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Abstract

Zooplankton distribution and abundance play a crucial role in shaping the
foraging behavior of bowhead whales, Balaena mysticetus, in Arctic marine ecosystems.
Understanding how physical oceanographic conditions influence the vertical and
horizontal zooplankton abundance is essential for assessing critical foraging habitats. In
this study, we analyzed depth-integrated zooplankton abundance and maximum
zooplankton abundance across distinct water masses on and off the West Greenland
continental shelf using Cabot 198 ocean glider. The glider transited along six transects
that travelled cross-shelf, collecting 176 vertical profiles of zooplankton abundance and
environmental variables including temperature, salinity, and bathymetric depth.
Zooplankton were primarily concentrated within the upper 300m of the water column,
with diel vertical migration (DVM) observed, as aggregations shifted from the top 100 m
at night to depths below 200 m during the day. Bathymetric depth was a significant
predictor of total depth-integrated zooplankton abundance (individuals/m?, p < 0.001).
The highest zooplankton densities were recorded in association with Arctic and Atlantic
Waters. These findings suggest that Arctic and Atlantic-influenced waters provide key
foraging grounds for bowhead whales by supporting prey densities exceeding previously

established foraging thresholds.
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Introduction

Whale foraging in arctic ecosystems

Whales are critical ecological drivers in marine ecosystems, influencing trophic
interactions and the overall dynamics of marine food webs across diverse oceanic regions
(Payne et al., 1985). Many whales are migratory and have designated areas for feeding,
referred to as foraging habitats (Corkeron & Connor, 1999; Silva et al., 2013; Stern,
2009). Whale foraging habitats can often be predicted by the distribution of their prey
(Anderwald et al., 2012; Hazen et al., 2011; Lambert et al., 2014). Oceanographic
processes within an area often drive the distribution of smaller organisms such as
zooplankton and fish on which whales feed, thus, understanding the effect of these

processes is vital for explaining whale distributions (McManus & Woodson, 2012).

The Arctic is being affected by climate change, and it is an important frontier in
ecosystem research (Laidre et al., 2015). Over the last few decades, there have been
climate-driven environmental changes within the Arctic region (Holt et al., 2018; Kislov
et al., 2023). The changes in habitat have resulted in variations in prey distribution that
have affected the distribution of whales (Frainer et al., 2017; Kortsch et al., 2012). Due to
these changes, explaining how the oceanography of the Arctic is affecting the distribution
of various organisms is helpful for understanding how future changes in these processes
may result in changes in organismal distribution, and potential issues for these species

and the Arctic ecosystem (Laidre et al, 2015).



Whales in Baffin Bay

The high productivity of Baffin Bay, driven by abundant zooplankton and fish
populations, creates foraging habitat for a diverse array of whale species, including
bowhead whales, beluga whales, narwhals, sperm whales, and northern bottlenose whales
(Pedro et al., 2023a). Bowhead whales, Balaena mysticetus, are an Arctic species which
inhabits Baffin Bay year-round (Heide-Jorgensen et al., 2003). They inhabit the West
Greenland Continental Shelf (WGCS) during the winter and spring and migrate across
Baffin Bay to Lancaster Sound during the summer, before migrating along the east coast
of Baffin Island to the WGCS once again for winter (Heide-Jorgensen et al., 2003). A
well-known foraging ground for bowhead whales during winter is Disko Bay
Conservation Area, located on the WGCS (Nielsen et al., 2015). The bowhead whale’s
main prey source is Calanus spp. copepods, which are rice sized, lipid rich zooplankton
(Laidre et al., 2007). Narwhals and Beluga whales also inhabit Baffin Bay (Laidre et al.,
2010). Narwhals, Monodon monoceros, occupy the WGCS during the summer and
migrate to northern offshore regions during winter (Laidre et al., 2010). They are a deep
diving species, diving to depths up to 1800 m in winter months (Laidre et al., 2010).
Narwhals have been documented to feed on Greenland Halibut, Bowering, and Nedreaas
(Laidre et al., 2004). Beluga whales, Delphinapterus leucas, have been observed
overwintering on the WGCS and primarily feeding on fish species such as Greenland
halibut and Arctic cod (Richard et al., 2001; Marcoux et al., 2012). Other common
odontocetes in Baffin Bay region are Sperm whales and Northern bottlenose whales

(Davidson, 2016). Both whales are deep diving species, with sperm whales diving up to



> 2000 m and northern bottlenose whales diving up to 2000 m in depth (Davidson, 2016).
Sperm whales, Physeter macrocephalus, prey on a variety of organisms, typically species
of squid and fish (Davidson, 2016). Armhook squid, Gonatus fabricci, has been recorded
in high, patchy abundances throughout Baffin Bay, and may be a good source of prey for
sperm whales within this region (Posdaljian et al., 2022). Northern bottlenose whales,
Hyperoodon amphullatus, are generalists which feed on a variety of species of
cephalopods and fish (Davidson, 2016). They primarily feed on larger species of squid
using echolocation (Davidson, 2016). The specific species of fish and squid which

attribute to the diet of the northern bottlenose whale is not well known (Davidson, n.d.).

