in the first and last measurements of the echo-trace,
suggesting that frequency-dependent beam patterns effects may have also played a role. Manual
approaches such as filtering off-axis targets can be an effective for measuring broadband TS(f) of
single targets (Bassett et al., 2020), yet on the scale of large geographic surveys, can drastically
increase the level of effort or yield low sample sizes when organisms are sparsely aggregated. As
lowered probes at sound-scattering depths also carry additional measurement constraints, such as
heave, drift, and changes in the incident angle of insonification, ideal in-situ measurements remain

elusive.

We suggest that the outlier detection approach presented here can be effectively used to refine
TS(f) spectra measurements of gas-bearing organisms at depth with a lowered broadband
echosounder. While changes in fish orientation, or tilt-angle, can modify the frequency-response
curve of fish (Forland et al., 2014), these appear to have little effect on the TS of myctophids in
the 35-44 kHz frequency range (Scoulding et al., 2015), especially under the assumption of an air-
filled swimbladder (Yasuma et al., 2010). Furthermore, model results suggest that TS for
myctophids with small swimbladders (<0.5 mm radius) is driven by volume, rather than shape or
orientation (Proud et al., 2018). This suggests that biological variation in the size or orientation of
the swim-bladder is unlikely to be the dominant factor in generating incoherent target spectra.
Therefore, the anomalous TS6-44 kHz) spectra likely originated from measurement of unwanted

echoes.
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2.4.3 Identity of scatterers

In the mesopelagic zone of the Labrador Sea, the dominant scattering group is composed of swim-
bladdered fish which have a modelled resonance peak near 18-20 kHz (Kloser et al., 2002;
Scoulding et al., 2015). Based on acoustic scattering models, it is unlikely that individual fluid-
like, or “Rayleigh” scatterers, such as crustacean zooplankton species, would be detected as echo-
traces at the 35-44 kHz bandwidth (Stanton et al., 2010). This study was part of a larger sampling
program which found, based on trawl data, that glacier lanternfish B. glaciale represented 97% of
this fish assemblage and 53% of total catch biomass. Based on these results and other acoustic
studies in this region (Sameoto, 1989; Pepin, 2013; Klevjer et al., 2020b) and elsewhere (Kloser
et al., 2016; Proud et al., 2018), we assume that gas-bearing organisms, namely fish, are the
dominant source of target measurements. From our data it is unclear what proportion can be
attributed to non-fish taxa, such as physonect siphonophores, which vary in size, distribution, and
abundance across regions. Unfortunately, we could not confirm the presence nor absence of
siphonophores because they rarely remain intact during trawling and are best observed using
optical instrumentation (Warren et al., 2001; Kloser et al., 2016). The variation (up to 10 dB) we
observed in coherent TS(f) spectra suggests that the measured organisms may experience
resonance near our measured bandwidth, an observation which is consistent with previous studies
for mesopelagic fish (Kloser et al., 2002; Scoulding et al., 2015); however, any further analysis of

the identity of scatterers based on the TS spectra is outside of the scope of this paper.

2.4.4 Vertical zonation and density of mesopelagic organisms
Following outlier detection and removal of anomalous TS(f) spectra, linear averages of TSss
ranged from -53.0 dB (40-90 m, nighttime) to -44.8 dB (575-625 m, daytime). Apart from daytime

upper mesopelagic (200-250 and 250-300 m) sampling intervals, the general trend of increasing
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TS with depth persisted throughout the water column (Figure 2.4). Probe measurements detected
no echo-traces above 200 m during daytime, whereas a total of 479 echo- traces were detected
<200m during nighttime (Figure 2.7). These findings are aligned with other studies, which find
that daytime residency of myctophids is typically within sound scattering layers below 200 m
(Proud et al., 2017; Klevjer et al., 2020a). As target strength provides a measure of acoustic size,
the vertical patterns in TS may be related to size-depth relationships which have been reported for
other pelagic species (Polloni et al., 1979; Smith and Brown, 2002; Geoffroy et al., 2016). A
previous study in the North Atlantic has shown this pattern for B. glaciale, but results were limited
to nighttime measurements in the upper 180 m (Halliday, 1970). We conducted some limited ad
hoc sampling (3 trawl deployments) to depths <100 m during DVM and found a small but
significant difference in median size of B. glaciale (0.3 mm smaller, t-test, p<0.005, n=846) when
compared to integrated trawls between the surface and 500 m. At young stages, B. glaciale rely
heavily on copepod prey, remaining near the surface before transitioning to deeper waters (Hudson
et al., 2014). Therefore, the vertical zonation in TS observed in our study may be linked directly
to ontogeny of feeding strategy. TS differences may also be related to variation at the individual
level (Proud et al., 2018) or due variation in swim-bladder morphology within the population (i.e.
an ontogenetic shift from gas to lipid-filled) (Butler and Pearcy, 1972; Scoulding et al., 2015;
Dornan et al., 2019). Furthermore, the ambient pressure at depth may increase swim-bladder
density, thereby shifting the resonance region closer to the measured bandwidth (Gode et al.,
2009). While we did not assess swim-bladder morphologies in this study, doing so could improve

our understanding of the observed TS-depth relationships.
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2.4.5 Limitations

After applying the best-known practices for broadband TS measurements, we used an outlier
detection approach in TSy spectra of broadband mesopelagic targets. We did not perform a full
investigation into the sources of anomalies in this data; however, based on the complexity of the
signal processing pipeline, further investigations are strongly recommended, particularly in the
context of mesopelagic sound-scatterers. Study of incoherent artefacts within the TS spectrum is
relatively new in the field of applied fisheries acoustics, and our data-driven approach may reduce
the burden of analysis to achieve meaningful ecological data. Overall, the results of our study align
well with target strength and density estimates from mesopelagic sound-scattering layers in the
NW Atlantic. However, our study did not include a depth-dependent calibration of the echosounder
which has been shown to overestimate TS by up to 0.5 dB at DSL depths (Haris et al., 2018).
Whilst this level of error could impact the target strength and subsequent density estimates in our
study, the effect on the positive TS-depth relationship should be negligible. We also did not account
for amplifier linearity discrepancies, which may lead to underestimation of backscatter from echo-
integration (De Robertis et al., 2019). Due to this and the potential impact of sound attenuation
within the DSL, it is possible that density estimates at the lower depth ranges in our study may

have been underestimated.

2.5 Conclusion

Acoustic studies have long dealt with varying sources of noise, including background noise and
interference in the environments which can distort echograms (De Robertis and Higginbottom,
2007; Ryan et al., 2015; Wang et al., 2016). Based on our observations of broadband measurements
within single echo-traces, our study focuses on incoherent data generated from unwanted echoes

that manifest during the measurement of target TS spectra. By removing anomalous spectra from
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echo-traces, we reduced the influence of incoherent target measurements and increased the
precision of TS3g measurements and density estimates of mesopelagic organisms. Using these
methods, we observed that TS3g generally increased with depth, which suggests that lanternfishes
in this region may be vertically structured by size to greater depths than previously observed. The
correspondingly low TS values near the surface at nighttime also suggests that smaller B. glaciale
comprise the dominant migrating signal seen on the hull-mounted echosounder. Our analytical
approach bypasses the subjective and lengthy procedure of visually identifying curve shapes or
filtering targets using pre-determined thresholds, such as range, target density, or beam position.
Our resulting estimates of target strength and density align well with previous studies in the region

and should be considered in regionalized biomass estimates in future investigations.
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Table 2.1. Sampling domain and results of target strength and density estimates using the
wideband acoustic probe. Reported TS values are equal to the linear average from echo-traces
after removing anomalous signals. Empty cells correspond to depth ranges where no echo-traces
were detected.

Time
Station Depth of # # | meanTSss |  density
Range (m) targets | pings | (dBrem') | (10°m’)
Day
1. DFO750 10-60 Day 0 243 - 0.00
1. DFO750 100-150 Day 0 319 - 0.00
1. DFO750  250-300 Day 243 272 -49.11 0.32
1. DFO750  500-550 Day 1311 355 -45.43 2.24
2. DFO3 10-60 Day 0 230 - 0.00
2. DFO3 100-150 Day 0 255 - 0.00
2. DFO3 250-500 Day 998 260 -49.61 1.17
2. DFO3 500-550 Day 1730 467 -45.36 1.30
3. DFO5 40-90 Night 543 275 -52.98 1.32
3. DFO5 100-150 Night 248 364 -52.23 0.39
3. DFO5 250-300 Night 361 400 -50.12 1.19
3. DFO5 400-450 Night 326 216 -47.54 0.36
4. DFO7 20-70 Day 0 274 - 0.00
4. DFO7 200-250 Day 245 289 -48.64 0.29
4. DFO7 400-450 Day 1084 280 -46.21 2.54
4. DFO7 575-625 Day 1252 300 -44.40 0.59
5. DFO8 20-70 Day 0 290 - 0.00
5. DFO8 250-300 Day 523 414 -48.34 0.03
5. DFO8 475-525 Day 1137 363 -45.69 0.88
5. DFO8 625-675 Day 1317 410 -44.80 0.56
6. DFO9 20-70 Night 0 313 - 0.00
6. DFO9 200-250 Night 276 322 -49.14 0.20
6. DFO9 450-500 Night 797 380 -46.16 0.45
6. DFO9 600-650 Night 935 380 -44.79 1.01
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Table 2.2. Comparison with myctophid densities estimated in other studies of the Northwest
Atlantic and Labrador Sea. Ranges of estimates are due to vertical differences (this study), diel
differences (Sameoto, 1988, 1989), geographic differences (Pepin, 2013), or the inclusion or
exclusion of larger myctophids from estimates (Klevjer et al., 2020b).

Density Depth
Study Region range | Method
[107 ind.-m?]
[m]

Sameoto (1988) Nova Scotia Slope 5.8 0-1000 | BIONESS vertical trawl
Sameoto (1989) Davis Strait 1.7-1.8 0-1000 | BIONESS vertical trawl

SW slope of the Labrador Echo integration + Oblique
Pepin (2013) 39-129 0-750

Sea trawl
Klevjer et al. Central-Eastern Labrador .

1.15-17.5 0-1000 | Oblique trawl
(2020) Sea
Cotter et al. New England Continental ) .
0-5 0-800 | In-situ TS and echo-integration

(2021) Slope
Bernardes et al. ) _

Svalbard 0-2.5 0-600 | In-situ TS and echo-integration
(2020)

NW slope of the Labrador ) _
This study . 0-2.5 0-675 | In-situ TS and echo-integration

ea
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2.6 Supplemental Tables & Figures

Supplementary Table 1. Single target and fish tracking settings used in Echoview.

Single Target Detection Settings

TS threshold (dB)

pulse length determination level (dB)
min. normalized pulse length

max. normalized pulse length

min. target separation (m)

60

Fish Tracking Settings

Major Axis Minor Axis
Alpha: 0.7 0.7
Beta: 0.5 0.5

Target Gates Exclusion Distance:

4 4

Maximum gap between pings =
Minimum number of targets in track=

Minimum number of pings in track=

Range
0.7
0.5

0.5



Supplementary Table 2. Catch composition from 15 Isaac-Kidd Midwater trawl deployments
conducted in 2018 and 2019.

