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Summary

The Arctic is warming at an unprecedented rate, driving severe changes in marine
ecosystems. Glacier retreat, increased sedimentation rates, and reduced sea ice cover are
reshaping Arctic fjords, where terrestrial, freshwater, and marine influences interact. Glacier
fronts influence fjord biogeochemistry and marine ecosystems across multiple trophic levels,
and localized effects of glacier retreat on coastal ecosystems remain poorly understood due to
logistical challenges of studying these areas. Simultaneously, the northward influx of
temperate species, a process known as borealization, is altering Arctic marine communities.
This thesis documents the localized and regional processes associated with glacier retreat and
borealization in the Arctic, while also developing and testing sustainable technologies for

studying these remote environments.

Papers I and II explored the effects of tidewater glacier retreat, particularly the transition from
marine- to land-terminating glaciers, on the underwater coastscape and marine ecosystems of
a high Arctic fjord in Svalbard. Sampling stations were established along a gradient of glacier
retreat: at a recently land-terminating glacier front, in a river bay with terrestrial input from
inland glaciers, and at a site with minimal glacial influence. Using hydroacoustics and
autonomous vehicles, Paper I investigated macroalgal coverage and oceanographic conditions
along the fjord coastline. This study revealed high variability in macroalgal presence, with
abundant coverage in areas with little land runoff and virtually no macroalgae in the river
bays or at the marine-terminating glacier front. Notably, kelp was observed near the land-
terminating glacier front, highlighting the potential for rapid macroalgal colonization on

newly available substrates following glacier retreat.

Paper II extended this research to include pelagic organisms, investigating the density and
vertical distribution of fish and zooplankton along the same gradient of glacier retreat. Pelagic
density was lowest near the land-terminating glacier front and highest at the site with minimal
glacial input, which also featured a rich benthic habitat dominated by kelp beds. These
findings suggest that the loss of pelagic productivity associated with the disappearance of
subglacial upwelling may be mitigated by benthic habitat expansion. However, macroalgal
growth will depend on factors such as fjord topography, sedimentation rates, and substrate
availability, which are likely to be affected by higher melting rates and increased turbidity in

Arctic waters.
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These localized shifts in Arctic fjords are linked to large-scale regional transitions, such as the
influx of boreal species into higher latitudes. Paper III upscaled the scope of this thesis by
examining spatial differences in fish community composition and pelagic density across
Svalbard during the polar night, and assessing the effectiveness of this extreme period as a
barrier for borealization. Acoustic-trawl surveys and oceanographic measurements revealed
distinct spatial patterns, with western fjords exhibiting lower pelagic density but higher
species diversity compared to eastern sites, which were dominated by schooling mesopelagic
fish. Interestingly, borealization was equally pronounced in the eastern, more Arctic-
influenced sites as in the western, Atlantic-influenced fjords, suggesting that the extreme light
regime of the polar night does not act as a strong seasonal barrier to borealization. This study
discusses the interplay between wide-scale borealization processes and habitat shifts in Arctic
fjords, and explores the potential role of benthic habitat expansion in facilitating the

expansion of boreal species into Arctic waters.

This thesis advances our understanding of the localized effects of glacier retreat on Arctic
fjord ecosystems and the broader patterns of borealization in the region. By integrating
hydroacoustics with autonomous vehicles, this research provides efficient and sustainable
protocols for studying coastal areas and glacier fronts, offering valuable tools for monitoring

and managing Arctic marine ecosystems in a rapidly changing world.
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1 Introduction

1.1 A changing cryosphere

The cryosphere refers to the frozen parts of the Earth system, including snow, glaciers and sea
ice, and plays a key role in Earth’s climate, acting as an indicator of climate change. Shifts in
the cryosphere are a well-studied consequence of climate change, and there is extensive
literature on retreating glaciers and decreasing sea ice cover (e.g. Box et al., 2019; IPCC,
2022; Notz & Stroeve, 2016; Zemp et al., 2019). Snow and ice exhibit a high albedo effect,
which helps regulate the planet’s temperature by reflecting a significant portion of solar
radiation back into space. As the cryosphere shrinks due to increased temperatures, this
reflective capacity is reduced, leading to further warming through a positive feedback loop.
This feedback mechanism is a key driver of the accelerated warming observed in polar
regions, with studies showing that the Arctic is warming nearly four times faster than the rest
of the planet (Rantanen et al., 2022). Moreover, extreme weather events in the Arctic,
including marine heatwaves, storms, and high temperature variability, are occurring at an
unprecedented rate and are projected to intensify due to Arctic sea ice decline (He et al., 2024;

Overland, 2022).

Svalbard’s climate is closely tied to the system of ocean currents that encircle this Arctic
archipelago. The North Atlantic Current extends into the West Spitsbergen Current, carrying
warm and saline Atlantic water into the region and giving Svalbard a milder climate than
other areas at similarly high latitudes (Ingvaldsen et al., 2021; Nilsen et al., 2008). Atlantic
water from the West Spitsbergen Current floods into the western fjords of Svalbard, greatly
influencing the physical and biological systems within Svalbard fjords and shaping local
ecosystems. The other main ocean current in Svalbard is the East Spitsbergen Current, which
brings cold, fresher Arctic water from the north and contributes to more Arctic conditions in
eastern Svalbard. The interplay between these currents has significant implications for the sea
ice extent in the region, as the warm Atlantic water leads to reduced sea ice cover and earlier

melt in western Svalbard, while the opposite occurs in the east (Nilsen et al., 2016).