Disko Fan Conservation Area was primarily established to protect key habitat for
narwhals, Monodon monoceros, particularly utilized as overwintering and foraging
grounds. Located in the Davis Strait between Canada and Greenland, this area is a critical
feeding zone where narwhals rely on deep-water prey such as Greenland halibut,
Reinhardtius hippoglossoides. The conservation designation aims to minimize
disturbances from human activities, including commercial fishing and potential industrial
development, to preserve the ecological integrity of the region. In addition to narwhals,
other whale species known to occur in the area include sperm whales, Physeter
macrocephalus, northern bottlenose whales, Hyperoodon ampullatus, and occasionally
bowhead whales, Balaena mysticetus and fin whales, Balaenoptera physalus (DFO,

2019; Laidre et al., 2004).

Whale prey communities in southern Baffin Bay

The zooplankton community of southern Baffin Bay is primarily composed of

copepods, which dominate the upper 500 meters of the water column (Kjellerup et al.,



2015). The copepods are primarily of the genus Calanus, more specifically, of the species
Calanus glacialis and Calanus hyperboreus, which are Arctic species of copepods, as
well as Calanus finmarchicus, which is an Atlantic species of copepod (Kjellerup et al.,
2015). There are other important taxa such as Limacina helicina, Chaetognatha, and
Cirripedia nauplii (Kjellerup et al., 2015). There are relatively more Calanus spp.
compared to other copepod species within the upper layers (Kjellerup et al., 2015).
However, as depth increases, the abundance of Calanus spp. decreases, and the whales
that feed on these organisms, such as bowhead whales, tend to feed in shallower
continental shelf waters < 500 m in depth (e.g. on the WGCS) (Kjellerup et al., 2015).
Generally, Atlantic-associated species of zooplankton, mainly Calanus finmarchicus, are
found to dominate on the WGCS, whereas Arctic species such as Calanus glacialis and
Calanus hyperboreus are more prominent in off-shelf regions (Munk et al., 2003). Other
species of zooplankton such as smaller copepodites and fish larvae were found to have
similar patterns in distribution, with polar species found in higher latitudes and in higher
prevalence off-shelf and Arctic species found in lower latitudes in higher prevalence on

the WGCS (Munk et al., 2003).

Jorgensen et al., (2011) determined there were notable differences in fish
assemblages between the West Greenland Continental Shelf and the adjacent off-shelf
regions of southern Baffin Bay. The main species found almost exclusively off the
coastal region of western Greenland were Arctic grayling, Thymallus nybelini, Atlantic
sleetfish, Alepocephalus bairdii, ten-rayed sculpin, Lycodes decagonus, Vahl's eelpout,
Lycodes vahli, spotted ray, Raja radiata, thorny skate, Amblyraja radiata, Reinhardt's

cusk eel, Coryphaenoides reinhardti, and maculate eelpout, Lycodes maculates



(Jorgensen et al., 2011). Atlantic-associated species such as Atlantic cod were more
abundant on the WGCS (Jorgensen et al., 2011). In contrast, smaller species such as
Atlantic tonguefish, Symphurus mentella and Greenland halibut, Reinhardtius
hippoglossoides dominated the off-shelf region of West Greenland (Jorgensen et al.,
2011). Arctic-Associated species such as Polar and Arctic cod were more dominant off-
shelf (Jorgensen et al., 2011). Greenland halibut, a major prey species of narwhals, was a
highly abundant species found both on and off the WGCS (Bluhm & Gradinger, 2008;
Jorgensen et al., 2011). Juvenile Greenland halibut settle in Disko Bay on the WGCS and
migrate to off-shelf regions of Baffin Bay as they mature into adults (Jorgensen et al.,
2011). Greenland halibut distribution has been determined to be affected by temperature
(Laidre et al., 2004). Specifically, they prefer cool bottom temperatures between 0.5 and

1.5°C (Laidre et al., 2004).

In southern Baffin Bay, the primary species of cephalopod is Gonatus fabricii,
which is considered a keystone species within the Arctic ecosystem (Gardiner & Dick,
2010). This species is high in lipids, and thus, is a good food source for whale species
such as narwhals, sperm whales, and beluga whales (Gardiner & Dick, 2010). Gonatus
fabricii is primarily distributed on the WGCS but can also be found in congregations off-
shelf (Gardiner & Dick, 2010). Other prominent species of cephalopods within southern
Baffin Bay include Rossia moelleri, Rossia papebrosa, Bathypolypus arcticus, and
Cirroteuthis muelleri (Gardiner & Dick, 2010). Rossia moelleri, Rossia paperbrosa, and
Bathypolypus arcticus are located on the WGCS, and Cirroteuthis muelleri is primarily

located off-shelf within Baffin Bay (Gardiner & Dick, 2010).



Physical Oceanography of southern Baffin Bay

The circulation of Baffin Bay is primarily driven by two main currents: the West
Greenland Current (WGC) and the Baffin Island Current (BIC) (Tang et al., 2004). The
WGC originates from Fram Strait and flows along the southern tip of Greenland into
Baffin Bay, where it moves in a northward direction along the eastern side of the basin,
near Greenland, carrying warm, high-salinity Atlantic water (Tang et al., 2004). In
contrast, the BIC originates from the Arctic Ocean and transports cold, fresh Arctic water
southward towards Davis Strait, flowing from the west side of the basin, near Baffin
Island, through Nares Strait, Lancaster Sound, and Jones Sound (Tang et al., 2004).
These currents move in opposing directions, with the WGC flowing from the south to the
north and the BIC moving from the north to the south, creating a countercurrent flow

(Tang et al., 2004).