Group Order Family Species Biomass (g) Zl)mndance
Fish Myctophiformes Myctophidae Benthosema glaciale 7529 4384
Fish Stomiiformes Gonostomatidae Cyclothone microdon 10 38
Fish Argentiniformes Bathylagidae Bathylagus euryops 140 22
Fish Myctophiformes Myctophidae Lampanyctus macdonaldi 85 15
Fish Myctophiformes Myctophidae Lampadena speculigera 184 12
Fish Stomiiformes Stomiidae Stomias boa 65 9
Fish Arctozenus risso Paralepididae Arctozenus risso 110 4
Fish Anguilliformes Nemichthyidae Nemichthys scolopaceus 98 1
Fish Scorpaeniformes Liparidae Liparis fabricii 1 1
Fish Pleuronectiformes  Pleuronectidae Reinhardtius hippoglossoides 1 2
Fish Myctophiformes Myctophidae Protomyctophum arcticus 1 1
Fish Stomiiformes Stomiidae Borostomias antarcticus 10 1
Crustacea Euphausiacea Euphausiidae Meganyctiphanes norvegica 475 1410
Crustacea Decapoda Sergestidae Sergestes arcticus 731 1133
Crustacea Amphipoda Hyperiidae Themisto sp. 88 557
Crustacea Decapoda Sergestidae Sergia robusta 238 403
Crustacea Lophogastrida Gnathophausiidae Gnathophausia zoea 124 172
Crustacea Decapoda Acanthephyridae Acanthephyra pelagica 274 93
Crustacea Calanoida Euchaetidae 1 51
Crustacea Decapoda Pasiphacidae Pasiphaea multidentata 7 30
Crustacea unknown 1 5
Crustacea Cypridinidae Gigantocypris Gigantocypris muelleri 2 1
Crustacea Mysida Mysidae Boreomysis tridens 1 1
Molluscs Oegopsida Gonatidae Gonatus sp. 143 58
Molluscs Pteropoda Clionidae Clione limacina 10 33
Molluscs Pteropoda Limacinidae Limacina sp. 1 8
Gelatinous Aphragmophora Sagittidae 1372 2407
Gelatinous Cydippida Pleurobrachidae 108 113
Gelatinous unknown 583 110
Gelatinous Beroida Beroidae Beroe sp. 50 30
Gelatinous Coronatae Periphyllidae Periphylla periphylla 1632 15
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Chapter 3. Evidence of temperature control on mesopelagic fish and zooplankton
communities at high latitudes

This chapter formed the basis of the publication:

Chawarski, J., Klevjer, T. A., Coté, D., & Geoffroy, M. (2022). Evidence of temperature control on
mesopelagic fish and zooplankton communities at high latitudes. Frontiers in Marine Science, 9.

https://doi.org/10.3389/fmars.2022.917985
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3.1 Abstract

Across temperate and equatorial oceans, a diverse community of fish and zooplankton occupies
the mesopelagic zone, where they are detectable as sound-scattering layers. At high latitudes,
extreme day-night light cycles may limit the range of some species, while at lower latitudes
communities are structured by dynamic ocean processes, such as temperature. Using acoustic and
oceanographic measurements, we demonstrate that latitudinal changes in mesopelagic
communities align with polar boundaries defined by deep ocean temperature gradients. At the
transition to cold polar water masses we observe abrupt weakening and vertical dispersion of
acoustic backscatter of mesopelagic organisms, thereby altering the structure of the mesopelagic
zone. In the Canadian Arctic, we used biological sampling to show that this boundary is associated
with a significant change in the pelagic fish community structure. Rapid ocean warming projected
at mesopelagic depths could shift these boundaries with far-reaching effects on ecosystem function

and biogeochemical cycles.

3.2 Introduction

At mid-latitudes, the mesopelagic zone (i.e. depths ranging from 200 - 1000 m) houses
communities of macrozooplankton and micronekton (Irigoien et al., 2014; Sutton et al., 2017)
which occur in localized biomass peaks below the sunlit waters (Bianchi et al., 2013). As mid-
trophic level organisms, many species in these communities link primary and microbial production
with higher trophic levels, including megafauna (Lehodey et al., 2010; Choy et al., 2016; Bode et
al., 2021; Schaber et al., 2022). Due to their nocturnal feeding migrations to surface waters,
mesopelagic organisms also play an active role in the biological carbon pump (Davison et al.,
2013; Irigoien et al., 2014). Global biomass estimates put mesopelagic fish resources between 2-

20 gigatonnes, or roughly 100 times more than the annual catch of all other fisheries combined
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(Hidalgo and Browman, 2019). For a large portion of the global oceans, this mesopelagic biomass,
measured as deep sound-scattering layers (DSLs), is dominated by lanternfishes and other low
light adapted species (Catul et al., 2011). However, at high latitudes extreme seasonal variation
and productivity sustains mostly polar-adapted organisms with unique life-history strategies and

migration behaviors (Knutsen et al., 2017; Geoffroy et al., 2019; Vedenin et al., 2020).

Toward the poles, marine ecosystems are heavily influenced by seasonality, with extreme variation
of light and sea surface temperature over the year. While temperature has direct effects on
physiological rates (Gillooly et al., 2001), light influences the ecology of vertically migrating
plankton and fish, with critical impacts on their predation and survival (Kaartvedt, 2008;
Ljungstrom et al., 2021). According to prevailing ecological theory, diel variation in light explains
the horizontal distribution range of vertically migrating mesopelagic fish, such as lanternfish
(family Myctophidae) (Langbehn et al., 2022). Under this theory, the extreme light regime
presented at high latitudes, with periods of constant illumination and constant darkness, hinders
the establishment of viable populations of mesopelagic fish toward the poles (Langbehn et al.,
2022). Polar and equatorward mesopelagic communities should thus vary considerably in their
structure and functioning along the gradient of seasonal light availability. Yet, observational
challenges to studying mesopelagic systems at high latitudes leave it unclear if transitions in
mesopelagic structure occur gradually across photoperiod gradients or are constrained by other

occan processces, such as temperature.

Temperature is a dynamic ocean variable that influences marine community structure on global
scales (Hoegh-Guldberg and Bruno, 2010). In ectotherms, metabolism is universally temperature-
dependent (Gillooly et al., 2001; Bruno et al., 2015), and because metabolism fuels all organism

processes and activities, temperature constraints scale from individual processes to species

64



interactions (Rall et al., 2010) and ecosystems (Lopez-Urrutia et al., 2006). Temperature thus
shapes ecological communities and influences properties of the environment, including, for
example, carbon remineralization depths (Boscolo-Galazzo et al., 2018, 2021). Temperature may
also modulate both food demand and availability, altering the biological profile of the pelagic
realm. As we currently lack comprehensive knowledge of the life-history of mesopelagic fishes
(and their thermal tolerances), predictions of community-wide response to environmental change

remains limited, particularly in poleward systems.

The relative importance of environmental gradients, such as photoperiod (Kaartvedt 2008) and
temperature (Proud et al., 2017) or mesoscale features (Gode et al., 2012) to changes in
mesopelagic community structure are uncertain. Acoustic measurements of backscatter enable
mapping of the ‘biological profile’, revealing the distribution of pelagic macrozooplankton and
micronekton throughout the water column (Benoit-Bird and Lawson, 2016). In this study, we use
hull-mounted echosounders and ADCPs lowered in the water column along transects crossing
polar fronts in both the Eastern Canadian Arctic and Southern Ocean to assess the impact of
temperature boundaries on the distribution of mesopelagic organisms. We demonstrate that
poleward dispersal of the globally coherent DSL is aligned with basin-scale mesopelagic

temperature boundaries.

3.3 Materials & Methods

3.3.1 Acoustic Data

Shipboard acoustics were collected by two vessels during different sampling campaigns
(Supplementary Fig. 1). In the Canadian Arctic, data were collected aboard the research icebreaker
CCGS Amundsen during the Integrated Studies and Ecosystem Characterization of the Labrador

Sea Deep Ocean (ISECOLD) cruise in July and August 2018. In the Southern Ocean, data were
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collected in February 2008 along the 30°E section aboard the Norwegian research vessel G.O. Sars.
Shipboard measurements from both cruises were made using an EK60 38 kHz scientific

echosounder calibrated using the standard-sphere method (Demer et al., 2015).

The lowered acoustic Doppler profilers (LADCP) were mounted on CTD-rosettes and lowered to
within 5 m of the bottom. The 300 kHz LADCP data in the Canadian Arctic were collected aboard
the CCGS Amundsen during the ISECOLD (2018 and 2019 cruise), the Department of Fisheries
and Oceans Canada Atlantic Zone Offshore Monitoring Program (AZOMP) in 2019, and the
Takuvik Green Edge expedition to Baffin Bay in 2016. Data for these expeditions were available
from the Polar Data Catalogue hosted by the Canadian Cryospheric Information Network (CCIN)
(Forest et al., 2020). LADCP data for the Southern Ocean were downloaded from the National
Centers of Environmental Information (NCEI) database (Firing et al., 2019) and were available

from sections in 2005, 2007, 2008, and 2014.

3.3.2 CTD profiles

Temperature and salinity profiles for the Canadian Arctic were collected from the CCGS
Amundsen during the 2016, 2018 and 2019 campaigns using a Seabird © SBE 911+ deployed
concurrently with the LADCP. Additional profiles from 2014 were downloaded from the Clivar &
Carbon Hydrographic Data Office (CCHDOQO) database (Lee and Gobat, 2020). Temperature and
salinity for the Southern Ocean from 2008 were also collected using a Seabird © SBE 911+ with
concurrent LADCP measurements and were downloaded from the CCHDO database. (Speer,

2020)

3.3.3 Data processing
Backscatter from shipboard echosounders (Sy, dB re 1 m™) was calculated according to

MacLennan et al. (2002). Sound-speed and absorption were calculated from CTD data

66



(Mackenzie, 1981) and applied to backscatter values. For display purposes, -60 to -87 dB range

was applied to the data to highlight the dominant mesopelagic signal.

Backscatter from LADCP units was calculated according to Mullison (Mullison, 2017) (eq. 1) with
factory supplied calibration constants per beam. Vertical profiles of sound-speed and absorption
were calculated from the concurrent CTD profiles and were used when converting the LADCP

counts to (relative) backscattering values.

Syt ag=C+1010g 10((T y+273.16) R*)— Ly — P pyy+2 @R+ 10log 10 (105510 1) (eq. 1)

where C is an instrument specific constant, T is the temperature at the transducer (in °K), R is the
along-beam range to the measurement, Lpg,, 1S 10log;otransmit pulse length in meters, Ppgy, 1S
10log,, transmit power in watts, o is the acoustic absorption (in dB m™), E is the echo strength (in
counts), E; is received noise (in counts), and k¢ is the Returned Signal Strength Indicator (RSSI)
slope, a beam specific constant relating amplitude counts to the decibel scale. For Canadian Arctic
data, we used factory supplied calibration constants and for the Southern Ocean data we used a
generic instrument value of 0.45 dB count ™. The high levels of sound-absorption at 300 kHz means
that a hull-mounted transducer will have a very limited observational range before the signal from
organisms drops below the noise-level. As backscatter is largely dependent on organism size;
organisms much smaller than the wavelength (4.5 mm at 300 kHz and 1500 m s! sound speed)
will give very little echo. Thus, the deployment of high-frequency acoustic equipment on a lowered
platform, such as the CTD, enables observation of relatively small, weakly scattering animals at

depths that surpass the range and vertical coverage of high frequency hull-mounted sounders.

The Gini index is a metric used to quantify resource inequalities (Gini Index, 2008), ranging from

0 for a perfectly evenly distributed resource to a value of 1 for maximum inequality. We here use
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the Gini index to quantify the level of uniformity of backscatter within the vertical domain i.e., a
high index will reflect that much of the backscatter strength originates from a discrete scattering
layer. To minimize influence of changes stemming from diel vertical migration, nighttime data
were omitted whereby only casts when the sun was >6 degrees above the horizon were used. Gini

indices were calculated for each vertical profile using the R package ‘ineq’ (Zeileis, 2014).

3.3.4 Biological Sampling

Mesopelagic fish were captured at 26 stations aboard the CCGS Amundsen using an Isaac-Kidd
midwater trawl (IKMT) in 2020-2021 (Supplementary Fig. 2). The net had a 13.5 m? (4.5 m x 3
m) aperture and was equipped with a 3/4 inch stretched forward mesh and a ' inch stretched
codend mesh. Tows were performed obliquely at a speed of 2-3 m/s to depths ranging between
100 and 800 m to match the depth of the acoustic scattering layers. Catch was sorted to species,
where possible. No net data were available across the polar front in the Southern Ocean and hence,

community analysis was restricted to the Canadian Arctic in this study.

3.3.5 Community Analysis

To compare the assemblage structures of adult fishes captured at mesopelagic depths on either side
of the polar front, multivariate analysis was performed using the ‘vegan’ R package (Okansen et
al., 2020). To reduce weighting of the dominant family Myctophidae, data was standardized using
a Wisconsin double standardization and square root transformed. Similarity matrices of the
abundance of mesopelagic fish across sites were then constructed using a Bray-Curtis Index (Bray
and Curtis, 1957). In our final analysis, we used a family level taxonomy and omitted records
containing singular occurrences of species, which were associated with coastal assemblages. An

analysis of similarity (ANOSIM ; (Clarke, 1993) was performed on the resulting dissimilarity
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matrix to statistically evaluate community differences on either side of the polar boundary. Non-
metric multidimensional scaling (nMDS) was used to provide a two-dimensional visual

representation of fish assemblage structure.