In recent years, the Arctic has experienced a significant increase in the transport of warm
Atlantic water, a phenomenon known as Atlantification (Ingvaldsen et al., 2021; Polyakov et

al., 2023). This influx of warmer, more saline waters into the Barents Sea and Arctic Ocean is



altering the thermal structure and physical oceanography of the region, leading to a decrease
in sea ice extent and thickness in the Barents Sea (Onarheim et al., 2018). Sea ice is a critical
component of Arctic ecosystems, providing habitat for a wide range of species and playing a
vital role in regulating local and global climate (Overland et al., 2014; Stroeve & Notz, 2018).
Consequently, the dramatic decline in Arctic sea ice extent across all seasons has important
implications for local ecosystems, affecting species distribution and disrupting trophic web

dynamics (Leu et al., 2011; Sereide et al., 2006).

Additionally, glaciers globally are retreating at a rapid rate in response to rising temperatures
and changing precipitation patterns (Zemp et al., 2015). Arctic glaciers are integral to the
cryosphere and have shown consistent mass loss over recent decades (Gardner et al., 2013),
driven primarily by increased surface melting and calving rates linked to rising global air and
sea temperatures (Jacob et al., 2012). While the contributions of melting glaciers to global sea
level rise are well documented, little is known about the effects of retreating glaciers on
marine ecosystems at a local scale (Gardner et al., 2013; Kaser et al., 2006; Zemp et al.,
2019). Glaciers play a key role in shaping the biological, chemical, and physical
characteristics of Arctic fjords, and the heightened freshwater influx from melting glaciers
alters the biogeochemistry of marine fjord systems and affects food web dynamics (Meire et
al., 2023; van der Kamp et al., 2025; Wassmann et al., 2011). Subglacial meltwater, typically
colder and less saline than seawater, is discharged at the base of marine-terminating glaciers
and rises through the water column (Straneo & Cenedese, 2015). This process upwells
nutrient-rich deep waters to the surface, fuelling phytoplankton blooms and creating highly
productive zones near tidewater glacier fronts (Hopwood et al., 2020). These areas support
diverse communities of zooplankton, fish, seabirds, and marine mammals that rely on the
abundant food resources generated by glacial upwelling (Hop et al., 2023; Lydersen et al.,
2014; Meire et al., 2017). As glaciers retreat and transition from marine- to land-terminating,
this upwelling process disappears, with consequences for local fjord productivity and energy

transfer across trophic levels (Meire et al., 2023).

Beyond driving nutrient upwelling, glaciers are also important sources of silica, iron and
phosphorus, which are supplied to Arctic coastal waters through glacial rivers and calving
events (Bhatia et al., 2013; Hawkings et al., 2016). Simultaneously, meltwater discharge
carries large amounts of suspended particles and sediments, increasing turbidity near glacial
outlets and reducing light penetration (Hopwood et al., 2020; Meire et al., 2017). These
turbid, low-light conditions limit photosynthesis, and hence primary production is low at
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glacier fronts, and productivity increases with distance from the glacier plume as light

availability rises.

1.2 Macroalgae as key elements of coastal systems

Macroalgae are multicellular photosynthetic organisms that thrive in coastal marine
environments and form the backbone of many coastal ecosystems (Dayton, 1985). They range
from small structures to dense, towering forests and are classified into brown, red and green
algae based on their pigmentation. Kelp are large brown algae in the order Laminariales, but
this term is often used to include large non-laminarian brown algae such as Fucoids, as done
in this thesis (Fraser, 2012; Thomsen et al., 2024). Kelp create complex three-dimensional
habitats that are essential for coastal ecosystems in the Arctic and North Atlantic (Fredriksen,
2003). These organisms rely on hard substrate for attachment, and they are commonly found

on rocky shores in sublittoral regions throughout the Arctic (Steneck et al., 2002).

Kelp forests are among the most productive ecosystems on Earth and play a crucial role in
carbon sequestration and nutrient cycling (Duggins et al., 1989). Macroalgae, as part of “blue
carbon” ecosystems, capture CO» through photosynthesis and store it as organic carbon
(Duarte et al., 2005; Krause-Jensen & Duarte, 2016), and their carbon sequestration rates are
comparable to those of terrestrial forests (Macreadie et al., 2019; Mcleod et al., 2011).
Additionally, macroalgae stabilize sediments, enhance carbon burial in the seabed, and protect
shorelines by absorbing wave energy, buffering coastal areas from erosion and extreme
weather events (Duarte et al., 2013; Lovas & Teorum, 2001; Mork, 1996). Research has shown
that macroalgal detritus is an important source of carbon for near-shore Arctic food webs as
well as deep-sea ecosystems (Krause-Jensen & Duarte, 2016; Krumhansl & Scheibling, 2012;
Renaud et al., 2015). Macroalgae also serve as critical habitats, providing nursery and feeding
areas, shelter, and food for a wide range of organisms, including invertebrates, fish, and

marine mammals (Teagle et al., 2017).