Water masses are often used as indicators of good or poor whale foraging habitat
since prey taxa tend to be associated with certain water masses based on abiotic
properties. Baffin Bay contains water from two main sources; the Arctic Ocean and the
Atlantic Ocean (Tang et al., 2004). There are three predominant water masses within
Baffin Bay including a cold upper layer of Arctic water that extends from the surface to
approximately 300 m in depth, a warm intermediate layer of West Greenland
Intermediate Water which extends to approximately 800 m, and a bottom layer of Baffin
Bay Deep Water, which is mainly contained within the abyssal plain (> 1200 m) (Tang et

al., 2004). The west Greenland continental shelf consists of two predominant water



masses including a cold upper layer of Arctic water which extends from the surface to
approximately 200 m in depth, and a warm intermediate layer of Irminger Water which

extends to approximately 500 m in depth (Tang et al., 2004).

The off-shelf Arctic water is sourced primarily from the Arctic Ocean via Nares
Strait (Tang et al., 2004). The temperature of this water mass ranges from -2 to 1°C and
the salinity ranges from 31 to 33psu. West Greenland Intermediate Water is deeper water
transported by the West Greenland current into Baffin Bay via Davis Strait (Tang et al.,
2004). The temperature of this layer ranges from 0 to 3°C and the salinity ranges from 34
to 35psu. Baffin Bay Deep Water was located at a shallower depth of 800 to 1000 m
closer to Baffin Island and was found at a deeper depth of > 1200 m closer to Greenland.
The temperature of this layer ranges from -1 to 1°C and the salinity ranges from 34 to

35psu.

The West Greenland Shelf Arctic Water has a temperature ranging from -2 to 1°C
and a salinity ranging from 31 to 33psu. Irminger Water is shallower water of the West
Greenland current which is transported into Baffin Bay via Davis Strait (Rysgaard et al.,

2020). The temperature ranges from 0 to 4°C and the salinity ranges from 34 to 35psu.

Effect of Physical Oceanography on Whale Prey

The physical oceanography of southern Baffin Bay plays a critical role in shaping
the distribution and composition of whale prey such as copepods, fish, and squid, on and
off the West Greenland continental shelf (Pedro et al., 2023b). Variations in temperature
and salinity across distinct water masses create specific habitat conditions that directly
influence the assembly and abundance of these prey species (Pedro et al., 2023b). For

example, copepods often exhibit narrow thermal and salinity preferences, with species



such as Calanus finmarchicus thriving in relatively warm, saline Atlantic-origin waters,
while Calanus glacialis and Calanus hyperboreus are more adapted to colder, fresher
Arctic Water (Pedro et al., 2023b). Since the 2000s, the process of Atlantification has
amplified in the Arctic (Ingvaldsen et al., 2021). Atlantification is the transition of cold,
Arctic water to a state more closely resembling the properties of warmer, Atlantic water
(Ingvaldsen et al., 2021). The increase in warmer, higher salinity waters within the Arctic
has resulted in a reduction of ice-associated ecosystems and could potentially lead to a
decrease in Arctic-Associated species within Baffin Bay (Ingvaldsen et al., 2021).
Similarly, many fish squid species are constrained by temperature-salinity ranges that
correspond to the warm intermediate layer of West Greenland Intermediate Water or
colder bottom layers of Baffin Bay Deep Water (Jorgensen et al., 2011). These narrowly
defined physical boundaries result in spatially distinct prey distributions, which influence
the foraging behavior and habitat use of whales (Fortune et al., 2020). Understanding
how water masses and prey are distributed is therefore essential for explaining how
oceanographic conditions drive the ecological dynamics of whales in this region (Fortune

et al., 2020).

Glider Technology

Due to persistent poor weather conditions and difficult accessibility, boat-based
surveys and other human-related surveying efforts present significant challenges when
researching Arctic environments (Baumgartner et al., 2014). To address these challenges,
autonomous remote sensing platform technologies, such as ocean moorings and
autonomous underwater vehicles (AUVs), have been developed to enhance data

collection capabilities (Baumgartner et al., 2014). Ocean gliders, a type of AUV, are used



for long-term monitoring of environmental conditions, including temperature, salinity,
and biological data, providing valuable insights into marine ecosystems (Baumgartner et
al., 2014). In this study, ocean glider data were processed and analyzed to model whale

habitat in the Canadian Arctic ecosystem, Baffin Bay.

NUNAVUT

Figure 1: Map of Disko Fan Conservation Area with the Cabot 198 glider mission. The
Disko Fan Conservation Area is a significant overwintering habitat for narwhals
(Department of Fisheries and Oceans (DFO), 2024).



In this study, a glider was deployed in Disko Fan Conservation Area, southern
Baffin Bay, to characterize the spatial distribution and abundance of whales and their
prey. A subset of this glider data was used in this thesis, which focusses on bowhead
whale prey, specifically Calanus spp.. The objective of this thesis is to determine how the
variations in physical oceanographic conditions on and off the West Greenland
Continental Shelf (WGCS) within the Disko Fan Conservation Area influence the

composition and distribution of large Calanus spp. copepods.



Materials and Methodology

Study Area

Baffin Bay is a large basin located east of Baffin Island, west of Greenland, and
south of Ellesmere Island (Tang et al., 2004; Figure 2). Baffin Bay is primarily
connected through Davis Strait, Nares Strait, Lancaster Sound, and Smith Sound (Tang et
al., 2004). The West Greenland Continental Shelf (WGCS) underlies eastern Baffin Bay,
spanning approximately 50 to 58°W longitude and crossing isobaths ranging from 250 m
to 500 m in depth (Ribergaard, 2008). Consequently, the WGCS is a shallower ecosystem
compared to the deeper, off-shelf regions of Baffin Bay that extend > 200 m in depth

(Eliot, n.d.).