3.4 Results

3.4.1 Changes in fish communities across temperature boundaries

In both the northern and southern hemispheres, backscatter decreased by up to 97% when crossing
the boundaries of distinct polar and subpolar water masses in the upper mesopelagic zone (Fig. 1).
This pattern emerged from acoustic data, continuously recorded on transects crossing these
boundaries, at 38 kHz, a frequency efficient at detecting swim-bladdered fish. In the Canadian
Arctic, the disruption of the deep-scattering layer occurred in the Davis Strait (~ 66° N) at the
interface between Arctic intermediate water and the West Greenland Irminger Current (Curry et
al., 2014), known as the West Greenland Polar Front. Mesopelagic (200-1000m) temperatures in
the Labrador Sea ranged from 4-5° C and decrease to 1-2° C in Baffin Bay. In the southern
hemisphere, the disruption of the deep-scattering layer occurred along the Antarctic Polar front,
where Antarctic intermediate water and upper circumpolar deep water converge (Orsi et al., 1995).
Here, mesopelagic temperatures decreased more gradually with latitude and ranged from 2.5-3.5°

C north of the polar front and dropped to approximately 2° C south of the front.
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Figure 3.1 38 kHz acoustic backscatter across polar transition zones. Backscatter volume strength
(Sy, dbre 1 m™) collected during a latitudinal transect crossing the Arctic Circle in the Davis Strait
(A) and the Antarctic sub-polar current (B). Echograms display acoustic backscatter calculated for
1 km long x 2.5 m deep intervals. Upper and lower thresholds of -87 to -60 dB were applied to
facilitate visualization of the deep-scattering layers. Solid grey and red dashed lines represent Sy
of upper water column (0-750 m) and a two-sided 25 km moving average, respectively.
Temperature panels show mean +/- standard deviation of temperature in the mesopelagic zone
(200-1000 m). Dotted blue line in left map panel indicates the position of the Arctic circle and
solid blue line in right map panel indicates the Antarctic polar front.

A total of 1620 mesopelagic fish were captured in the Canadian Arctic in 2020-2021. The family-
level community analysis showed that sites across the West Greenland polar front, distinguished
by the deep water masses of the Labrador Sea and Baffin Bay, had significantly different fish
communities (ANOSIM, R=0.67, p=0.001). P-value is based on 999 permutations. The resulting
nMDS plot (Fig. 2) revealed all but one sites grouped according to their positions relative to the

polar front. South of the front, the fish community in the Atlantic waters of the Labrador Sea was
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characterized by a combination of four major fish families: Myctophidae (lanternfishes),
Stomiidae (dragonfishes), Gonostomatidae (bristlemouths), and Bathylagidae (pencil-smelts).
North of the front, the fish community in the Arctic waters of Baftin Bay was characterized by the
families Gadidae (cods) and Liparidae (snailfishes). While there was a significant difference in
overall community structure, a small number (n=40) of Benthosema glaciale were captured in the

cold waters of Baffin Bay.
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Figure 3.2 Family-level fish community response across the West Greenland Polar Front in the
Canadian Arctic. Ordination plot using non-metric multidimensional scaling (nMDS,
stress=0.057) of IKMT adult fish captured in the Canadian Arctic. Each sample (yellow) represents
an individual site. Colored ellipses are computed to enclose all points along the boundary of groups
representing fish families found in the Labrador Sea (red) and Baffin Bay (blue). Families (and
representative images) are plotted as centroids and are computed as the weighted average scores
in the ordination space.
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3.4.2 Poleward changes in vertical structure of mesozooplankton

High frequency LADCP profiles, at frequencies suitable to detect mesozooplankton down to ~0.5-
1 cm in size, revealed a similar poleward reduction in backscatter in the mesopelagic zone (Fig.
3A, B). These profiles further highlighted a concurrent shift in the dispersion of backscatter below
the photic zone, through the meso- and bathy- pelagic water column (Fig 3 C, D). Using the Gini
inequality index (Gini Index, 2008), which is independent of the coincident reduction in relative
backscatter levels (Sy [rel, dB re 1m']), we found biological backscatter in subpolar waters to be
concentrated within a deep-scattering layer (high inequality). In contrast, in polar waters we
observed a consistently uniform distribution of organisms in the water column. In both
hemispheres, our observations were strongly tied to water masses on either side of the polar front

(Fig. 3.3 E, F).
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Figure 3.3 LADCP backscatter and Temperature-Salinity plots profiles across polar transition
zones. 300 kHz LADCP profiles from the deep basins of the Labrador Sea in 2018 and 2019 and
Baffin Bay in 2016 (A) and 150 kHz LADCP profiles along the southern transect (30°E line in
2008) across the Polar Frontal Zone (PFZ) (B). Vertical LADCP profiles in the Southern Ocean
are presented as average backscatter per decimal degree. Vertical LADCP profiles in the Labrador
Sea and Baftin Bay are presented as averages (solid lines) and 95% confidence intervals (dashed
lines and grey shading). The corresponding Gini Index between 200 m depth and the seafloor for
all stations deeper than 1500m along the northern transects (C) and corresponding Gini Index
between 200-3000m for all stations in the Southern Ocean (D). Temperature-salinity diagrams
from concurrent measurements in the Canadian Arctic (Baffin Bay/Labrador Sea) (E) and the
Southern Ocean (F).

3.5 Discussion
The poleward dissolution of the deep-scattering layer (DSL) and subsequent dispersion over the
water column clearly aligns with deep temperature boundaries (i.e., polar fronts) between basin-

scale oceanographic regimes. In both hemispheres, the high-latitude change in mesopelagic
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structure coincides with boundaries between previously defined biogeographical provinces
(Longhurst, 2007; Sutton et al., 2017). In the northern hemisphere, changes in backscatter
occurred near the Arctic circle (66° N) where photoperiod should begin to limit the success of low-
light adapted lanternfishes (Kaartvedt, 2008; Ljungstrom et al., 2021), yet the boundary also
occurred directly at the transition between warm and cold basin waters (Fig. 1). In the southern
hemisphere, similar changes occurred along the Antarctic polar front, roughly 1700 km north of
the Antarctic circle where photoperiod is presumed to constrain certain species. Together, these
observations lend support to the idea that temperature plays a key role in structuring mesopelagic
communities. We show that at high latitudes both the absolute levels of backscatter in DSLs, as
well as the relative proportion of total mesopelagic backscatter found inside DSLs, are reduced.
At lower latitudes, studies (Irigoien et al., 2014; Pefia et al., 2014; Davison et al., 2015) implicitly
suggest that a high proportion of pelagic biomass of micronekton and zooplankton are found within
scattering layers, whereas our observations suggest that at high latitudes, the biomass is more
evenly distributed over the water column (Fig. 3). We call this effect the vertical dispersion of
biomass, and note that it is likely to result in very different vertical patterns of intra- and
interspecific interactions, i.e. vertical patterns of ecology. It remains unclear if the observed
correlation between temperature and vertical dispersion is due to an altered prey field or
physiological limitations of certain species; however, the outcome likely yields a major shift in

resource partitioning, active carbon export, and overall ecosystem function.

Among DSLs in mid to high-latitude oceanic systems, a large proportion of 38 kHz acoustic
backscatter is attributed to swim-bladdered fish (Irigoien et al., 2014), but due to a potential shift
in swim-bladder morphology, interpretations of weakening of mesopelagic backscatter as

indicative of biomass decreases across such boundaries can be misleading (Dornan et al., 2019).
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However, the same pattern observed here was also evident in higher frequency backscatter (300
and 150 kHz). Higher acoustic frequencies detect smaller components without air-inclusions, such
as euphausiids and larger crustaceans, and are less prone to be affected by resonance effects that
can bias density estimates (Stanton et al., 2010). The strong agreement between low and high-
frequency acoustics suggests that the abrupt transition in total backscatter at the West Greenland
Polar Front reflects a change in communities and/or a reduction in abundance of larger metazoans.
This conclusion is supported by our catch data, which revealed that in the Canadian Arctic, the
dispersion of the DSL is mirrored by a transition in the mesopelagic fish community. In the warmer
waters of the Labrador Sea, the mesopelagic fish assemblage contains a variety of families, each
with different adaptation to deep oceanic waters. Unlike single species dominated systems, the
diversity of fish families present in the mesopelagic zone is likely to enhance community tolerance

to environmental change (Lindegren et al., 2016).

The glacier lanternfish Benthosema glaciale (family Myctophidae) was the most abundant fish
species in the Labrador Sea. Their populations are predicted to decrease steadily along a latitudinal
photoperiod gradient (Langbehn et al., 2022). Since this species is a significant contributor to
acoustic sound scattering throughout the northern hemisphere (Pepin, 2013; Klevjer et al., 2020b),
we expected to see a similar gradual dissipation of the DSL with latitude. This prediction is
somewhat in line with previous findings which document Benthosemas' occurrence above the
Arctic circle, albeit in low numbers (Jensen, 1948; Jorgensen et al., 2005). However, our study
rather demonstrates a drastic reduction in Myctophidae abundance north of the polar front, at least
in the Canadian Arctic, which implicates other environmental drivers such as temperature.
Moreover, the absence of larval specimens in previous surveys suggests that a component of its

life-history may be inhibited by polar conditions, at least in the eastern Canadian Arctic (Sameoto,
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1989). Nonetheless, there is evidence that pelagic physical boundaries (i.e., fronts) are frequently
permeable to individual species. Due to their size and limited swimming capabilities, many
lanternfishes are considered passive drifters, subject to advective dispersal in ocean currents
(Kaartvedt et al., 2009). Therefore, their presence in small numbers in the Canadian Arctic is most
likely due to the minor inflow of Atlantic-origin water entering Baffin Bay along Greenland’s
coast. In the European Arctic, where the volume of Atlantic water inflow is much higher, transient
Atlantic origin DSLs have been observed in the Arctic Ocean (Geoffroy et al., 2019; Priou et al.,
2021; Snoeijs-Leijonmalm et al., 2022). Despite growing documentation of these DSLs
permeating the Artic water, there is little to suggest that boreal fish populations forming these
scattering layers can sustain themselves long enough to considerably alter the mesopelagic

ecosystem.

While many of the species of mesopelagic fish in the southern hemisphere differ from those in the
northern hemisphere, a similar family-level assemblage forms the subpolar DSL (Escobar-Flores
et al., 2020). Therefore, we suggest that the overall fish community function and its resulting
sensitivity to temperature is similar to that seen in the north. A study highlighting latitudinal effects
on body size of mesopelagic fish (following Bergmann’s rule) found that the thermal range limit
of small lanternfishes with a maximum size of ~50 mm is 2.5° C (Saunders and Tarling, 2018).
Perhaps without coincidence, our observed backscatter boundary occurs at this same temperature
in both hemispheres (Fig. 1). As body size is critical in both metabolic constraint and feeding
behavior, certain large bodied lanternfish have seemingly overcome this temperature constraint by
feeding on larger, energy rich prey such as krill (Saunders et al., 2019) whilst simultaneously
relying on mass immigration from warmer waters to sustain their populations (Saunders et al.,

2017). While the dissolution of the DSL in poleward waters has been previously reported in the

76



Southern Ocean (e.g., Escobar-Flores et al., 2020; Dornan et al., 2022); the relationship of this
phenomenon to environmental variables and feeding guilds has remained uninvestigated.
Furthermore, the similar shift in vertical structure of larger metazoans in both hemispheres lends

further support to a significant shift in the ‘biological profile’ of the water column.

3.5.1 Enhanced connectivity in a warmer ocean and stability of temperature boundaries

Our estimates of the vertical distribution of zooplankton and fish using an LADCP offer clues to
the overall functioning of the pelagic ecosystem (Ressler et al., 1998; Burd and Thomson, 2012).
By using high frequency lowered acoustics, we captured a snapshot of the daytime vertical
distribution of larger metazoans (down to ~0.5-1 c¢m in size). Differences in the biological profile
of across water mass boundaries, such as reduced backscatter (lower Sy (rel, dB)) and increased
dispersal (low Gini index) suggest important changes in organic flux pathways. For instance, high
biomass within the mesopelagic zone can lead to increased recycling of particulate (Henson et al.,
2012), and a greater depth and magnitude of carbon re-mineralization (Marsay et al., 2015). In
addition to a shift in biomass distribution, different mesopelagic communities across the fronts can
also modify the carbon export rate and transfer efficiency due to variation in size, ontogeny, and
behavior (Vedenin et al., 2020; Saba et al., 2021). This shift in mesopelagic functioning is further
supported by studies showing distinct biogeochemical signatures with different carbon export

regimes across polar boundaries (Vichi et al., 2011; Fan et al., 2020).