In the Arctic, macroalgae face unique challenges due to extreme environmental conditions,
including pronounced seasonality in light regimes, ice scouring, and low temperatures
(Filbee-Dexter et al., 2019; Krause-Jensen et al., 2012). Their growth depends on light, but
the extreme seasonality in high latitudes results in several months of darkness and extensive
ice cover, which limits light availability for photosynthesis (Diisedau et al., 2024; Niedzwiedz

& Bischof, 2023). To adapt to these conditions, Arctic macroalgae accumulate nutrients



during winter, when availability is higher, and use these reserves to support photosynthesis
and growth during the summer (Pueschel & Korb, 2001). However, cold water temperatures
constrain their metabolic rates and sea ice and icebergs can physically damage macroalgal
structures (Krause-Jensen et al., 2012). In summer, increased glacial meltwater and river
runoff influence light penetration and nutrient dynamics, further affecting macroalgal growth
(Niedzwiedz & Bischof, 2023). As glaciers retreat onto land and melting and precipitation
rates increase due to warming, terrestrial influx to the sea and sedimentation rates in Arctic
fjords are expected to increase (Hopwood et al., 2020). High sediment loads can reduce light
penetration in the water column, limiting the levels of photosynthetically available radiation,
and as macroalgae rely on sufficient light to sustain their photosynthetic processes, increased
turbidity can significantly impact their growth (Hanelt et al., 2001; Ronowicz et al., 2020).
These alterations in the underwater light climate have been shown to limit both the horizontal

and vertical distribution of macroalgal communities in the Arctic (Diisedau et al., 2024).

Data on the current distribution and extent of kelp in the Arctic is scarce, and while they are
known to range along most Arctic coasts, their distribution is limited by the availability of
hard substrate. Riverine and glacial runoff lead to shallow coastal areas often being dominated
by sediment, and rocky substrate only accounts for about 35% of the Arctic coastline (Lantuit
et al., 2012). Kelp are found as far north as >80° N in Svalbard, but most records of Arctic
kelp come from northern Norway, western Greenland, northwestern USA and eastern Canada
(Bartsch et al., 2016; Filbee-Dexter et al., 2019). Arctic kelp thrive on stable rocky shores
with seasonal sea ice cover, and their vertical distribution is constrained by ice scouring at the

upper limit and light penetration at the lower limit.

Climate change is driving significant changes in macroalgal distribution. Rising temperatures,
decreasing sea ice cover and increasing turbidity are key factors influencing kelp populations
(Filbee-Dexter et al., 2019; Krause-Jensen et al., 2020). Warmer temperatures are expected to
enhance growth rates and recruitment of warm-adapted temperate kelps, potentially allowing
them to outcompete and displace cold-adapted Arctic species (Assis et al., 2022; Krause-
Jensen & Duarte, 2014; Wernberg et al., 2013). Models project a major expansion of
macroalgae in the Arctic under climate change, but the scale of this expansion will depend on
climate scenarios (Figure 1), as well as local environmental conditions including substrate
type, sedimentation rates and light availability. Nonetheless, predicting shifts in kelp
distribution under climate change remains challenging. Although models predict a significant
northward expansion of kelp, these projections may be overestimated, as increased glacial and
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river runoff driven by warming temperatures could elevate turbidity and reduce light
penetration, limiting kelp growth (Filbee-Dexter et al., 2019; Niedzwiedz & Bischof, 2023).
Studies in Svalbard have documented increased macroalgal biomass over the last 30 years,
attributed to reduced sea ice scouring and newly available substrate for settlement (Bartsch et
al., 2016; Fredriksen et al., 2015), but high-resolution data in shallow coastal areas and near
retreating glacier fronts remain limited, highlighting a key research gap.

Intertidal macroalgae Subtidal macroalgae

180°W 180°W

120°E 120°E

2100 RCP2.6 Scenario

60°E 60°E

120°E 120°E

2100 RCP8.5 Scenario

60°E 60°E

Stable habitat [l Habitat gain [l Habitat loss

Figure 1. Predicted changes in habitat suitability for subtidal and intertidal pan-Arctic
macroalgae based on species distribution models, from the present to 2090-2100 (expansion
in green, losses in red and stable habitats in yellow). Projections are shown under two
scenarios of greenhouse gas emissions (Representative Concentration Pathways (RCP) 2.6
and 8.5). Adapted from Assis et al. 2022.



As ecosystem engineers, macroalgae support key functions in the marine environment, and
their northward expansion due to climate change has significant ecological implications.
Increased macroalgal biomass enhances habitat and nursery areas for fish and invertebrates,
boosting biomass and biodiversity (Bertocci et al., 2015; Teagle et al., 2017). This expansion
into higher latitudes may also provide foraging grounds for boreal fish species and refuge
from predators (Gotceitas et al., 1995; James & Whitfield, 2023), and areas near kelp forests
have reported higher fish catches (Krause-Jensen & Duarte, 2014). Macroalgal expansion in
the Arctic may contribute to increased carbon sequestration, with implications for both local
and global carbon levels. Thus, vegetated coastal habitats have significant potential for
climate change mitigation, highlighting the importance of understanding their poleward
expansion and the potential associated effects on Arctic marine ecosystems (Duarte et al.,

2013; Filbee-Dexter et al., 2019).

1.3 Distribution shifts of marine fish fauna

Arctic marine species face multiple physiological challenges as rising temperatures exceed
their thermal tolerance. Increased metabolic rates elevate energy demands, which, combined
with a changing prey field and potential scarcity of preferred prey, can negatively impact
growth and survival (Laurel et al., 2017). Many Arctic organisms rely on energy reserves to
survive prolonged periods of low productivity, and these reserves can be depleted more
rapidly under enhanced metabolic rates. Additionally, elevated temperatures can accelerate
growth rates, leading to earlier maturation at smaller sizes, potentially reducing reproductive

output (Crozier & Hutchings, 2014).

While thermal tolerance is a key driver of latitudinal range shifts (Sunday et al., 2012), other
factors, such as climate velocity, i.e. the rate of climate shifts, play a critical role. Studies
suggest that the responses of marine organisms to climate change closely track local climate
velocities, with distribution shifts more pronounced in areas experiencing faster
environmental changes, such as the Arctic (Burrows et al., 2011; Dulvy et al., 2008; Pinsky et
al., 2013). Habitat loss further compounds these challenges. Declining sea ice reduces
essential spawning and nursery habitats, threatening egg survival and foraging success of key
Arctic species such as polar cod (Boreogadus saida) (Geoffroy et al., 2023; Huserbraten et al.,

2019).