Glider Mission

Data for this study were collected using a G3 Slocum glider, named “Cabot”
manufactured by Teledyne Webb Technologies and owned by the Ocean Tracking
Network glider program. Gliders are autonomous underwater vehicles which move up
and down in the water column by changing its buoyancy and moving horizontally with
the use of wings (Rudnick, 2016). The glider can dive to a maximum depth of 1000 m.
The glider was equipped with an altimeter to measure bathymetric depth, a Conductivity-
Temperature-Depth (CTD) sensor, a single-beam echosounder, called an acoustic
zooplankton fish profiler (AZFP, ASL Ltd., SN 59015) operating at frequencies of 130,
200, 455, and 769 kHz, and a hydrophone that monitored mid- and low- frequency
channels to listen for both odontocetes (mid-frequency, 60 kHz on 25% duty cycle) and
baleen whales (low frequency, < 2 kHz continuous recording). The echosounder emits

sound waves that travel through the water column and scatter when they encounter an



object, such as marine plankton (Mossman, 2022). A portion of the scattered energy
deflects back to the echosounder, where it is processed by the transducer and recorded as
acoustic backscattering volume (Sv), a measure of the intensity of the returned signal
(Mossman, 2022). The hydrophone data are not used in this thesis; only the

oceanographic data was analyzed.

Throughout the mission, the glider had a total of 403 profiles, where each ascent
or descent phase of a glider dive are referred to as a glider profile. The glider was
deployed on September 1, 2024, at 08:00 UTC from the Disko Fan Conservation Area
(Figure 1). The deployment lasted 18 days and 22 hours, concluding on September 19,
2024, at 05:51 UTC, covering a total distance of 374 km. The CTD collected data every
two seconds throughout the duration of the deployment. The sampling rate of the AZFP
was once every five seconds per descent, and the AZFP was powered off on glider
ascents. Only profiles where the AZFP was powered on were used in this study (176
profiles). A few profiles at the beginning of the mission were removed from the data set

while the glider was stationary during in water testing, and before going on mission.

Environmental and Flight Data Processing

Three environmental variables were used in this study: temperature, salinity, and
bathymetric depth. In each profile, temperature and salinity were averaged vertically over
a depth range of 100 to 250m (Varieo-250). This depth stratum was selected to study cross-
shelf variation in water masses, while avoiding atmospheric influences on temperature
and salinity in the top 50 m. The bathymetric depth was then categorized into three strata
for further analyses: shelf (< 400 m), slope (400 to 1000 m), and deep water (> 1000 m).

The sample sizes were as follows: shelf N=51, slope N=29, deep N=54, NA N=42.



Echosounder Data Processing

Sound backscattering strength depends on the size, material properties, and
orientation of the object relative to the sound wave emitted by the echosounder (Lavery et
al., 2007). Larger organisms, or those with greater density contrasts to water (e.g.
organisms with gas-filled swim bladders), produce stronger backscatter signals (Lavery et
al., 2007). By employing multiple frequencies, echosounders can differentiate between
organism sizes. Lower frequencies (e.g. 130kHz), primarily detect larger organisms,
while higher frequencies (e.g. 455 and 769kHz), capture both large and smaller

organisms with increasing sensitivity (Mossman, 2022).

There are a series of standard steps undertaken to convert raw echosounder data
into volume backscatter (Sv), which is a relative measure of biological biomass. All data
processing steps were completed in MATLAB. First, the seafloor echoes and false echoes
were removed. The data was then transposed from time and range from the transducer to
time and water depth, for the acoustic scattering data to be analyzed in real space. The
field-measured noise floor was then calculated and the data below the noise floor was
removed. The data within the first meter of the echosounder transducer was removed to
avoid noise contamination from the glider. Finally, the average depth of the ping data was
calculated to form single vertical profiles for each frequency. Once the processing steps
were completed for each individual frequency, there were two sequential steps which
were done among frequencies. The first difference between pairs of frequencies was
calculated, and the average depth of the ping data was calculated to form single vertical

profiles for the dB differences for each pair of frequencies.



At this point, the AZFP data was ready to be analyzed to quantify the abundance of
certain taxa. Specifically, the analysis was done on copepods. To determine the total
backscattering volume of copepods, a target strength (TS) dB difference (455 — 200 kHz)
value for Calanus spp. copepods of 13.7 dB was used as a mask overlayed on the 455kHz
frequency signal so only signal from copepods of sizes 1.27-2.99 mm remained, which is
the size range of Calanus finmarchicus (Mossman, 2022). The TS values were calculated
by an acoustic expert at StonyBrook University, Dr. Joe Warren, using standard models.
An estimated abundance of Calanus spp. copepods was then calculated using the

equation:
Sv =TS + 10log¢[N]

where N = Abundance, Sv = Backscattering Volume measured by the echosounder, and

TS = estimated target strength for Calanus spp..

Abundance was estimated at each 1 m depth bin for every echosounder ping in a
profile. First, all pings within a glider profile were averaged together within each 1 m
depth bin. From this data set, I calculated two metrics per glider profile; the depth-
integrated Calanus spp. abundance (individuals/m?) and the maximum Calanus spp.

concentration in any 1 m vertical bin (individuals/m?).