These temperature boundaries where the backscatter and dispersion of mesopelagic organisms
changed were located at different latitudes (and light regimes) in each hemisphere and the overall
stability of these boundaries remains unclear. Our high frequency LADCP measurements suggest
that the pattern of vertical distribution across the polar front was consistent over several years in
the Southern Ocean (Supplementary Fig. S3). Using 38 kHz measurements from 2010, Escobar-
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Flores et. al (2020) report a similar boundary seen at the Antarctic Polar front (APF) (~ 63° S) in
the New Zealand sector of the Southern Ocean. Together, these findings suggest that temperature
control in the mesopelagic zone may be a circumpolar phenomenon in the southern hemisphere.
In the Indian Ocean sector, poleward displacement of the APF is linked to inter-annual changes in
large-scale ocean circulation patterns (Kim and Orsi, 2014), such as the Southern Annular Mode
(Gille, 2014). While the Antarctic circumpolar front is largely regulated by seafloor topography
(Freeman et al., 2016), new evidence of past frontal movement may shift the existing paradigm of

front stability (Civel-Mazens et al., 2021).

There have been considerably fewer investigations into variations in the West Greenland polar
front; however, its stability will likely depend on the rate and volume of Atlantic water entering
the Arctic through various gateways. In the European Arctic gateway, observations of northward
shifts in boreal fish assemblage suggest that the movement of polar temperature boundaries are
already underway (Fossheim et al., 2015) and a similar process is therefore possible in the
northwest Atlantic. Overall, rapidly changing deep ocean temperature regimes (Brito-Morales et
al., 2020) are likely to disrupt these boundaries, with far-reaching implications for ecosystem

function and biogeochemical cycling.

3.5.2 Limitations

The study of deep-ocean pelagic communities at high latitudes using net sampling and acoustic
measurements remains a major logistical challenge. In the absence of systematic assessments at
high-latitude systems, we compiled opportunistic measurements across multiple years, survey
platforms, and instruments. Based on previously published work, we are confident that distinct
water masses exist across these boundaries and that their biological communities broadly show
predictable changes in structure and functioning in the transition to polar waters. Since our

78



measurements are constrained to months that are ice-free and have warmer sea surface
temperatures, we cannot ignore the possibilities that these boundaries may shift geographically or
may be permeable under varying seasonal conditions. At lower-latitudes, mid-trophic mesopelagic
biomass tends to respond to climate-atmospheric events (i.e. El Nifio-Southern Oscillation) in 6
month lag intervals (Lehodey et al., 2010). Overall, observations of temporal response in poleward

mesopelagic systems remain rare and our study provides a basis for further investigation.

Characterizing fish and zooplankton biomass and abundance remains a considerable challenge; net
selectivity and avoidance behavior can play a large role in biasing catch composition (Kaartvedt
et al., 2012). The unknown contribution of certain taxonomic groups to overall backscatter further
inhibits our ability to make any conclusions regarding absolute abundance or biomass across these
boundaries. For instance, smaller members of the family Gonostomatidae (e.g., Cyclothone sp.)
may be excluded by larger mesh sizes, but bear swim-bladders that may resonate at lower
frequencies, making significant contributions to backscatter (Pefia et al., 2014). Unfortunately, we
do not have biological data to match our acoustic measurements in the Southern Ocean and we
therefore rely on the support of previous studies to assess how the micronekton communities may

differ across these frontal boundaries.

Together, our acoustic and biological measurements offer a picture of the mesopelagic community
transition in polar regions, which is abrupt and clearly aligns with a steep change in temperature
between water masses. The change in mesopelagic communities across the West Greenland polar
front suggests that community structures (and subsequent function) are altered by deep (>200 m)
temperature gradients. The detailed mechanisms of how temperature drives highly complex

mesopelagic assemblages remains outside of the scope of this paper. However, our study provides

79



a basis for future investigations into the functional biogeography of mesopelagic communities and

their response to environmental forcing.

3.6 Conclusion

The high degree of similarity in both the northern and southern vertical profiles shows that the
relationship between community structure and temperature is independent of the species present
and suggests a major shift in the functioning of the upper ocean. While the change in vertical
distribution of both micronekton and plankton is clearly associated with water mass transition, we
lack a mechanistic understanding of the causes of the observed differences. Previous studies have
suggested that mesopelagic fish biomass in high latitude systems are restricted by latitudinal light
gradients (Kaartvedt, 2008; Ljungstrom et al., 2021), but empirical studies have found that while
backscatter typically drops off across these gradients (Norheim et al., 2016; Escobar-Flores et al.,
2020)), biomass of mesopelagic fish does not follow the same patterns (Escobar-Flores et al.,
2020; Klevjer et al., 2020a; Dornan et al., 2022). The front between Austral and Antarctic
mesopelagic structure, however, starts much closer to the equator than the front in the northern
hemisphere, suggesting that photoperiod is unlikely to be the only limitation to DSL forming fish
communities in polar waters. The tight coupling with temperature documented in our data suggests
that global warming will affect vertical structure and functioning of high-latitude marine

ecosystems, including at mesopelagic depths.
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S3. Additional LADCP backscatter profiles, Gini index calculations, and TS diagrams. The
patterns seen in the Atlantic sector of the Southern Ocean polar transition zone are consistent
across years and locations (A-D).
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Chapter 4. Mixing of glacial surface water increases marine snow production and alters
copepod vertical distribution

4.1 Abstract

Glacial meltwater is a major contributor to stratification in polar waters. The volume of meltwater
exported from glacial fjord ecosystems depends on glacier type, fjord topography, and circulation
patterns. Stratification from glacial meltwater input in estuaries impacts both light and nutrient
availability, altering the timing and magnitude of phytoplankton blooms. Ice conditions
surrounding the fjords of northwest Greenland can impede near-surface circulation and trap low-
density meltwater plumes, amplifying stratification. Whilst stratification is a critical process in the
initiation of phytoplankton blooms, reduced mixing can impede production, altering the formation
processes of marine snow. Here, using a combination of optical and acoustical instrumentation, we
investigated how oceanographic conditions in two adjacent fjords (Petermann Fjord and Sherard
Osborn Fjord) impacted the vertical distribution of two key components of Arctic pelagic
ecosystems: marine snow and copepods. We show that the amplified stratification, caused by ice-
damming outside Sherard Osborn Fjord, is associated with low quantities and qualities of marine
snow. By contrast, the adjacent well-mixed surface waters of the Petermann Fjord ecosystem are
characterized by high quality, abundant marine snow. We also find that copepod vertical
distribution coincides with the marine snow profiles, whereby, copepods are more evenly
distributed through a well-mixed water column and shifted toward the surface during stratification.
As ocean stratification is expected to increase in high latitude glacial ecosystems in the future,
impacts on marine snow production and grazing behavior of copepods will likely impact pelagic

predators and benthic-pelagic coupling.
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4.2 Introduction

Stratification is a key process initiating primary production because it impacts vertical gradients
in nutrient supply and phytoplankton cells (Aagaard et al., 1981). In the upper waters of Arctic
fjords, the accumulation of buoyant glacial meltwater increases stratification during warm summer
months, impacting coastal marine productivity (Hopwood et al., 2020). Depending on volume and
level of mixing, meltwater can either enhance or diminish primary production through the transport
of nutrients and sediments (Meire et al., 2017; Hopwood et al., 2020; Stuart-Lee et al., 2023).
Furthermore, the contribution of primary production to the overall biological productivity depends
not only on the level of primary production, but on the quality of sinking biogenic particulates
(Buesseler, 1998; Jackson and Checkley, 2011). Marine snow forms when living and dead biogenic
particles aggregate and are modified by a combination of biophysical processes including
microbial digestion, remineralization, and grazing (Alldredge and Silver, 1988; De La Rocha and

Passow, 2007).

While studies have begun to elucidate how marine snow abundance and morphology are tied to
environmental Arctic conditions such as sea ice break up and melting (Szeligowska et al., 2021;
Trudnowska et al., 2021), little is known about their impact on pelagic grazers. As key mediators
of energy in marine ecosystems, copepods are intrinsically linked to marine snow through their
consumption, production, and breakdown of biogenic particles (Long et al., 2007; Jackson and
Checkley, 2011; Toullec et al., 2019). During productive summer months, copepods aggregate in
the euphotic zone, where their vertical distribution is often described as a compromise between
predator avoidance and optimal feeding depth, modulated by light and primary productivity
(Longhurst, 1976). However, at fine vertical scales the relationship between copepods and sinking

marine snow is likely to vary depending on the quantity and quality of particles. For instance,
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processes such as meltwater stratification can lead to retention of particulate in surface waters,
effectively slowing particle sinking rates (von Appen et al., 2021). Within glacial fjord systems,
the additional mechanism of ice-damming, due to build up of sea-ice outside the fjord, can trap
buoyant meltwater and enhance stratification with unknown consequences to sinking particulate
(Stranne et al., 2021). As melting of the Greenland ice sheet increases the freshwater flux into the
ocean, high Arctic fjord ecosystems are becoming more stratified (Trusel et al., 2018; Ardyna and
Arrigo, 2020). The investigation of the impact of such conditions may provide early insights of

how future ocean ecosystems may respond to climate change.

Because different fjord systems experience varying degrees of freshwater influx today, due to
contrasting physical characteristics, space-for-time substitution enables insights into the impacts
of stratification on plankton dynamics. Archetypal fjords for the study of glacier-ocean interactions
are typically restricted to lower latitude Greenlandic fjords, and around Svalbard, where Atlantic
inflow water is a large contributor to basal melting and ecosystem regulation (Hegseth and
Tverberg, 2013; Weydmann-Zwolicka et al., 2021; Szeligowska et al., 2022). By contrast, fjord
systems in NW Greenland remain relatively isolated from the warm Atlantic water mass but are
strongly influenced by a dense accumulation of multi-year sea ice in the Lincoln Sea and glacier
ice (icebergs) originating from the northern Greenland Ice Sheet. Two of the largest marine-
terminating glaciers of the northern Greenland Ice Sheet, Petermann and Ryder glaciers, face
contrasting magnitudes of glacial melting due to differences in their exposure to open ocean
conditions. Sherard Osborn Fjord (SOF), home to the marine terminating Ryder Glacier, is one of
the few large outlet glaciers of the GIS which remains relatively isolated from horizontal exchange
due to the combination of bathymetry and ice damming (Jakobsson et al., 2020b; Stranne et al.,

2021). In 2019, the combined effect of unusually high atmospheric temperatures and sea-ice and
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iceberg damming process at the opening of SOF led to an amplified surface water stratification
regime (Stranne et al., 2021). In the neighboring Petermann Fjord (PF), the export of sea ice and
surface water into Nares Strait resulted in a well-mixed upper water column (i.e., 0-100 m), with
high near-surface fluorescence (Stranne et al., 2021). These strongly contrasting conditions
between two adjacent fjords provided a unique opportunity to further our understanding of

plankton dynamics in a virtually unstudied pelagic ecosystem (Kalenitchenko et al., 2019).

Increasing ocean stratification associated with rapid climate warming has growing potential to alter
productivity in Arctic waters (Wassman and Reigstad, 2011). For example, in open Arctic seas
there is growing evidence that meltwater from sea-ice can amplify stratification enough to
negatively impact aspects of ecosystem production, including the functioning of the particle pump
(von Appen et al., 2021). In glacial fjords, impacts to productivity from melting glaciers are
challenging to generalize; interacting fjord dynamics such as glacier type, circulation, turbidity,
and light can be attributed to both drastic positive and negative effects on primary productivity and
planktonic organisms (Meire et al., 2017; Szeligowska et al., 2021, 2022; Weydmann-Zwolicka et
al., 2021; Stuart-Lee et al., 2023). Particle production is a key proxy of the relationship between
glacial dynamics and pelagic productivity (Szeligowska et al., 2021, 2022; Trudnowska et al.,
2021). Recent advances in particle imaging show that particle size and shape are directly related
to Arctic bloom stages and attenuation depth, or depth where particles are consumed or re-
mineralized (Durkin et al., 2021; Trudnowska et al., 2021). Because sinking biogenic particles are
the primary source of food for secondary producers, such as copepods, differences in their
morphology can alter producer-to-consumer coupling and flux. In high Arctic environments, the

underlying drivers of different production/particle-flux states remain poorly understood.
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Copepods respond to changes in their environment by modifying their vertical distribution in the
water column (Vinogradov, 1997). The short-term responses of copepods to their environment are
associated with tradeoffs between feeding success and predator avoidance (Vinogradov, 1962;
Basedow et al., 2010). At latitudes >80°, predator avoidance strategies, such as diel vertical
migration, are considered less important in open waters due to low variability in ambient light
during summer months (Longhurst et al., 1984; Fortier et al., 2001). Therefore, during months
when primary productivity is highest, Arctic copepods will typically aggregate in the euphotic
zone where feeding opportunities are highest (Sameoto, 1984; Kosobokova and Hirche, 2000;
Blachowiak-Samolyk et al., 2007). At finer vertical scales, however, drivers of vertical distribution
are poorly understood, particularly in Arctic environments (Trudnowska et al., 2015). Within the
euphotic zone, the combination of biological and physical processes can alter chemical and optical
cues, structuring zooplankton habitats at meter level scales (Long et al., 2007; Szeligowska et al.,
2021, 2022). Despite the reliance of Arctic calanoid copepods on phytoplankton, the level of
primary productivity is not always synonymous with food quality, due to the process of particle
aggregation (Jackson and Checkley, 2011) and variation in feeding strategies among Arctic
copepods (Trudnowska et al., 2020). Consequently, grazers move toward their preferred food, such
as the particle concentration maximum, rather than the shallower production maximum (Napp et

al., 1988).