Additionally, Arctic species are exposed to heightened biotic stressors, such as increased
predation and competition. For example, polar cod are increasingly exposed to such pressures
from boreal species like Atlantic cod (Gadus morhua) and haddock (Melanogrammus
aeglefinus), which are expanding into Arctic habitats (Bengtsson et al., 2024; Dupont et al.,
2024; Geoffroy et al., 2023). Arctic species, highly specialized for extreme polar
environments, may be outcompeted by generalist boreal newcomers as rapid environmental
changes lead to niche overlap (Hollowed et al., 2013). Shifts in the distribution and
abundance of zooplankton, a key prey item for many Arctic fish, further complicate these
dynamics. Changes in bloom timing and phenology may result in mismatches between prey
availability and critical feeding periods for larval and juvenile fish (Dalpadado et al., 2014;
Edwards & Richardson, 2004).

Polar cod and other forage fish are critical to Arctic marine ecosystems, serving as a link
between zooplankton and higher trophic levels, including other fish, birds and marine
mammals (Geoffroy et al., 2023). Declines in polar cod populations could disrupt these
trophic connections, creating bottlenecks in energy transfer and impacting broader ecosystem
productivity and stability (Kortsch et al., 2015). Although forage fish such as herring (Clupea
harengus) and capelin (Mallotus villosus) are expanding their ranges northward, it remains
uncertain whether they can fill this ecological niche. For example, diet studies on ringed seals
(Pusa hispida) along Svalbard’s west coast revealed that polar cod remains their primary
prey, despite major shifts in fish communities and an increase in Atlantic fish species in this
area over recent decades (Bengtsson et al., 2020). This suggests that some Arctic predators

are highly specialized and may have limited capacity to adapt to alternative prey species.

Climate change is driving substantial shifts in the distribution of marine species, particularly
in Arctic and sub-Arctic waters where warming is occurring at an accelerated rate. Poleward
shifts have been widely observed across various taxa, including benthic invertebrates,
phytoplankton, zooplankton and fish (Doney et al., 2012; Poloczanska et al., 2013). In the
North Atlantic and Arctic regions, notable changes in the distribution of marine fish species
have been documented and are predicted to continue under future climate scenarios (Figure 2)
(Gordo-Vilaseca et al., 2024; Hollowed et al., 2013; Perry et al., 2005; Rose, 2005). For
example, species such as Atlantic cod, mackerel (Scomber scombrus) and haddock are
increasingly found in the Barents Sea and high Arctic fjords (Drinkwater, 2005; Fossheim et
al., 2015), and high biomass of herring has been reported in Svalbard waters in recent years
(Eriksen et al., 2025). Recent studies highlight an abrupt poleward shift of approximately 800
7



km in the spawning sites of herring in Norwegian waters, driven primarily by fisheries but

likely facilitated by warming temperatures (Slotte et al., 2025).
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Figure 2. Projections of mean future fish biomass under SSP5-8.5 (Shared Socio-economic
Pathway) for (A) Arctic (n=3 species), (B) Arctic-boreal (n=8) and (C) boreal (n=40) species.
LogCPUE corresponds to log of catch per unit of effort. Figure adapted from Gordo6-Vilaseca
et al. 2024.



Climate change has weakened several barriers that historically prevented boreal species from
expanding northward, such as cold temperatures and sea ice cover (IPCC, 2022; Stroeve &
Notz, 2018). However, one key barrier that remains unaffected by warming is the extreme
light regime in the Arctic, which may limit the northward expansion of boreal species. The
prolonged daylight of the midnight sun during summer increases predation pressure on
mesopelagic fish, while the extended darkness of Arctic winters depletes energy reserves
(Langbehn et al., 2022; Ljungstrom et al., 2021). Many boreal fish are visual predators that
rely on light for foraging, making the polar night a significant challenge for their survival. In
contrast, Arctic fish are adapted to use minimal light cues for foraging and vertical migrations
(Benoit et al., 2010), suggesting that boreal species lacking these adaptations would struggle
under such conditions. Surprisingly, studies have shown that some Atlantic species, such as
cod and haddock, are capable of foraging during the polar night (Bengtsson et al., 2024;
Larsen et al., 2023), and the effectiveness of the Arctic light regime as a barrier to

borealization remains uncertain.

The northward movement of temperate marine species into Arctic regions is not only altering
the distribution of these newcomers but also displacing endemic Arctic species. These
endemic species face a range of ecological challenges, including habitat loss, increased
competition, and predation pressures (Hollowed et al., 2013; Kortsch et al., 2015). Arctic
marine fish, adapted to cold environments and specific ecological niches, are forced to either
adapt to the changing conditions or migrate further north to maintain their ecological and
physiological niches (Geoffroy et al., 2023). In addition to latitudinal shifts, Arctic species are
adjusting their vertical distribution and depth ranges. As geographical constraints limit further
northward movement, species may migrate to deeper, cooler waters to maintain access to
suitable thermal conditions for growth and reproduction (Dulvy et al., 2008; Perry et al.,
2005). However, the potential of vertical movements to mitigate climate change effects will
depend on the availability of suitable habitats and the physiological and ecological constraints
of deeper waters (Hollowed et al., 2013). Ultimately, species with more flexible depth
tolerance may be better equipped to cope with environmental changes and remain more

resilient to risks of population decline.
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1.4 Hydroacoustics and autonomous vehicles

As the Arctic faces mounting environmental pressures, it is critical to develop and utilise
sustainable research methodologies that minimize ecological impact, and this has been an

important factor in this thesis.