Statistical Analysis

GLM models with gaussian error distributions were developed to quantify the
influence of the three environmental variables temperature, salinity, and bathymetric
depth stratum on the integrated and maximum abundance of Calanus spp. The
independent variables were tested for multicollinearity using Variance Inflation Factor
(VIF) analysis. Due to high correlation between temperature and salinity, only
temperature was included in the model. Model diagnostics, including residual plots and
Q-Q plots, were examined to ensure that assumptions of normality, homoscedasticity, and
independence of residuals were satisfied. Significant relationships were identified, and
the coefficients were interpreted to understand the direction and magnitude of these

effects.



Results

Water Mass Characteristics

During the 2024 Cabot glider mission, there were determined to be four water
masses located on and off the West Greenland continental shelf. Water Mass One was
located in the upper 250 m of the water column and was uniformly distributed both on
and off the West Greenland continental shelf (Figure 2). This layer was determined to
have density of approximately 24 to 26.5 kg/m?, temperatures from -1 to 2°C, and a
salinity range of approximately 30 to 33psu (Figure 4). Water Mass Two was detected at
depths of 250 to 800m off-shelf (Figure 2). This layer was determined to be off-shelf
only, and had temperature and salinity ranges of -1 to 3°C and 33.5 to 34.5psu,
respectively, with a density of 26 to 27 kg/m?. Water Mass Three was found at depths of
200-500 m on the West Greenland continental shelf (Figure 2). This water mass had
warmer temperatures ranging up to 5°C, salinities of 33.5 to 35psu and a density range of
26.5 to 27.5 kg/m?® on the West Greenland continental shelf (Figure 4). The Slope was
primarily composed of mixing between Water Mass Two and Water Mass Three (Figure
4). The data does not indicate Water Mass Four is present on the Slope. Water Mass Four
was found at depths greater than 800 m off shelf (Figure 2). It was only detected in oft-
shelf regions and had a temperature range of 1 to 2°C, salinity of 34 to 35psu, and density
>27 kg/m? (Figure 4). To characterize the spatial variation in water masses on and off the
West Greenland continental shelf, the temperature and salinity data was filtered to only
include values within a depth range of 100-250 m within the GLM models. This range

ensured that only temperature and salinity values within Water Mass Two and Three



were included, which were where most on-shelf and off-shelf variation occurred and are

in the range of bowhead whale foraging depths.
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Figure 2: Time Depth plot of Cabot 198 glider in southern Baffin Bay with temperature
plotted as colour in categories: dark purple represents temperatures les than 1°C, dark
blue represents temperatures from -1 to 1°C, green represents temperatures from 2 to
3°C, and yellow represents temperatures greater than 3°C. Water Mass One (WM1),

Water Mass Two (WM2), Water Mass Three (WM3), and Water Mass Four (WM4) are
labelled accordingly.
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Figure 3: Cabot 198 glider mission in southern Baffin Bay with averaged temperature in
100-250m depth per glider profile. Bathymetric depth categories Shelf (1), Slope (2), and
Deep (3) are labelled. Baffin Island is indicated on the figure. The 500 m and 1000 m

bathymetric contours are labeled.
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Figure 4: Cabot 198 glider mission in southern Baffin Bay with averaged temperature in
100-250m depth per glider profile. Bathymetric depth categories Shelf (1), Slope (2), and
Deep (3) are labelled. The 500 m and 1000 m bathymetric contours are labeled.
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Figure 5: Temperature-Salinity diagram of Cabot 198 glider in southern Baffin Bay with
plotted density lines (27-28 kg m™) and colour bar representing depth. Water Mass One
(WM1), Water Mass Two (WM2), Water Mass Three (WM3), and Water Mass Four
(WM4) are circled and labelled accordingly. Due to mixing and external forces, the
surface layer is not shown as part of a water mass.



Zooplankton Distribution and Abundance

Zooplankton were primarily concentrated within the upper 300 meters of the
water column, with significant variations observed both spatially and temporally (Figure
6). The highest concentrations of Calanus spp. (red areas in Figure 6) were found in the
upper 100 m, within Water Mass One at night, and below 200m, within Water Mass Two
during the day, indicating diel vertical migration (DVM). Within DVM layers, the
average abundance of Calanus spp. was 17,600+/-27867.44 individuals/m?, and the
largest maximum concentration observed during the survey was 227,340 individuals/ m?
(Figure 6). The majority of the DVM behaviour was in the upper 300 m of regions
categorized as Deep bathymetric depths (Figure 7). There were Calanus detections
diffusely distributed within deep water up to 500 m over the shelf break, indicating
diapausing copepods were present in the water column (light blue areas, Figure 6). Due
to the large proportion of water in off-shelf regions, with the presence of diapausers in the
water column, I elected to derive metrics from the echosounder which were not depth-
dependent (i.e. depth integrated-abundance, and maximum abundance, per profile).
Depth-integrated abundance was a metric used to quantify spatial variation in total
population size of Calanus spp.. Since this variable measured diapausers as well as diel-
vertical migrators, the larger values calculated were areas with large diapauser activity,
which are unlikely to be regions in which bowhead whales would feed due to the lower
concentrations, wider spatial distribution, and deeper depths. Maximum abundance was a
metric used to describe spatial variation in the patches of Calanus spp.. With the majority
of these abundances being well over the feeding threshold for bowhead whales (>500-
3500 individuals/m?) and within diving limits of bowhead whales (up to 150 m in depth

(Fortune et al., 2020)), these areas indicate possible regions of bowhead whale foraging.