In this study, we investigated the ecological significance of vertical stratification on particle
production and the subsequent impact on the vertical distribution of copepods in the upper 100 m
of the water column in two adjacent glacial fjords. Building upon the extensive knowledge gained
about the physical environments in SOF and PF (Jakobsson et al., 2020b; Stranne et al., 2021), the

goals of this study are to investigate 1) how amplified stratification influences marine snow particle
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quantity and quality, and 2) how different particle states (i.e., particle shape and size) among fjords
impact the vertical distribution of copepods. To meet our objectives, we leveraged optical and
acoustic sampling tools to characterize marine snow and copepod distributions in the upper water
column. We hypothesize that amplified stratification reduces particle production, impacting the
distribution of detritivorous copepods. We expect differences in particle production and
morphology, leading to variation in the quality of particulate available to feeding copepods. In
waters with low particulate levels, we expect copepods to aggregate near the surface, where the

biogenic particle density maximum typically lies.

4.3 Materials & Methods

4.3.1 Study Area

The study area was located north of 80° N, between the Nares Strait and the Lincoln Sea with the
primary sampling program focused on Petermann and Sherard Osborn Fjords (Figure 4.1). The
oceanography and geomorphology of these two fjords are described in detail elsewhere (Jakobsson
et al., 2020b; Stranne et al., 2021). In brief, both fjords reach maximum depths exceeding 800 m+
and are home to marine terminating glaciers with floating ice tongues. Surface and subglacial
meltwater contribute to the outflowing current above 200 m and remnants of circulated Atlantic

water from the Central Arctic Ocean flow inward at depths below 400 m in each fjord.
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Figure 4.1 Study area and sampling sites in NW Greenland. Inset shows Northwest Greenland,
with the red box outlining the study region (Petermann and Sherard Osborn Fjords). Colored dots
show the locations of optical and acoustic sampling using the CTD-rosette, and red diamonds show
the locations of multinet sampling sites. All sampling was conducted between August 5 —
September 10", 2019 as part of the Ryder Glacier cruise.

4.3.2 Data Collection

Sampling stations (Figure 4.1) were located in Kennedy Channel — Hall Basin (KC-HB), Sherard
Osborn Fjord (SOF), the Lincoln Sea (LS), and Petermann Fjord (PF) during the Ryder Glacier
2019 cruise (August 5 — September 10th, 2019) on the icebreaker Oden led by Stockholm

University (Jakobsson et al., 2020a). At each sampling station, optical (particle imaging), acoustic,
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and biological (zooplankton) data were collected. The seasonal progression of ice conditions in
the region was qualitatively assessed using satellite imagery (MODIS Characterization Support
Team (MCST), 2017) downloaded on 01/16/23 from https://worldview.earthdata.nasa.gov/. Using
these satellite images, we describe surface sea ice extent at approximately 2-week intervals during

the cruise period.

4.3.3 Optical Data

Particle images were collected using an Underwater Vision Profiler (UVPS5, Hydroptic ©) mounted
to the water sampler rosette. The UVPS5 system detects and counts all objects larger than ~100 um
ina~1 L volume illuminated with a digital camera (Picheral et al., 2010). The system automatically
detects objects and stores vignettes of objects >80 pixels (from approximately 500 pm to a
maximum of 200 mm). For this study, the UVPS was mounted onto the rosette water sampler that
also carried conductivity, temperature, and depth sensors (CTD; SBE 911plus, Seabird Scientific,
Bellevue, WA, USA). The acquisition frequency reached up to 8 Hz. The rosette was lowered with
an average descent speed of up to 0.5 ms—1; however, speeds varied considerably during
challenging ice conditions. Due to the high levels of turbidite particle entrainment in subglacial
plumes, the UVP5 was unable to quantify particle distributions with any consistency below 100

m; therefore, our analyses are restricted to the upper 100 m of the water column.

4.3.4 Acoustic Data

Acoustic data (volume backscattering strength Sy in dB re 1 m™) for the measurement of
mesozooplankton distribution were collected using a rosette-mounted wideband autonomous
transceiver (WBAT, Simrad ©), equipped with an ES333 split-beam transducer that was mounted
horizontally relative to the rosette frame. Data were collected to 50 m range using a 0.5 s sampling

interval. Pulses were transmitted in broadband (also known as frequency modulated, FM) mode
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using a 320-420 kHz bandwidth pulse and a transmitted pulse duration of 1.024 ms and 200 W
power. Acoustic data containing biological backscatter were mostly limited to 25-100 m depth due
to inherent challenges in the sampling environment: above 25 m, measurements were contaminated
by backscatter from nearby icebergs and the air-water interface. Below 100 m, much of the
mesozooplankton data were masked by strongly scattering particulate entrained in subglacial
turbidity plumes. Each profile was smoothed using a missing value imputation and moving average
with a 30-ping window. Ping-depth intervals varied between 0.2 to 0.8 m, depending on the rosette

speed during lowering.

4.3.5 Zooplankton Data

Zooplankton samples were collected using a multinet (Hydrobios ©) deployed at 12 sampling
stations after the CTD cast to collect zooplankton at discrete depth intervals (Suppl. Figure 1). The
multinet is comprised of five nets, each with an opening of 0.25 m? and 200 um mesh that
terminates in a PVC net cup during retrieval, each net opening is closed at the desired depth by an
arrangement of spring-loaded levers which are triggered by a motor unit. An integrated pressure
sensor allows for continuous supervision of the operating depth indicated on the display of the
deck command unit. After retrieval, the net was returned to the deck, rinsed with fresh seawater,
and samples were collected from each net cup for subsequent processing in the laboratory.
Zooplankton samples were preserved in borax-buffered 2% formalin-seawater solution and later
taxonomically identified using microscopy. Samples were taken at 12 stations throughout SOF,

KC-HB, LS, and PF: seven in SOF, one in KC-HB, one in LS, and two in PF.

4.3.6 Data Analysis
Morphological analysis of marine snow. A key component to understanding the fate of

particulate carbon and food availability to higher trophic levels (i.e., copepods) involved a
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quantitative image analysis of marine snow particles in each fjord and region. Using the UVP5
image dataset for the upper 100 m of the water, images were individually classified using the
EcoTaxa web application (https://ecotaxa.obsvlft.fr/), using machine learning classifiers trained on
the GreenEdge 2016 expedition dataset from Baffin Bay (Bruyant et al., 2022) Several iterations
of subset validation and re-prediction were performed to improve automated classification. All
images in the upper 100 m were manually validated. Following methodology developed in
Trudnowska et al. (2022) and using non-living particles from the ‘detritus’ category, we selected
similar morphological features which are subdivided into four groups of key ecological
descriptors: size, shape, brightness, and structure (Supplemental Table 1). For each morphological
feature extreme feature values (0.1%) were trimmed, and those with highly skewed distributions
were normalized using log-transformation. Next, the feature dataset was scrutinized for cross-
correlation using a similarity matrix built using the Morpheus software (Suppl. Figure 2) and any
features with a Pearson correlation coefficient greater than or equal to 0.97 were removed from
the dataset. In some cases, highly correlated features (e.g. area & major axis) were retained to

maintain balance among four key ecological descriptors of marine snow (Trudnowska et al., 2021).

The final optical dataset included 6245 images of detrital particles. These images and their features
were then used in a principal component analysis (PCA). This method was used to hierarchize and
discretize the features into a lower-dimensional space to facilitate interpretation. The first 4
principal components, accounting for 83% of morphological variance, were then used to
distinguish discrete morphotypes via k-means clustering. The number of clusters was identified
using an optimization procedure, whereby varying values of k were used to compute within-cluster
sum of squares (also known as the ‘elbow- method; Thorndike 1953). All analyses were performed

using R Statistical Software (v4.2.0; R Core Team 2022). PCA and k-means clustering were
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performed using the ‘FactorMineR’ (L€ et al., 2008) and base R statistical packages. Data

wrangling and visualization was done using the ‘tidyverse’ group of R packages (Wickham et al.,

2019).

To calculate particle concentrations of marine snow for each depth profile, the sampled volume
for each 5 m interval was calculated using the image acquisition rate and descent speed of the
instrument. Because no depth trends were observed in the particle density within individual
profiles, concentrations for each profile were then integrated by dividing the total particle count

by the total sampled volume in each 100 m profile.

Acoustic Analysis. Following the expedition, the echosounder was calibrated ex-situ at the
Kongsberg testing facility using a 22 mm copper sphere and following standard spherical
calibration methods (Demer et al., 2015). Based on calibration results, data were subsampled using
a 350-380 kHz bandpass filter to avoid resonant and noisy portions of the bandwidth. Acoustic
profiles of broadband Sy backscatter were manually cleaned for noise and interference in Echoview
11 (Echoview Software Pty Ltd, Hobart, Australia), which manifested as horizontal banding, most
likely due to crosstalk interference with the 300 kHz LADCP. Corrections to sound speed,
absorption and range were made using Sy-range matrices that were temporally aligned with CTD
measurements. Finally, depth profiles of mean volume backscatter at the center frequency (365
kHz) were calculated to assess the vertical distribution of copepods. Statistical metrics of the
vertical distribution, Centre of Mass and Equivalent Area, were calculated following methods
developed in Urmy et al (2012). The suitability of this data for the measurement of the vertical
distribution of copepods was based on the acoustic wavelength at this bandwidth (~3.8-4.2 mm),

which corresponds to the typical size ranges of the dominant Arctic copepod: Calanus spp.
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Zooplankton samples. Zooplankton sampled in the shallowest depth interval (0 - 50 m) were split
twice using a Folsom splitter. Samples were then sieved from preservative formalin solution and
rinsed in freshwater, before being manually sorted into taxonomic groups. Copepods were sorted
into three major size classes: large copepods, small copepods, and nauplii. Large copepods
included the three major Calanoid copepods C. glacialis, C. hyberboreus, and C. finmarchicus as
well as Metridia sp and Euchaeta sp. Small copepods included Oithona sp., Microcalanus sp. The
nauplii group contained nauplii of all copepods. Gelatinous plankton such as siphonophores were

unable to be counted due to poor preservation.

4.4 Results

4.4.1 Seasonal Ice Conditions

During the 2019 sampling season, sea-ice break up in Petermann and Sherard Osborn Fjords
occurred on similar timescales (Figure 4.2). Beginning in mid-July, fissures began to form at the
glacial tongues and localized ocean circulation drove ice outward toward the opening of each fjord.
In Petermann Fjord, ice was eventually exported into the Kennedy Channel — Hall Basin region by
August 14th. By contrast, the large icebergs and fractured sea-ice in Sherard Osborn Fjord
remained entrapped within the fjord, staying in circulation throughout the short open-water season

(Figure 4.2).
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Petermann fjord

Sherard Osborn fjord

Figure 4.2 Satellite imagery showing the seasonal progression of ice-break up and formation in
the region surrounding Petermann and Sherard Osborn Fjords during cloud-free days. Red-dashed
lines indicate the fjord boundaries, with areas beyond the boundary covered by a floating ice
tongue.

Based on these ice conditions, it was apparent that the waters of PF were exposed to ice-free, open
water conditions for a longer period, and thus a higher level of continuous solar irradiance and
increased susceptibility to wind-driven mixing. By late August the fjord was open to the
surrounding waters, allowing for increased horizontal exchange with the Nares Strait. By contrast,

Sherard Osborn Fjord remained ice-covered throughout the study period.