Hydroacoustic technology, which uses sound waves to detect and quantify marine life,
provides detailed information on the distribution, abundance, and movement of fish and other
marine organisms. By emitting sound pulses into the water and analysing the echoes reflected
by marine organisms, this method can determine the distance, size, and density of targets.
Hydroacoustics has been extensively used in fisheries and fish stock assessments, enabling
the monitoring of fish populations and tracking changes in their distributions over large areas
(Simmonds & MacLennan, 2005). Additionally, acoustic technology plays a crucial role in
mapping seafloor topography and studying benthic habitats, providing insights into

underwater ecosystems without the need for invasive sampling.

Autonomous vehicles, such as uncrewed surface vehicles (USVs) and autonomous
underwater vehicles (AUVs), are revolutionizing marine research by providing innovative
ways to monitor the environment with minimal human intervention (Handegard et al., 2024;
Patterson et al., 2025). These vehicles are particularly valuable for accessing difficult-to-reach
areas, such as glacier fronts and shallow coastal regions, where traditional research methods
are often constrained by ice cover, extreme weather, and the risks associated with glacier

calving.

Traditional sampling methods, such as trawling and dredging, often have significant
environmental impacts. These methods physically disturb the seafloor, damage benthic
habitats, and result in bycatch, which can disrupt ecosystems. Hydroacoustics offers a non-
invasive alternative by using sound waves to collect data and reducing habitat disturbance.
Autonomous vehicles further enhance sustainability by reducing the carbon footprint of
research, as, unlike large research vessels, which consume significant amounts of fuel, they
are often powered by electric systems. Additionally, their smaller size and quieter operation
minimize noise pollution, which can disrupt marine life and affect the quality of data

collection (Berge et al., 2020; Ludvigsen et al., 2018).
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2 Aims

This thesis addresses critical research gaps by investigating the localized changes in benthic
and pelagic communities associated with glacier retreat in Arctic fjords, with a focus on
macroalgal expansion and the density of fish and zooplankton near glacier fronts.
Furthermore, it explores spatial variability in fish community composition across Svalbard
during the understudied polar night and examines the limitations of the Arctic winter as a
seasonal barrier to borealization. By leveraging innovative, low-impact technologies like
autonomous vehicles and hydroacoustics, this work advances the current understanding of

Arctic marine ecosystems and their responses to rapid environmental change.

Research question 1: How does glacier retreat influence the distribution and settlement of

macroalgae in Arctic fjords?

Hypothesis 1.1: Macroalgal presence will decrease with increasing proximity to
glacier fronts and river bays due to high sedimentation rates and reduced light

availability.

Hypothesis 1.2: There may be an optimal proximity to the glacier fronts that allows
for macroalgal growth, where there is increased nutrient concentration and new
substrate available, but where turbidity and mechanical disturbances are not high

enough to prevent macroalgal settlement.

Research question 2: How does pelagic density and vertical distribution vary along a

gradient of glacier retreat in Arctic fjords?

Hypothesis 2.1: Areas with high land and glacial runoff, such as river bays and land-
terminating glacier fronts, will exhibit low productivity and low density of fish and
zooplankton due to high sedimentation rates and reduced light availability for primary

producers.

Research question 3: What are the patterns of composition, distribution, and borealization of
pelagic fish communities across Svalbard during the polar night, and how are they associated

with the extreme light regime and regional oceanographic conditions?
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Hypothesis 3.1: Borealization will be more pronounced in western Svalbard, where
Atlantic water masses dominate, compared to eastern Svalbard, which is more

influenced by Arctic water masses.

Together, these three studies provide novel insights into the effects of cryosphere changes on
Arctic coastal marine ecosystems. Papers I and II investigate the localized impacts of glacier
retreat on benthic (macroalgae) and pelagic (fish and zooplankton) distribution, highlighting
how environmental shifts influence ecosystem structure. Paper I1II builds on these studies by
scaling up to examine how regional oceanographic conditions and the extreme light regime of
the polar night shape fish community composition and borealization across Svalbard. By
integrating these localized and regional perspectives, this thesis advances our understanding
of the interplay between cryosphere changes, species distributions, and ecosystem dynamics
in a rapidly changing Arctic. Additionally, this work provides a detailed methodological
protocol for the efficient and sustainable investigation of glacier fronts and shallow coastal

areas in Arctic fjords using cutting-edge research technology.
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3 Methods

3.1 Study area

The high Arctic archipelago of Svalbard, located between 74° and 81° N, is shaped by the
influence of two major ocean currents: the warm, saline West Spitsbergen Current and the
colder, fresher Arctic water masses dominating the eastern side (Nilsen et al., 2016; Svendsen
et al., 2002). The interaction between Atlantic and Arctic water masses creates distinct
environmental gradients that shape regional ecosystems. Svalbard’s fjords are particularly
sensitive to climate change, with rapid glacier retreat, reduced sea ice cover, and increasing

Atlantic water inflow driving significant physical and ecological shifts (Ingvaldsen et al.,

2021).

Billefjorden is a 32 km long and 5-8 km wide fjord connected to the larger Isfjorden system in
western Spitsbergen (Figure 3). The fjord features an outer sill (70 m depth) and an inner sill
(50 m depth), which limit the inflow of warm Atlantic water from offshoots of the West
Spitsbergen Current and allow for a deep layer of winter-cooled water in the inner basin
(Nilsen et al., 2008). The coastscape of Billefjorden is diverse, with one tidewater glacier
(Nordenskidldbreen) and several land-terminating glaciers that drain into the fjord via rivers
(notably in Petuniabukta). The Nordenskidldbreen glacier, located at the inner part of the
fjord, is divided into two sides by a rocky peninsula. The glacier has been retreating rapidly,
with the northern side transitioning from marine- to land-terminating in 2017 (Kavan et al.,
2023), while the southern side remains predominantly marine-terminating as of 2025.
Petuniabukta is located northwest of Nordenskioldbreen and receives significant freshwater

and sediment runoff from surrounding land-terminating glaciers and rivers.