DVM and high maximum abundances above bowhead whale feeding thresholds were
found in both off-shelf and on-shelf regions, indicating that bowhead whales likely feed
in all bathymetric categories. Due to the spatial distribution of the DVM, it is likely

bowhead whales primarily feed in Water Mass One and Water Mass Two (Figure 6).
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Figure 6: logl0-transformed copepod abundance (individuals/m?) as a function of depth
(m) and profile number. Warmer colours indicate higher copepod abundances and cooler
colours represent lower abundances of copepods of Cabot 198 mission in southern Baffin
Bay. Diel Vertical Migration (DVM). The dark blue represents areas of no data due to
bathymetry on shelf and slope and maximum glider depth in deep regions.
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Figure 7: Temperature-Salinity diagram of Cabot 198 glider in southern Baffin Bay with
plotted Maximum Zooplankton Abundance with values less than 5000 individuals/m?
represented by a circle, values from 5000 to 10000 individuals/m?® represented by a
square, and values greater than 10000 individuals/m?® represented by a triangle. The
colour indicates the bathymetric depth categories where green represents Shelf, light blue
represents Slope, and dark blue represents Deep bathymetry.



Habitat Models

The variables depth-integrated abundance, maximum abundance, and
temperature were determined to be approximately normally distributed, and therefore a
gaussian error distribution was deemed appropriate for the general linear model analysis

(Figure 8).

Bathymetric depth stratum was determined to explain a significant amount of
spatial variation in depth-integrated abundance of zooplankton (Figure 9c¢, p-value =
0.0001). The mean integrated abundance was largest in the deepest bathymetric depth
stratum, off the shelf (Category 3). The depth-integrated abundance, in general, increased
with increasing bathymetric depth. Slab temperature (i.e., temperature averaged over the
100-250 m depth stratum) were not determined to have a significant influence on the
spatial distribution of depth-integrated abundance (Figure 9a and 9b, p-value = 0.296).
The interaction term between temperature and bathymetric depth was determined to be

statistically insignificant for explaining integrated abundance (Table 1, p-value = 0.212).

There were not found to be any significance in explanatory variables for
maximum abundance (Figure 10a, 10b, 10c, Bathymetry: p-value = 0.449, Temperature:
p-value = 0.611). The interaction term between bathymetric depth and temperature was
also determined to be insignificant (Table 2, p-value = 0.623). This suggests that
bowhead whales would be equally likely to encounter high density patches across

environmental gradients encountered in this region.



40
301
304
o = =
(] (=] (5]
o o o
o] ] @
3 A 3 3
o 20 o =3
b b bt
(1N (TN (I
101
0
4.0 45 5.0 55 6.0 30 35 40 45 B0 55 -2 -1 0 1 2 3
Integrated Zooplankton Abundance Maximum Zooplankton Abundance Temperature(*C)

Figure 8: Distribution of logjo-transformed Integrated Zooplankton Abundance,
Maximum Zooplankton Abundance, and Temperature data within 100 to 250 m depth
stratum. All variables are approximately normally distributed.
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Figure 9: Scatterplots and boxplot illustrating the relationships between log10-
transformed Integrated Zooplankton Abundance (individual/m?) and key environmental
variables: Temperature (°C) (A), Salinity (psu) (B), and Bathymetric Depth (C) where
bathymetric depth stratum: 1 = Shelf, 2 = Slope, 3 = Deep.



Table 1: GLM Results for Depth-Integrated Calanus Abundance.

GLM Results for Integrated Abundance

Variable Estimate Std. Error t-value p-value
(Intercept) 4,765 0.180 26.501 <0.001
temp_slab 0.103 0.098 1.050 0.296
bd_cat 0.277 0.072 3.873 <0.001
temp_slab:bd_cat -0.059 0.047 -1.255 0.212

Signif. codes: 0" 0.007 “0.07 “ 0.05"." 0.1 " 1 (Dispersion parameter for gaussian family taken to be 0.0697473966555859)
Null deviance: 10.9611877487998 on 110 degrees of freedom Residual deviance: 7.46297144214769 on 107 degrees of
freedom AIC: 25.3513573478667 Number of Fisher Scoring iterations: 2
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Figure 10: Scatterplots and boxplot illustrating the relationships between log10-
transformed Maximum Zooplankton Abundance (individual/m?) and key environmental
variables: Temperature (°C) (A), Salinity (psu) (B), and Bathymetric Depth (C) where

bathymetric depth stratum 1 = Shelf, 2 = Slope, 3 = Deep.



Table 2: GLM Results of Maximum Calanus Abundance.

GLM Results for Maximum Abundance

Variable Estimate Std. Error t-value p-value
(Intercept) 4.010 0.273 14.699 <0.001
temp_slab -0.076 0.149 -0.510 0.611
bd_cat 0.083 0.109 0.760 0.449
temp_slab:bd_cat -0.035 0.071 -0.494 0.623

Signif. codes: 0'*0.007 “0.07 " 0.05 "' 0.1 ' 1 (Dispersion parameter for gaussian family taken to be 0.160578979750142)
Null deviance: 18.7827468734091 on 110 degrees of freedom Residual deviance: 17.1819508332652 on 107 degrees of
freedom AIC: 117.91490238392 Number of Fisher Scoring iterations: 2




Discussion

The objective of this study was to determine how variations in physical
oceanographic conditions on and off the West Greenland continental shelf within the
Disko Fan Conservation Area influence the composition and distribution of Calanus spp.
in southern Baffin Bay. Results from the 2024 Cabot glider mission identified four
distinct water masses, with Water Mass Two exhibiting the most significant variation
between on-shelf and off-shelf regions within foraging depths of bowhead whales.
Zooplankton distributions were primarily concentrated within the upper 300 meters,
showing diel vertical migration (DVM), with high copepod concentrations found in
Water Mass One at night and Water Mass Two during the day. Depth-integrated
abundance was significantly influenced by bathymetry, with greater values in deeper off-
shelf regions. Maximum abundance showed no significant relationships with explanatory
variables, but areas of high maximum abundance were within bowhead whale foraging
depths. These findings suggest that both on-shelf and off-shelf regions provide potential
feeding habitats for bowhead whales, with Water Masses One and Two likely playing a

key role in whale foraging in Baffin Bay.