4.4.2 Oceanographic Conditions

In response to these differences in ice regime and fjord circulation, PF and SOF displayed strongly
contrasting oceanographic conditions in the upper water column (0 - 100 m; Figure 4.3). Vertical
temperature and salinity profiles in SOF revealed an ‘amplified’ stratification regime, whereby
atmospherically warmed meltwater, reaching high temperatures of 3.5° C and low salinity of 15
PSU, overlaid cold intermediate waters with a maximum temperature of 0° C and low salinity of
30 PSU. Fluorescence and oxygen profiles, which can be indicative of both the level of primary
productivity and the level of aerobic respiration, also show contrasting conditions amongst the two

fjords: the magnitude of fluorescence was higher and coincided with a shallower peak in PF,
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whereas oxygen saturation within the mixed layer above 75 m reached 115% and was consistently

higher in SOF. (Figure 4.3).
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Figure 4.3 Oceanographic profiles of temperature (A), salinity (B), fluorescence (C) and oxygen
saturation (D) in the upper 100 m of the water column at Petermann (blue line) and Sherard Osborn
(red line) fjords. Bold trend lines were fitted using generalized additive models.

4.4.3 Marine Snow Morphology

Particles imaged by the UVPS5 predominantly include detrital materials (~99%), including
phytodetrital aggregates and fecal pellets, along with living organisms such as gelatinous and
crustacean zooplankton (~1%). We combined all non-living particle images into a single group,
which we refer to as ‘marine snow.” Through quantitative analysis of marine snow morphology,
we found four dominant cluster morphotypes (Figure 4.4) which varied in size (perimeter, area,
length etc.), shape (circularity), brightness (mean/median grey level) and structure (homogeneity
or heterogeneity). Type 1 consisted of large, ‘fluffy’ aggregate-like particles. Type 2 consisted of
small, circular particles. Type 3 consisted of ‘flake-like’ medium sized, irregularly shaped
particles. Type 4 consisted of large, circular particles, mostly distinguished by their darkness

relative to other groups.

103



SIZE SHAPE

o
¢
log(perimeter)
A N e
n ™ by
" <[|]_.
11
IS _I_. .
circularity
o o o =
% 8 4 8
-3

PC2 (20%)

BRIGHTNESS STRUCTURE
. W = —m=——= g0 — i
] i @
Py 340
52101 3 & : y .
@ 200 E 20
5 0 5 10 8 0 4 g H i
PC1 (41%) PC3 (13%) 0 H “
1 2 3 4 1 2 3 4
TYPE 1 TYPE 2 TYPE 3 TYPE 4
. 4 s g s
.
L » P i R
“ad . - %

o

Figure 4.4 Marine snow morphotypes. A: Principal components analysis of 19 morphological
descriptors and the results of k-means clustering (k=4) to identify morphotypes. B: Boxplots of
exemplary morphological features used to describe morphotypes showing maximum, minimum,
and median values and boxes with 25th and 75th quartiles range. C: Image mosaics containing 90
random images for each marine snow morphotype. Image contrast values were automatically
adjusted in ImagelJ software using a 0.10% pixel saturation value to improve visualization.

4.4.4 Marine Snow Quantity and Quality

Among regions, the highest particle concentrations in the upper 100 m were found in PF and the
lowest particle concentrations were found in SOF (Figure 4.5A). Regional marine snow profiles
were characterized by the proportion of each morphotype at 10 m depth intervals (Figure 4.5B).
We observed varying patterns in particle production and attenuation with depth, that appeared
consistent for each morphotype. Morphotype profiles of SOF were characterized by a high
proportion of Type 4 particles. Type 4 (dark and round) particles were associated with stations
sampled in heavy ice conditions and high volume of surface meltwater (LS and SOF) and their

relative occurrence increased with depth. Type 1 particles (large and ‘fluffy’) were found in the
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lowest abundance at SOF sites. Marine snow profiles at LS sites had similar composition to SOF;
however, there was a higher occurrence of Type 2 particles (small, round) and Types 1 and 3 were
absent in some depth horizons. At PF locations, we observed the highest proportion of Type 3
(medium sized, irregular shape) particles which attenuated with depth. PF locations had a high
proportion of Type 2 (small, round) particles, which increased in abundance with depth. The KC-
HB regional profile showed similar composition profiles as PF, despite hosting much lower
concentrations than PF. Together these profiles indicate two distinct regimes (PF, KC-HB vs SOF,

LS) in particle quality, with varying levels in particle concentrations among regions.
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Figure 4.5 Marine snow particle concentration and morphotype depth profiles in the upper 100 m
of the water column. A. Integrated water column (upper 100 m) particle concentrations for each
sampling region. Boxplots show maximum, minimum, and median values and 25th and 75th
percentile values for each location. B. Proportion of each marine snow morphotype across 10 m
depth bins in each region.
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4.4.4 Copepod community and size structure

Based on multinet sampling, copepods accounted for 97.7% of the total zooplankton abundance in
the upper 100 m. An analysis of similarity (ANOSIM) showed statistically significant differences
in the community structure of copepod size classes in the upper 100 m between fjords (R = 0.60,
p < 0.005). SOF was characterized by consistently low nauplii abundance (< 10%) and high
numbers of small copepods (~50%) (Figure 4.6). In contrast, PF had a more even distribution of
size classes, with nauplii comprising approximately 30% of the total copepod abundance. Even
though the relative abundances of copepods within each size class differed across the two fjords,

the total number of copepods (summed across size classes) was similar between fjords.
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Figure 4.6 Abundance (count per m®) of copepods sampled by multinet sites in the upper 100 m
of the water column. Colors indicate abundance per size class. Numbers below each bar indicate
the station number. Each panel represents a different sampling region in NW Greenland: KC-HB
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= Kennedy Channel / Hall Basin, LS = Lincoln Sea, PF = Petermann Fjord, SOF = Sherard Osborn
Fjord.

4.4.5 Vertical Distribution

Comparison of broadband acoustic profiles revealed distinct vertical distribution patterns among
fjords (Figure 4.7). Overall, acoustic backscatter profiles showed a general trend of attenuation of
copepod backscatter with depth. Profiles across SOF had lower variation compared than PF. Within
profiles, SOF also showed a less even distribution of backscatter (Equivalent Area = 59.3 m vs
71.0 in PF) and a shallower centre of mass (COM) of backscatter (COM = 50.7 m vs 54.8m in PF).
PF profiles were less stable in their pattern, showing a higher variation in the amplitude of
backscatter. However, in PF there was a consistently higher proportion of copepod backscatter
below 75 m. In all locations, backscatter was highest toward the surface. Low sampling effort
precluded detailed analysis in LS and KC-HB. However, patterns in acoustic backscatter in
outlying regions (LS and KC-HB) were similarly aligned to their neighboring fjords, but less

coherent (Suppl. Figure 3).
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Figure 4.7 Vertical profiles of copepod acoustic backscatter in Sherard Osborn Fjord (SOF; red
line and points) and Petermann Fjord (PF; blue line and points). Points indicate linear averages
calculated for each 5 m interval and error bars indicate +/- the standard deviation. Trend lines are
fitted using a locally estimated scatterplot smoothing (loess) function.

4.5 Discussion

Our study demonstrates that amplified fjord stratification creates distinct patterns in planktonic
assemblages. In Sherard Osborn Fjord (SOF), reduced mixing and a shallow pycnocline at 8 m
(Figure 4.3) were associated with low particle production and lower quality particles for
zooplankton grazers. Under these conditions, copepods shift their vertical distribution toward the
surface to presumably maximize their feeding opportunities while potentially incurring additional
predation pressure. By using a morphological approach to quantify marine snow, we were able to
characterize the types of particles associated with what we conclude were contrasting states of

pelagic production.
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In Petermann Fjord (PF), the well-mixed surface waters were associated with the highest particle
concentrations relative to SOF and the outlying sampling sites. The high-resolution sampling of
the UVPS5 also allowed us to observe changes in particle composition, whereby patterns of both
production and attenuation reflected distinct changes in the particle field with depth. The vertical
profiles of zooplankton acoustic backscatter indicated a corresponding shift in the habitat use of
copepods within the different particle fields of the euphotic zone. In particle depleted waters
(amplified stratification), where small and dark particle types prevailed (Types 2 and 4), copepods
were found concentrated toward the surface, where food abundance was likely highest. In contrast,
the well-mixed waters of PF showed the highest particle concentrations, weaker changes in the
vertical composition of marine snow, which were reflected by a more evenly distributed copepod

community.

We believe the high diversity of particles and lowered attenuation of Types 1 and 3
(‘“fluffy’,‘flakey’, and irregular-shaped aggregates) reflects enhanced feeding opportunities for
grazing copepods. Similarly, Trudnowska et al. (2022) found these types to be associated with late-
stage blooms in open waters in their study. The largest particles in their study were associated with
Phaeocystis blooms which contain high levels of polysaccharides, which may contribute to particle
size via agglomerative properties. While pelagic diatoms are generally considered the preferred
prey of Arctic copepods, Phaeocystis can provide sufficient nutrition for survival, despite
inhibiting reproductive success (Turner et al., 2002; Cleary et al., 2017). Our comparisons among
fjord environments revealed contrasting scenarios which may exemplify widespread conditions

seen in future Arctic marine ecosystems.
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4.5.1 Stratification limits food availability

Compared to land-terminating glacial fjords, marine-terminating fjords are generally considered
more productive due to entrainment of nutrients in meltwater plumes (Meire et al., 2017). In open
fjords, such as PF, thermal stratification can enhance primary production by trapping nutrients and
algal cells in the euphotic zone (Tremblay et al., 2015). At times, strong winds can further enhance
productivity by replenishing surface nutrients (Castro de la Guardia et al., 2019). Buoyant
subglacial plumes can also enhance the nutrient load, creating upwelled regions of high

productivity within fjords (Meire et al., 2017).

In semi-enclosed fjord systems, such as SOF, summertime discharge typically produces strong,
near-surface stratification, resulting in a shallow nutrient-poor layer which thereby limits primary
production and results in lower phytoplankton biomass distributed deeper in the water column
(Hopwood et al., 2020). Increasing meltwater volume from sea-ice and ice-damming can further
enhance this effect, creating thermohaline gradients requiring higher wind stress and turbulence to
break down. Rather than topographical enhancement, such as upwelling or resuspension seen in
other fjord systems, the lower productivity in SOF is a result of a topographic reduction in mixing
(Stranne et al., 2021). This paradigm was consistent with satellite imagery, where virtually no open
water days occurred (Figure 4.3). As a result, we observed a low fluorescence signal, low particle
concentrations, and low-quality marine snow (Types 2 & 4) for grazing copepods. While these
indices alone are not reflective of phytoplankton bloom stage (e.g., pre- or post-bloom) they do
suggest a strong temporal coupling between primary production and particle formation

(Szeligowska et al., 2022).
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4.5.1 Vertical patterns in marine snow morphology

Phytoplankton blooms in seasonally ice-covered Arctic fjords are typically dominated by diatoms,
either as senescent cells or algal aggregates (Hopwood et al., 2020). When combined with
inorganic matter, living and dead organisms, through complex biochemical processes, they form
sinking aggregates known as marine snow (Alldredge and Silver, 1988). Depending on the ratio
of biomass-to-grazing pressure, sinking particles may be fragmented into small, slowly sinking
materials or digested directly into dense fast-sinking fecal pellets (Wiedmann et al., 2016). The
attenuation and production patterns of discrete particle types through the study areas suggests not
only differences in the composition and production of marine snow, but also the result of complex
interactions between copepod feeding and fragmentation, coagulation and sinking. In our study,
we observed the strongest vertical gradients in particle types at SOF and LS (Figure 4.5), where
fluorescence was low, which suggests a higher intensity of particle consumption and fragmentation
(i.e., turnover rate). For instance, sharp vertical gradients in marine snow distributions and high
sinking rates imply short timescales of production and loss (Lampitt et al., 1993). Adding to the
complexity, the mechanisms behind particle shape formation are tied to species and context-
specific factors. For example, in certain species of phytoplankton, aggregate/colonial formation
can be impeded by intense chemical signals from grazing copepods (Long et al. 2007). Without
data on phytoplankton species composition, we can only conclude that fragmentation/consumption
of particulate was likely more efficient when food was limited (Briggs et al., 2020). This process
is best exemplified by the comparison of particle type attenuation patterns, whereby steep

morphological gradients were seen at the lowest particle quantities (SOF).

When comparing regions with similar particle concentrations but different morphology profiles

patterns (SOF, KC-HB & LS), the interpretation becomes less clear. We would expect that the
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multi-year sea ice of LS would yield the lowest particle concentrations due to reduced irradiance,
however; the comparable particle concentrations may be supported by sinking ice algae
aggregates. These results show that similar particle concentrations can exist among varying
conditions of ice cover, only varying in their morphology. Therefore, our results highlight that

particle morphology may play a larger role in ecosystem regulation than quantity alone (Cavan et

al., 2017).