Billefjorden offers a unique natural laboratory, with sites in close proximity representing
different stages of glacier retreat: a marine-terminating glacier, a recently land-terminating
glacier, a river bay influenced by inland glaciers, and areas with minimal glacial influence.
This diversity makes it an ideal study site for Papers I and II. Additionally, its proximity to
Longyearbyen allows for relatively accessible and frequent sampling, which is particularly

valuable in the challenging conditions of high Arctic environments.
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Figure 3. Svalbard is located north of continental Norway (A). The study locations for Papers
I and II are located in Billefjorden (B) and include a recently land-terminating glacier front
(GLA), a river bay with influence from inland glaciers (RIV) and a site with minimal glacial
input (CON). Map source: Earthstar Geographics and Norwegian Polar Institute. Figure from
Paper II.

For Paper III, multiple sites around Svalbard were sampled during the “Polar cod
connectivity cruise” on board R/V G.O. Sars. This scientific cruise included sampling in
Isfjorden, Billefjorden, Nordfjorden, Kongsfjorden, Storfjorden and several sites southeast of
Svalbard (Figure 4). This selection of sampling stations allowed for a comparison between the
western and eastern regions, enabling an investigation of how Atlantic and Arctic water

masses influence fish community composition during the polar night.
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Figure 4. Map of the sampling stations in Paper III. The study sites were classified as
western stations (Kongsfjorden, Nordfjorden, Billefjorden and Isjorden) and eastern stations
(Storfjorden and Southeast Svalbard sites 1-5). Map source: Earthstar Geographics. Figure
from Paper III.

3.2 Fieldwork and data collection

The primary tool used for data collection in Papers I and II was an uncrewed surface vehicle
(USV). The model “Otter”, manufactured by Maritime Robotics AS (Trondheim, Norway), is
an electric catamaran measuring 200 x 108 x 106 cm and equipped with two electric thrusters.
The USV was outfitted with a forward-facing camera, a winch, a frontal attachment with a
CTD mount, and a scientific sonar system (Figure 5). It was remotely controlled via
broadband communication radio (Direct link 5150 — 5875 MHz with a 2 km line-of-sight
range) from a nearby vessel, and its onboard Global Navigation Satellite System (GNSS) was

used for georeferencing the collected data.
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Figure 5. Otter USV in Billefjorden during fieldwork.

The USV was operated through the vehicle control station (VCS), which was installed on a
laptop and used onboard UNIS’ boats (Figure 6). The VCS allows for both pre-programmed
paths and manual driving, with all settings for the USV and sonar system adjustable remotely.
A live feed from the camera enabled safe navigation, avoiding obstacles such as ice floes and
rocks. The USV was deployed by hand in 2021 and 2022 from Polarcirkel boats, and in 2023

it was deployed using an A-frame winch onboard the vessel Hanna Resvoll.
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Figure 6. Snapshot of the vehicle control station (VCS) during sampling with the USV. The
image shows the transect path followed by the USV and the live view from the camera.

The main scientific instrument used with the USV was a downward-facing scientific split-
beam echosounder (BioSonics DT-X Extreme, BioSonics, Seattle, USA). The echosounder,
mounted at the back of the USV, operated at a frequency of 200 kHz with a beam angle of
6.9°x 6.9°, a ping rate of 5 Hz, and a pulse duration of 0.4 ms. While recording the acoustic
data, the USV was driven at an approximate speed of 3 knots. The echosounder was
calibrated prior to the field season using the standard sphere method (Demer et al., 2015). A
frequency of 200 kHz was selected as it strikes a balance between providing sufficient detail
for detecting pelagic fish and zooplankton while still being able to reach the seafloor in our
coastal, relatively shallow study areas. This allowed us to use the same frequency to study
both pelagic organisms and benthic habitats, making it suitable for the dual focus of these
studies. The ping rate of 5 Hz was chosen as it is a commonly used setting for detailed studies
of underwater features, allowing sufficient temporal resolution to capture fine-scale variations

in the water column and along the seafloor.

Additional instruments included a Valeport SWiFT Turbidity CTDplus (Valeport Ltd.,
Totnes, UK) for collecting temperature, salinity, and turbidity data. The CTD was mounted at
the front of the USV for continuous surface measurements and deployed with the winch to
collect water column data. A Paralenz Vaquita drop-camera (Paralenz, Redovre, Denmark)
was attached to the winch to capture seafloor images at 1.5 m above the bottom, which were
cross-referenced with acoustic data to validate macroalgal coverage detection. Baited remote
underwater cameras (BRUV) were used for further validation and benthic habitat
characterization was included in Paper II. Additionally, Blueye remotely operated vehicles
(ROVs; Blueye Robotics, Trondheim, Norway) were used to complement acoustic data with
visual observations of the seafloor, although the footage was not included in the papers due to

its qualitative nature.