Water Mass Identification

The 2024 Cabot 198 glider mission results align with previous hydrographic
studies in Baffin Bay and the West Greenland Shelf but also highlight subtle variations in
water mass properties that may reflect interannual and seasonal variability. The identified
Water Mass One was determined to have similar properties to a water mass described in
Tang et al., 2004, referred to as Arctic water. Arctic water is found at depths from 0 to

300m, with density of approximately 25 to 27 kg/m?, temperatures from -2 to 1°C, and a



salinity range of approximately 31 to 33psu on and off the West Greenland continental
shelf (Tang et al., 2004). Water Mass Two has properties similar to a water mass referred
to as West Greenland Intermediate Water. This water mass is found off-shelf at depths of
300 to 800m and has a density of 27.7 to 27.8 kg/m?, temperatures of 0 to 3°C, and
salinity of 34 to 35psu. Water Mass Three has properties corresponding to Irminger Sea
Water, which is a water mass located on the West Greenland continental shelf at depths
of 250-500m (Tang et al., 2004). Tang et al., 2004 found this water mass had
temperatures of 0 to 3°C, salinity of 34 to 35psu, and density of 27.7 to 27.8 kg/m?.
Water Mass Four had properties consistent with a water mass found off-shelf at depths of
greater than 800m, which is referred to in literature as Baffin Bay Deep Water. Tang et
al., 2004 determined properties of this water mass as having densities of 27 to 28 kg/m?,

temperatures of -1 to 1°C, and a salinity of 34 to 35psu.

Water Mass Comparison

The identification of Arctic Water, West Greenland Intermediate Water, Irminger
Sea Water, and Baffin Bay Deep Water closely corresponds to earlier descriptions by
Tang et al., 2004 and (Rabe et al., 2011). However, observed differences in temperature,
salinity, and density suggest that dynamic interactions between Arctic and Atlantic water

masses may be evolving in response to climate-related oceanographic shifts.

The minor discrepancies in density and temperature could be attributed to
differences in seasonal timing between surveys or interannual variability, as also
observed by (Curry et al., 2011), who noted fluctuations in Arctic Water properties due to
changes in freshwater input from melting sea ice and glacial runoff. Comparisons to other

Arctic-influenced regions suggest that the structure of Arctic Water in Baffin Bay is



relatively stable but influenced by local mixing dynamics (Head et al., 2003). For
example, Head et al., 2003 observed Arctic-origin water extending deeper, to
approximately 400m, in parts of the Labrador Sea, likely due to the stronger mixing of
the Labrador Current. In contrast, Tsubouchi et al., 2012 found that Arctic Water in the
Fram Strait was highly variable in both depth and salinity, reflecting the complexity of
Arctic outflow pathways. Our results indicate that Arctic Water has consistent properties
across shelf and was found at similar depths. The consistency of Arctic Water properties
in Baffin Bay suggests a relatively well-defined stratification that may contribute to the

persistence of distinct biological communities associated with these water masses.

West Greenland Intermediate Water and Irminger Sea Water exhibited properties
similar to previous findings but also showed slight modifications, possibly due to shifting
current strengths or mixing processes. The lower salinity and temperature ranges
determined in the present study from the reported values from Tang et al., 2004, may
indicate a relative freshening of this water mass, a phenomenon that has been observed in
other Atlantic-origin waters in the North Atlantic, such as in the Labrador Sea

(Yashayaev & Loder, 2017).

The distribution of Irminger Sea Water on the shelf at 250 to 500 meters, with
temperatures between 1 and 5°C and salinities of 33.5 to 35 psu, is similar to results of
Myers et al., 2007. However, a comparison to Rabe et al., 2011 indicates that the
influence of the Irminger Current may be strengthening in this region, as they found
slightly cooler temperatures (~1 to 3°C) in similar depth ranges. This suggests that

variations in the strength of the West Greenland Current, which advects both Arctic and



Atlantic-origin waters, could be modulating the penetration of Irminger Sea Water onto

the shelf.

Baffin Bay Deep Water was found to have properties consistent with previous
descriptions by (Carlson et al., 2021). However, compared to Tang et al., 2004, who
reported slightly lower temperatures (~0.5 to 1.5°C), the present findings suggest a
modest warming trend. This is in line with broader observations of warming in deep
ocean basins across the Arctic and subarctic regions (Polyakov et al., 2020), potentially

reflecting long-term climate-driven changes in heat transport.

Zooplankton Distribution and Abundance

Our observations indicate that Calanus spp., are primarily concentrated within the
upper 300 meters of the water column, with significant spatial and temporal variations.
Notably, the highest concentrations were detected in the upper 100 meters during
nighttime within Arctic Water (Water Mass One) and below 200 meters during the day
within West Greenland Intermediate Water and Irminger Sea Water (Water Mass Two
and Water Mass Three). This result suggests pronounced diel vertical migration (DVM)
behavior. The average abundance of Calanus spp. within these DVM layers was
approximately 17,603 individuals/m?, with a maximum abundance of 227,348

individuals/m?.