4.5.2 Linking particle quality to ecology

Low-latitude studies using sediment traps have suggested that particles in the upper 100 m are
typically composed of algal-derived aggregates, non-descript aggregates and fecal pellets (Riser
et al., 2001; Goldthwait and Alldredge, 2006). Based on the correspondence of vertical patterns
between morphotype and copepod distribution, we conclude the highest quality food is
exemplified by morphotypes 1 and 3. These types were both the largest and most irregular in shape,
associated with previously described qualitative descriptors such as ‘fluffy’ and ‘agglomerated’
(Lombard et al., 2013; Trudnowska et al., 2021). Types 2 and 4 were both characterized by their
smaller size, which could be associated with fecal pellets and partially consumed fragments. This
observed reduction in quality of particulate could in part be due to low overall primary production,
but also likely results from feeding and fragmentation by copepods (Briggs et al., 2020). Type 4
particles, which increased in abundance with depth, were characterized by their darkness and
circularity. While difficult to assign the origin, similar particles described as ‘dark’ have been
associated with ice-cover, sympagic algae, fecal pellets, and fragments of large aggregates
(Trudnowska et al., 2021). These particles were found in the deeper portion of the upper water
column, where copepod abundance was lowest. These results suggest that this particle morphotype

represents poor-quality food for copepods. In Disko Bay, fecal pellets can comprise up 35% of the
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total particulate flux (Riser et al., 2001; Juul-Pedersen et al., 2006). The increasing abundance of
Type 4 with depth at all sites may indicate that they are key contributors to the particle-injection

pump in these fjords (Boyd et al., 2019).

4.5.3 What caused the change in copepod distribution?

In response to differences in the particle field among fjords, we observed different vertical
distribution of copepod backscatter in the upper water column. Despite the measurement
limitations associated with the upper 25 m in many profiles, acoustic backscatter between 25-100
m allowed us to observe vertical patterns in copepod distribution at fine scales. Moreover, the
distribution patterns were consistent within fjords across 5 weeks of temporally correspondent
sampling, suggesting that copepods were responding to stable and localized oceanographic
conditions within each fjord. In SOF oxygen saturation levels between 15-75 m (Figure 4.3) were
lower than in PF, potentially reflecting consistently lower levels of aerobic respiration. Similarly,
fluorescence levels were lower in SOF, suggesting either low primary production or a high
consumer-to-biomass ratio in phytoplankton. While these measurements reflect consistency of
ecosystem state among fjords, there are other potential factors, which we did not measure, that

could explain the response of copepods.

Previous studies suggest that the vertical distribution of high-latitude copepods is driven primarily
by biotic factors such as food availability (Herman, 1983; Longhurst et al., 1984; Basedow et al.,
2010). Typically, flux feeding zooplankton will arrange themselves at the base of the euphotic
zone, as a strategy to maximize feeding and avoid predation in the well-lit surface waters (Aksnes
and Giske, 1993). As marine snow aggregates sink, they release chemical trails which copepods
can detect and follow (Lombard et al., 2013). Our findings suggest that the variations in quantity

and quality of sinking marine snow has a direct impact on the vertical distribution of copepods,
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yet there are also a range of other factors to consider. For instance, density dependence through
swarming can reduce individual predation risk in surface waters but can also force zooplankton
deeper due to competition for food (Fortier and Harris, 1989), reduce their numbers through
cannibalism (Basedow and Tande, 2006), or initiate a switch from herbivory to omnivory (Ohman
and Runge, 1994). Vertical distribution could also be explained by spatio-temporal differences in
seasonal development (Basedow et al., 2006). The higher relative abundance of large copepods
and low nauplii in SOF may reflect a population in a later stage of development. Large copepods
are expected to have a deeper distribution (Basedow et al., 2010), which contradicts the shallower
distributional patterns observed in SOF. The ontogenetic adaptation for a given species likely
depends on the persistence of the conditions, from year to year. Without multi-year data, it remains
difficult to conclude if ice-damming is a recurrent seasonal process that drives adaptation in species
or population structure. For instance, Calanus can modify nauplii emergence to match peaks in
productivity or switch to particle feeding when phytoplankton is scarce (Sereide et al., 2010;
Trudnowska et al., 2020). The higher proportion of small copepods (Pseudocalanus,
microcalanus) in SOF may also suggest a community-wide shift toward species with more efficient
particle feeding. Ultimately, without detailed taxonomic data, such conclusions remain

speculative.

Compared to open ocean ecosystems, glacial fjords possess unique and complex physical
characteristics that can also impact planktonic systems. For this reason, it is important to consider
how additional abiotic factors such as light and lithogenic suspended particulate may impact
copepod vertical distribution. Due to limited instrumentation, we were unable to account for
variation in light within the upper water column. The attenuation of light in glacial fjords is often

influenced by suspended particulate matter (Sagan and Darecki, 2018). According to a recent study
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(Szeligowska et al., 2022), near surface turbidity layers can impact the distribution of copepods in
similar patterns seen in our study. As the UVP5 is not suitable for measuring small particles in the
size ranges associated with glacial discharge, we were unable to investigate the source of turbidity

signals in our study.

Overall, our results showed that marine snow abundance, diversity and heterogeneity in the upper
water column varied considerably between the fjords and regions. Homogenous morphotype
profiles (Figure 4.5) were associated with a well-mixed surface layer and subsequently
homogenous distribution of copepod backscatter (Figure 4.7). The contrary was seen in SOF and
LS, where a stratified water column displayed heterogenous particle vertical structure and
shallower copepod backscatter. As food provisioning in zooplankton typically involves tradeoffs
between feeding success and predator avoidance, the shift in distribution of copepods toward the
surface (Figure 4.7), may inadvertently lead to increased predation risk. Future studies including
light measurements and in-situ optical particle measurements for both suspended sediments and
marine snow could help elucidate which drivers have a larger influence on copepod vertical

distribution.

4.6 Conclusion

Surface stratification processes common to Arctic environments are further enhanced in fjords
where horizontal water exchange is inhibited by topography and ice damming. High Arctic fjords
are mesocosms for glacial-ocean interactions that can lead to enhanced production relative to
outlying waters. In this study, we compared two fjords with contrasting stratification regimes. We
found that in the highly stratified waters of Sherard Osborn Fjord, marine snow particle production
was low and associated with strong variation in the vertical patterns of morphotypes. These

conditions were associated with a shallower distribution of copepods. In the well mixed waters of
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Petermann Fjord, the marine snow production was higher, and the particle field included a higher
proportion of detrital aggregates, creating better feeding opportunities for copepods at depth.
While the summertime distribution of zooplankton in high Arctic environments is known to
concentrate in the euphotic zone during periods when primary productivity is highest, little was
known about their response to the particle field. We showed that at fine scales, copepods respond
to the quantity and quality of marine snow, potentially exposing themselves to higher predation
risks near well-lit surface waters. The rapid loss of glaciers in the high Arctic will dramatically
increase the volume of meltwater flux into coastal ecosystems, leading to enhance thermohaline
stratification. This study shows that under such conditions, the particulate available to copepods
will be of lower quality and quantity, impacting the grazing behavior of copepods with

consequences to benthic-pelagic coupling and higher trophic production.
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4.7 Supplementary Figures & Tables

Site Ryder19_05_MN Ryder19_06_MN Ryder19_07_MN Ryder19_08_MN Ryder19_13_MN Ryder19_16_MN Ryder19_20_MN Ryder19_32_MN Ryder19_36_MN Ryder19_37_MN Ryder19_41_MN Ryder19_a4_MN
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Supplementary Figure 1. Multinet sampling metadata and depth intervals. Each color
represents a distinct depth interval sampled by the five (5) nets during vertical tows.

Supplemental Table 1. Morphometric features as grouped into key ecological descriptors of
marine snow particle shape.

UVPS Morphometric Key ecological descriptor (Trudnowska et al
feature 2022)

object mean brightness
object_median brightness
object mode brightness
object range brightness
object stddev brightness
object circ. shape
object_elongation shape
object symetriev shape
object thickr shape

object area size
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object fractal
object major
object perim.
object skelarea
object_kurt
object meanpos
object skew
object slope

object _sr

size
size
size
size
structure
structure
structure
structure

structure
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Supplementary Figure 2. Similarity Matrix of morphological features of marine snow using
Pearson correlation coefficients. Features with Pearson correlation value below/above +0.97

were omitted from the analysis.
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Supplementary Figure 3. De-noised and filtered broadband acoustic profiles from all sampling
stations.
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Chapter 5.  Conclusion — Overview, Synthesis, and Future Directions

5.1 Overview

In the waters between Canada and Greenland’s Arctic, species distributions and seasonal
distribution dynamics are poorly resolved. As the Arctic warms rapidly due to Anthropogenic
climate change, shifting conditions present an even greater challenge to establishing ecosystem
baselines. Typically, the conditions observed in the Arctic represent mere snapshots of the
ecosystem; in ice-covered seas, comprehensive monitoring programs typically employed in lower
latitudes are often unfeasible. Thus, innovative methodologies are needed to improve our
understanding of ecological states and dynamics in Arctic seas. Fisheries research employs a broad
range of multi-disciplinary tools. Among them, hydroacoustics is a powerful tool that enables both
broad (e.g., stock distribution) and fine-scale (e.g., individuals) measurements of fish and their
prey across space and time. The aim of this thesis is to integrate hydroacoustics with oceanography,
data science, and biology to gain a better and more comprehensive understanding of pelagic fish

and zooplankton distribution patterns.

In each chapter of this thesis, I applied an innovative hydroacoustic approach to better understand
the distributional patterns of small sound scattering organisms, such as lanternfish and their
zooplankton prey. I explored how environmental factors like temperature, light, and stratification
influence the distribution of pelagic organisms. Furthermore, this thesis advances methodological
approaches in broadband acoustics, including deep-sea profiling and improved precision in target
measurements. Overall, this thesis lays the groundwork for an improved understanding of the

potential sensitivities of the deep-sea Arctic ecosystems to future environmental change.
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5.2 Chapter Summaries & Future Directions

Chapter 2 addresses one of the challenges in using broadband acoustic target measurements in the
mesopelagic zone: how to get precise hydroacoustic measurements of individual organisms within
a sound-scattering layer. In this chapter, we learned that a variety of physical and biological
processes in high density scattering layers can create anomalous signals in the data. We found these
anomalous signals can skew estimates when calculating mean target strengths of a distinct volume
of scatterers. Using an informed machine learning approach, we automatically detected outliers,
thereby filtering out anomalous, signals in the data. Our results were then used to document the
vertical distribution patterns of lanternfish in the Labrador Sea and demonstrated the improvement
to the precision of our target strength and density measurements. By doing so, we avoided an up
to 25% bias in density estimation and laid the groundwork for future automated approaches to
broadband data processing. Such improvements in density estimation will be critical in

management of future mesopelagic harvests.

Chapter 2 addressed arising challenges with the use of broadband acoustics in target measurement.
We identified measurement errors associated with the signal processing of target data. Dealing
with such errors adds additional steps in the already cumbersome signal processing pipeline. Our
research demonstrates that unsupervised machine learning can facilitate more rapid analyses by
automatically identifying anomalous, or erroneous signals in the data. Similar approaches can be
applied to regional stock assessment surveys for forage species such as capelin, herring, and Arctic

cod.

Recently, lowered acoustic devices (i.e., acoustic probes) have become more accessible and easier
to operate. For instance, acoustic probes can be mounted to lowered instrument packages such as

CTD rosettes. Our research demonstrates how to use echosounders or ADCPs mounted on a CTD-
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Rosette to measure the vertical distribution of individual organisms at close range. Our precise
methods to estimate target strength and density can now be used to investigate cross basin
differences in mesopelagic abundances and their relationship to the major circulation patterns
across ocean basins. Finally, our density estimates (up to 2.6 ind / 1000 m?) in the DSL compare
favorably with other studies (Dias Bernardes et al., 2020; Klevjer et al., 2020; Sameoto, 1989) and

should be applied to global studies of the mesopelagic zone.