3.2.1 Fieldwork for Papers | and Il

For Paper I, data collection took place in July and August 2021 and August 2022. This
included acoustic data, CTD surface measurements, underwater images from the USV setup,
BRUYV deployments, and CTD water column sampling in Billefjorden. For Paper 11, data
were collected in August 2022 and August 2023, focusing on acoustic data from the USV and

CTD water column sampling. A large survey of Billefjorden’s coastline took place in the
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summer of 2021 to collect seafloor mapping data. The USV was run along the coastline at 3
knots, collecting acoustic, CTD, and drop-camera data, with a focus on depths suitable for
macroalgal growth (1-20 m, mean of 7 m). Over four days, 50 km of coastline were surveyed,
including shallow areas (< 5 m depth) and at both the tidewater and land-terminating glacier
fronts. Data from the first day (approximately 10 km of the southeastern section) were
excluded due to poor weather and wavy conditions affecting the quality of the acoustic data.

CTD water column measurements were conducted at the three study stations.

For Paper II, the USV was run in transects perpendicular to the shore at each of the three
study sites, covering depths of 24-42 m and a mean depth of 30 m. Transects were located
200-800 m away from the shore to sample pelagic communities in shallow coastal areas.
Sampling for fish using baited traps was attempted but was unsuccessful due to challenging
weather conditions. Instead, BRUV recordings of 1 hour at each station were used to

document benthic and demersal habitats.

3.2.2 Fieldwork for Paper lli

For Paper III, data was collected in November 2022 during the “Polar Cod Connectivity
Cruise” onboard R/V G.O. Sars. A hull-mounted Simrad EK80 scientific echosounder
(Kongsberg, Norway) was used to collect the acoustic data at 18, 38, 70, 120, and 200 kHz.
Acoustic data were recorded continuously throughout the cruise. A Sea-Bird SBE 9 CTD
collected environmental data and sound speed measurements to calibrate the acoustics. A
Harstad pelagic trawl was deployed to sample fish density and community composition at

each study site.
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3.3 Hydroacoustic system

Split-beam echosounders are a type of single-beam sonar designed to provide precise and
detailed measurements of marine life and underwater structures. Unlike multibeam
echosounders, which use multiple transducers to cover a wide swath, split-beam echosounders
use a specialized transducer divided into several segments. This design allows the device to
emit and receive sound waves from different angles, making it particularly effective for
detecting and measuring fish abundance, size distribution, and swimming behaviour

(Simmonds & MacLennan, 2005).

While multibeam echosounders are commonly used for detailed benthic and bathymetric
mapping due to their ability to cover large areas (Brown et al., 2011), split-beam
echosounders have also been successfully employed to map seafloor features and macroalgal
distribution in the Arctic (Kruss et al., 2017; Wiktor et al., 2022). Their ability to provide
precise target detection makes them suitable for mapping even a patchy distribution of
macroalgae. The USV acoustic system was designed to serve as a versatile platform for
sampling both pelagic and benthic ecosystems, with a focus on detail and accuracy rather than
large-scale coverage. For this reason, a scientific split-beam echosounder was the chosen tool

for Papers I and II.

3.3.1 Acoustic processing and analyses

Submerged vegetation scatters acoustic signals differently than unvegetated seafloor, and
analysing the strength of acoustic echoes allows researchers to identify boundaries between
different layers or structures, such as the seafloor and macroalgae (Simmonds & MacLennan,
2005). Accurate detection requires setting appropriate thresholds, and for this study,
thresholds of -40 dB for the seafloor and -70 dB for macroalgae detection were selected based
on existing literature and validation during field testing (Radomski & Holbrook, 2015;
Simmonds & MacLennan, 2005).

For Paper I, acoustic data were processed using BioSonics’ software Visual
Aquatic/Acquisition. For Papers II and III, data processing was conducted in Echoview
(Echoview Ltd, Tasmania, Australia). Postprocessing and statistical analyses were performed
using the R statistical software for Papers I and II, and Python was used for Paper III (R
Core Team, 2021; Raybaut, 2009). In all papers, the spatial data and maps were processed
using ArcGIS (ESRI, 2011).
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4 Main findings

4.1 Paper |

Acoustic mapping reveals macroalgal settlement following a retreating glacier front in
the high Arctic

Marine forests are projected to expand in the Arctic due to climate warming, with increasing
water temperatures and sea ice loss facilitating this process (Assis et al., 2022; Krause-Jensen
et al., 2020). While macroalgal biomass in the littoral areas of Svalbard has been increasing
(Bartsch et al., 2016; Weslawski et al., 2010), little is known about macroalgal expansion
following glacier retreat in Arctic fjords. This paper mapped macroalgal presence along a
gradient of glacier retreat in Billefjorden, Svalbard, and investigated the roles of turbidity,
temperature, and salinity in macroalgal establishment (Figure 7). Additionally, this study
developed and tested a protocol using hydroacoustics and remote vehicles for surveying

shallow coastal environments and glacier fronts.

Macroalgae
presence

sgearnd  © Absence
® Presence

78°39'N

Figure 7. Macroalgal presence/absence (threshold at 50% coverage) along the inner coastline
of Billefjorden. Adapted from Figure 4 in Paper I.
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Key findings:

e Macroalgal presence was highly heterogeneous along the coastline, with abundant
coverage in the northern part of Adolfbukta and virtually no macroalgae in the river
bays or near the marine-terminating glacier front.

e Macroalgae were observed at the glacier front which had recently transitioned from
marine- to land-terminating, demonstrating the potential for rapid macroalgal
settlement on newly available substrate following glacier retreat.

e Temperature, salinity, and turbidity were significantly and negatively correlated with
macroalgal presence, but these factors explained only a small portion of the variation.
Substrate type and nutrient availability are likely stronger predictors of macroalgal
distribution.

e The acoustic algorithm achieved a 93% success rate in identifying macroalgal
presence, demonstrating the potential of this approach for efficient and sustainable

surveying of coastal ecosystems.
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4.2 Paper i