These findings are similar to those of Head et al., 2003, who reported that
Calanus spp., particularly Calanus finmarchicus, dominated the mesozooplankton
biomass in the Labrador Sea, accounting for over 60% of the total biomass and exceeding
80% of large copepod abundance in both spring and summer. Average Calanus

finmarchicus biomass in the central basin was approximately 17,000 individuals/m?, with



maximum levels reaching over 100,000 individuals/m? in certain regions during spring
and early summer. Kjellerup et al., 2015 further support these observations, noting that
Calanus spp. dominated the mesozooplankton community in southern Baffin Bay,
however, higher abundances were observed in shelf regions compared to offshore areas.
This pattern is inconsistent with our findings, where we found there were larger
abundance estimates of Calanus spp. in off-shelf areas as opposed to on the West

Greenland Continental Shelf.

The pronounced DVM behavior observed in our study, with Calanus spp.
migrating to shallower depths at night and residing deeper during the day, is a well-
documented process. This behavior is believed to be a predator avoidance strategy,
reducing predation risk from visual predators during daylight hours (Kjellerup et al.,
2015). Our findings are corroborated by the work of Head et al., 2003, who determined
that Metridia longa, a strong diel migrant, was abundant both on the shelves and in the
central basin, consistent with its likely Arctic origins. Furthermore, the study by
Kjellerup et al., 2015 reported that Calanus spp. exhibited clear DVM patterns, with
higher abundances in surface waters during the night and deeper distributions during the
day. This behavior was observed both on-shelf and off-shelf, indicating that DVM is

likely unaffected by variations in bathymetry cross-shelf.

Our study detected diapausing Calanus spp. individuals diffusely distributed over
the shelf break, indicating their presence in the water column during periods with lack of
reproduction and feeding. This observation is consistent with the findings of the pan-
Arctic study by Hirche et al., 2006, which reported that Calanus glacialis and Calanus

hyperboreus have a broad depth distribution in winter, indicating that diapause at depth is



a common strategy in Arctic environments. Both species vertical distributions tend to
deepen in winter and increase in depth with wider distributions with increasing
bathymetry, while individuals are aggregated closer to the sea floor in shelf
environments. These results suggest that Arctic Calanus spp. pursue a relatively deep
diapause habitat but are topographically blocked on the shelves. This is indicative of the
results from our study which showed increased integrated-depth abundance with
increased bathymetry, supporting evidence of diapausers in this region as the main source
of increased abundance in off-shelf environments. While on the West Greenland

continental shelf, diapausers were not evident.

The association of Calanus spp. with specific water masses is a critical factor
influencing their distribution. In our study, the highest concentrations of Calanus spp.
were found in the upper 100 meters within Arctic Water (Water Mass One) at night and
below 200 meters within West Greenland Intermediate Water and Irminger Sea Water
(Water Mass Two and Water Mass Three) during the day. This cyclical distribution
suggests that Calanus spp. are adapting their vertical positioning in response to the
characteristics of different water masses, possibly to optimize feeding and growth

conditions.

Whale Foraging and Prey Thresholds

The estimated abundances of zooplankton reached threshold levels sufficient for
bowhead whale (Balaena mysticetus) foraging at depths ranging from approximately 50
to 250 m. Zooplankton abundance thresholds for bowhead whales have been estimated to
range from 500-3500 individuals/m? depending on seasonal and regional conditions

(Fortune et al., 2020; Laidre et al., 2010). Given that the highest observed zooplankton



concentrations in this study exceed 500 individuals/m?® within Arctic and Atlantic-
influenced waters, it is likely that these regions serve as key foraging grounds for
bowhead whales. These results oppose the findings of McLennan et al., 2025, which
determined there were insufficient densities of zooplankton to support foraging of adult
bowhead whales in East West Greenland. The presence of bowhead whales in these areas
has been confirmed in past observational studies, supporting the possibility that Arctic
and Atlantic Water Masses provide sufficient prey densities for sustaining whale

populations (Fortune et al., 2020).

Ecological and Climate Considerations

The increasing influence of Atlantic Water on the West Greenland shelf, linked to
ongoing climate change, may shift the balance between Arctic and Atlantic prey
communities (Tsubouchi et al., 2012). Such shifts could alter the prey base for marine
predators, with potential consequences for ecosystem structure and species interactions.
Understanding how these changes affect predator-prey dynamics is essential for
predicting the future ecological stability of this region. Additionally, long-term ocean
warming is expected to further enhance the intrusion of Atlantic Water, potentially
altering zooplankton composition by favoring more temperate species over Arctic
specialists (Polyakov et al., 2020). This could have cascading effects on higher trophic
levels, including bowhead whales, which rely on lipid-rich Arctic copepods such as

Calanus glacialis and Calanus hyperboreus (Fortune et al., 2020).



Study Limitations

Despite the strong associations observed in this study, additional research is
needed to further resolve fine-scale interactions between physical properties, prey
availability, and predator distributions. Future studies could incorporate direct prey
sampling to validate acoustic signals and determine exact target strengths Calanus spp.,
and employ tagging and passive acoustic techniques on whales to assess their foraging
strategies in relation to water mass structure. Additionally, expanding temporal coverage
to capture seasonal variability would provide a more comprehensive understanding of
how these interactions evolve over time and whether shifts in water mass are due to

seasonal or long-term fluctuations.
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