In Chapter 3 (Chawarski et al., 2022), I began by asking how far the deep-scattering layer (DSL)
extends into the Canadian Arctic. During a 1200 km journey crossing from SW Greenland to Baffin
Bay, I observed a stark boundary in the DSL as we crossed the Davis Strait. This finding initiated
a research project to investigate what the potential drivers of such boundaries were and how they
may manifest in the community and ecosystem structure of the deep ocean. In sharing these
findings with my colleague Thor Klevjer at the Institute for Marine Research (IMR), I found that
a similar boundary occurred in the Southern Ocean. In both locations, the boundary was associated
with a drop in backscatter equating to approximately an order of magnitude reduction in acoustic
biomass (Sy). We took these findings even further and found that this boundary was associated
with a vertical dispersion of deeper organisms, mostly within the size ranges of mesozooplankton.
We then compared data from mid-water trawl sampling on either side of the Davis Strait, both in
Baffin Bay and the Labrador Sea, and found that the fish communities differed in their
composition, representing distinct Atlantic (southern) and Arctic (northern) pelagic communities.
The most important finding from this study was that these boundaries occurred directly along

frontal zones, where deep water mass boundaries intersect.

Our results demonstrated that distinct mesopelagic communities are distinguished by water masses

with different temperature signatures. When we compared these findings to the Southern Ocean,

128



we found similar patterns and a similar magnitude of backscatter reduction toward the South Pole.
The boundaries in each hemisphere occurred at different latitudes, lending further support to the
hypothesis that temperature, not just light, plays a role in regulating mesopelagic community
structure at high latitudes. As a result, these community boundaries are likely sensitive to shifting

ocean temperature regimes with climate change.

Chapter 3 contributed to the broader field of fisheries science by identifying two important and
distinct biogeographic boundaries. Both the Davis Strait and the Polar Frontal Zone of the Southern
Ocean are regions deserving more attention, both in the context of ongoing changes due to climate
warming and as unique regions for understanding biological adaptations to oceanographic
conditions. There are growing, publicly available datasets such as Myctobase (Woods et al., 2022),
which contain trait information for dozens of mesopelagic species from 72 circumpolar cruises
spanning 37 years. Such rich datasets could be used to address one of the ecological principles
mentioned in the discussion of Chapter 3, known as Bergmann’s rule. Bergmann’s rule is defined
as the geographic tendency within a clade of organisms for size to decrease as temperature
increases or latitude decreases. Empirical evidence for this rule was found for mesopelagic fish
species in the Scotia Sea (Saunders & Tarling, 2018), but could be more broadly applied to the
entirety of the Southern Ocean with greater focus on other linked traits, such as trophic position or
diel migration behavior. Furthermore, there is a general dearth of knowledge regarding the life-
history of lanternfishes (Catul et al., 2011; St. John et al., 2016), therefore any studies investigating
reproductive and ontogenetic environmental constraints could shed light on the physiological

mechanisms that likely govern distributional patterns described in my thesis.

The work in Chapter 3 also contributes to our understanding of the vertical distribution of

metazoan life through the bathypelagic zone. We demonstrated the utility of lowered acoustic
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Doppler current profilers (LADCPs) to document relative changes in the distribution of backscatter
across these boundaries, which we believe is linked to the efficiency of the biological carbon pump.
This concept has sparked interesting research (Klevjer et al. in preparation), which addresses how

the dispersion of deep-water organisms is related to global primary production patterns.

Chapter 4 was borne from a 2019 expedition to Ryder Glacier in NW Greenland (Jakobsson et al.,
2020). The expedition goal was to characterize the biogeophysical conditions of Sherard Osborn
fjord, an unmapped fjord on Greenland’s northwest coast facing the Lincoln Sea. The data for this
chapter were collected using methodologies developed during earlier cruises: we opted to mount
an autonomous echosounder to the CTD-rosette alongside the Underwater Vision Profiler (UVP5).
We developed a study to collect unbiased estimates of mesozooplankton distribution in the fjord
to compare with the outlying regions. The UVP5 was used to identify and quantify zooplankton

and detrital particles.

Following the analysis of both Petermann and Sherard Osborn fjord CTD data, we found highly
contrasting oceanographic conditions present in each fjord (Stranne et al., 2021). We took this
opportunity to refine our study to investigate the impact of stratification on marine snow
production and copepod vertical distribution. We found that by taking a morphological approach
to the particles captured by the UVPS, we were able to observe distinct differences in the size,
shape, structure, and brightness of marine snow. Based on our findings, lower quantities of
particles were associated with highly stratified waters, suggesting either low particle production,
or high turnover or remineralization of carbon. Second, particle morphological features reflected
difference in phytodetrital aggregates, which are an important food source for copepods. We found

that low quantities of particles were also associated with low morphological diversity. These
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conditions were reflected in a shift in the vertical distribution of copepods toward the surface,

suggestive of a behavioral response to poorer feeding opportunities.

Chapter 4 contributed to the broader field of fisheries science as it provided a snapshot into the
potential conditions facing Arctic production under climate warming. Glacial meltwater from the
Greenland ice sheet is anticipated to increase water column stratification in coastal Arctic regions
(Hopwood et al., 2020). Should vertical thermohaline gradients become strong enough to inhibit
mixing of nutrients, phytoplankton blooms and their subsequent particle transport pathways will
likely decrease in amplitude, impacting the overall productivity of marine systems (Hopwood et
al., 2018). The shift in copepods towards surface waters documented in chapter 4 is an indicator
of them entering sub-optimal habitat; exposure to high irradiance conditions increases their
predation risk (Moller et al., 2020). In the short term this may benefit high trophic organisms such
as small pelagic fish; however, suboptimal feeding conditions for copepods can often manifest as
reduced fecundity with long term implications for overall production (Peterson & Bellantoni,

1987).

Chapter 4 also contributes to future research by demonstrating the application of combined optical-
acoustical autonomous sampling. Through developing a morphological approach to the study of
marine snow, the authors of Trudnowska et al. (2021) laid a solid groundwork for quantifying
relationships between low-trophic organisms and the ocean’s particle pump. Future studies on the
biological pump should leverage a morphological approach to particles using the massive UVP5
collected image database that is available in EcoTaxa (Picheral et al., 2022). In general,
comparisons between optical and hydroacoustic data would strengthen our understanding of the
drivers of vertical distribution in the various pelagic zones of the ocean. As future sensor packages

become miniaturized and autonomous, requiring less field effort or intervention, they can be
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mounted to scalable low-power platforms such as Argo floats. Globally distributed data streams
would provide invaluable data for modelling efforts to understand the impacts of climate change

on ocean productivity.

5.3 Limitations

One of the weaknesses of these studies remains pervasive in the field of hydroacoustics - validation
of acoustic signals is immensely challenging in the deep ocean. A general rule of thumb in
hydroacoustics is that a 3 dB change in backscatter equates to a ten-fold change in the acoustic
energy, or biomass (Simmonds & MacLennan, 2005). In a single species system, it can therefore
be assumed that the standard measure of acoustic energy, Sy is correlated with biomass.
Lanternfishes (family Myctophidae), which co-occur with diverse groups of mesopelagic fishes,
can display cryptic backscattering properties, whereby the material properties of their swim-
bladder can change from gas-filled to lipid-filled (Butler & Pearcy, 1972; Dornan et al., 2019).
Because lipid-filled swim-bladders have a lower backscatter strength, this can impact biomass
interpretations considerably. Furthermore, the particularly small swim-bladders in these fishes are
at or near resonance with lower frequencies (Ariza et al., 2016; Gode et al., 2009; Scoulding et al.,
2015). Therefore, resonance peaks along narrow low frequency bandwidths can amplify the Sy, or
TS, creating the illusion of large targets or high biomass. Others have suggested that gelatinous
plankton, which are typically under-sampled by trawl-netting, contribute to an unknown portion

of the backscatter, creating considerable uncertainty in biomass estimates (Proud et al., 2018).

There is a concerted and growing effort within the hydroacoustic community to account for all the
complex scattering properties of species within the mesopelagic zone (Agersted et al., 2021; Cotter
et al., 2021; Khodabandeloo et al., 2021). For these reasons, we avoided estimations of biomass in

our work and instead focused on distributional patterns. Apart from the limitations of acoustic
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instrumentation, there are inherent challenges to using net-collected sampling, particularly in the
mesopelagic zone. Nets lowered to the mesopelagic zone collect samples during ascent and
descent, making it difficult to interpret from which depth zones samples were captured. Also,
individual organisms of different sizes and taxonomy display differential avoidance behavior
(Kaartvedt et al., 2012), which can lead to biased sampling of the true population or community.
Furthermore, gelatinous plankton is typically damaged by nets, creating a challenge to
enumeration and identification. Finally, mesopelagic fish identification is challenging. For
instance, morphological taxonomy of lanternfishes relies on photophore patterns which are often
damaged during trawling. In some cases, identification may be enabled via genomic sequencing;
however, such approaches are available to standardized fisheries surveys. Thus, net sampling
provides a tool which enables spatial comparison of communities but should be cautiously
interpreted, particularly regarding deep ocean communities. In each chapter, I provide a snapshot
of the conditions at each sampling region, as they occurred during ideal summer sampling

conditions. From our data, it is not clear how stable these conditions are across seasons or years.

Broadband acoustics has been touted as a promising tool for species discrimination based on the
assumption that the frequency content of the returned signal contains clues about the anatomical
features and sizes of organisms (Chu & Stanton, 1998; Ehrenberg & Torkelson, 2000). This
premise has been the focus of several recent papers, showing promise in distinguishing co-
occurring taxa (Agersted et al., 2021; Bassett et al., 2018, 2020; Cotter et al., 2021; Kubilius et al.,
2020). However, these studies make use of relatively wide bandwidths, including multiple
transducers. In our study, we used a relatively narrow bandwidth and a single 38 kHz transducer,
which carries low discriminatory power. Therefore, in Chapter 3 we did not focus on distinguishing

functional groups or taxa, but rather dealt with the nature of the measurements themselves.
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In recent years, the working group on fisheries acoustic science and technology (WGFAST) has
released several seminal cooperative reports sharing standardized techniques for acoustic methods
such as calibrations and target measurements (Demer et al., 2015; Korneliussen et al., 2018). At
the writing of this thesis, standardized procedures for the implementation of broadband
methodologies are not clearly expressed in the literature. Furthermore, common software
packages, such as Echoview ©, contain disclaimers that the applications of methods such as target
detection remain ‘Experimental.” As a result, the development of our research required several
consultations with acoustic experts. Many of them agree that the implementation of broadband
acoustics, from instrumentation to software, is still in the early stages of development. For
example, methods such as echo-counting are confounded by frequency-dependent beam
formation. The coming years will require broadband acoustic expert contributions in the form of
instrumentation and software improvements, as well as improved efficiency of the signal

processing pipeline.

When working in the fjords of northwest Greenland (Chapter 4), I collected data in a complex and
challenging environment. Acoustic data collection typically works well in open water with few
boundaries. Near the sea-ice and icebergs of Sherard Osborn fjord, we found that multipath
scattering from ice keels created substantial sidelobe interference, which masked biological signals
near water-ice or water-air boundaries. Signal processing techniques such as signal tapering
(Lavery et al., 2017), or the use of narrower beamwidth or shaded transducers (Polonichko &
Romeo, 2007) could facilitate the detection of organisms closer to such boundaries. Furthermore,
marine-terminating glaciers are often associated with subglacial plumes carrying mineralogical
suspended sediments (Hopwood et al., 2020; Stuart-Lee et al., 2023; Szeligowska et al., 2022). We

found that these turbidity currents can create distinct scattering layers in our data. Future efforts to
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quantify the suspended sediments through acoustic inversions could resolve differences between
biological and physical backscatter where such currents occur. Another limitation of Chapter 4 was
the limited scope of taxonomic resolution in our zooplankton dataset; we were unable to achieve
detailed taxonomic and ontogenetic resolution on our samples. Doing so would have helped
answer whether the conditions we observed during the Ryder 2019 Expedition (Chapter 4) led to
not only a behavioral response in zooplankton, but also a shift in population dynamics under
persistently stratified conditions. In persistent conditions, copepods would likely adapt the effort
and timing of their reproduction to match the food availability (Cleary et al., 2017; Daase et al.,

2013; Falk-Petersen et al., 2009).

5.4 Final Remarks

In this thesis, I have addressed knowledge gaps in how small polar and subpolar pelagic fish and
zooplankton are horizontally and vertically distributed in Arctic ecosystems. I collected data
during several icebreaker expeditions to the Arctic and applied innovative techniques to quantify
patterns I observed in the data. I demonstrated that across large spatial scales, the mesopelagic
zone is structured by water masses with distinct temperature signatures (Chapter 2). I developed
methodology for improving the precision of target measurements in the mesopelagic zone (Chapter
3). I also found linkages between upper ocean mixing, marine snow production, and copepod
distribution (Chapter 4). Each study contributed to a better understanding of pelagic ecosystems

in two distinct biogeographic regions, the Labrador Sea and northwest Greenland.
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