Loss of pelagic fish and zooplankton density associated with subglacial upwelling in high
Arctic estuaries may be mitigated by benthic habitat expansion following tidewater

glacier retreat

Tidewater glacier fronts are hotspots of pelagic productivity due to subglacial upwelling,
which circulates nutrient-rich bottom waters and supports dense fish and zooplankton
communities (Hop et al., 2023). As glaciers retreat and transition from marine- to land-
terminating, this upwelling ceases, leading to declines in pelagic productivity (Hopwood et
al., 2020; Meire et al., 2017). This study investigated pelagic density and vertical distribution
along a gradient of glacier retreat in Billefjorden, Svalbard, and explored how cryosphere-
related environmental conditions influence fish and zooplankton density (Figure 8).
Additionally, a sustainable protocol for using hydroacoustics and autonomous vehicles was

developed for studying the pelagic environment in these challenging areas.
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Figure 8. Differences in backscattering strength (Sv), centre of mass and inertia among the
three study sites (recently land-terminating glacier front — GLA, river bay with influx from
inland glaciers — RIV, and reference location — CON) in 2022 and 2023. Figure 4 from Paper
II.
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Key findings:

e Pelagic density was lowest at the recently transitioned land-terminating glacier front
(GLA) and highest at the site with minimal glacial input (CON).

e The CON site, characterized by dense kelp beds, exhibited large pelagic aggregations
and a dynamic environment. The rich demersal habitat likely contributed to the high
pelagic density.

e Oceanographic factors explained little of the variation, suggesting that other factors,
such as habitat complexity and benthic-pelagic coupling, play a more significant role
in shaping the local pelagic systems.

e Hydroacoustics and autonomous vehicles proved to be powerful tools for studying

pelagic communities in retreating glacier fronts and shallow coastal areas.
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4.3 Paper lll

Borealization of pelagic fish communities in the high Arctic during the polar night

The northward expansion of temperate species into the Arctic has significant implications for
marine ecosystems, introducing competition and predation pressures for Arctic species while
creating new opportunities for fisheries. In Svalbard, Atlantic species such as cod, haddock,
and herring have become increasingly prevalent, while potentially displacing key Arctic
species like polar cod (Fossheim et al., 2015; Misund et al., 2016). The polar night is a
typically understudied period, and it is uncertain how the extreme light regime acts as a
seasonal barrier to borealization. This study investigated fish community composition, pelagic
density and vertical distribution across the western, more Atlantic-influenced region and the
eastern, more Arctic-influenced region in Svalbard during the polar night, and compared the

representation of boreal species in fish communities between these regions (Figure 9).
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Figure 9. Spatial distribution of fish community composition across sampling stations. Pie
charts represent the proportions of Arctic (blue), boreal (red) and boreal-Arctic (green) fish
species caught at each station based on fish density values. Figure 5 from Paper II1.
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Key findings:

o Distinct spatial patterns were observed, with western fjords exhibiting lower pelagic
densities but higher species diversity compared to eastern sites, which were dominated
by schooling species such as herring and capelin.

e Western fjords showed a deeper centre of mass, indicating a demersal-dominated
system, while eastern sites exhibited a shallower, pelagic-dominated system.

e Despite some differences in community composition and vertical distribution, the
representation of boreal species in fish communities was not significantly different
between western and eastern sites. Boreal species, including Atlantic cod, haddock,
and herring, were found at nearly all stations, demonstrating their ability to persist
under the extreme light and temperature conditions of the polar night.

e These findings suggest that boreal species are present year-round, as the polar night
does not act as a strong seasonal barrier to borealization, potentially leading to

enhanced predation and competition pressures on Arctic species.
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5 Discussion

Arctic marine ecosystems are undergoing significant changes driven by climate warming,
with cascading effects across physical and biological dimensions. Diminishing sea ice cover,
retreating glaciers, and altered oceanographic conditions are reshaping both the marine and
terrestrial environments, with implications for biodiversity, ecosystem functioning and human
activities. This thesis presents three interconnected studies that explore the ecological impacts
of glacier retreat and borealization in Arctic fjords, focusing on macroalgal expansion, pelagic
density and the role of the polar night as a seasonal barrier to borealization. Together, these
studies provide insights into the intricate interactions and interplay between physical and
biological processes in a rapidly changing Arctic, while simultaneously showcasing the

strength of sustainable, sophisticated and science-driven research technologies.

5.1 Macroalgal expansion and ecosystem engineering in Arctic

fijords

Paper I sets the stage in characterising the coastline of an Arctic fjord and highlights the
potential for macroalgal expansion following glacier retreat. Billefjorden, with its diverse
coastal features including marine- and land-terminating glaciers and river bays, served as a
natural laboratory to study how varying degrees of glacial and terrestrial input influence

macroalgal settlement.

Macroalgae are ecosystem engineers, contributing to carbon sequestration, nutrient cycling
and habitat provision for fish and invertebrates (Filbee-Dexter et al., 2019; Smale et al., 2013;
Teagle et al., 2017), and understanding their shifts in distribution is critical for ecosystem
management. Their expansion in the Arctic has been widely reported (Assis et al., 2022;
Bartsch et al., 2016; Krause-Jensen & Duarte, 2014), as well as in newly ice-free areas in
Antarctica (Deregibus et al., 2023; Quartino et al., 2013), and these findings are consistent
with the results of Paper I which revealed rapid macroalgal colonisation at the recently land-
terminating glacier front. However, macroalgal settlement is highly dependent on
environmental conditions, particularly substrate type and sedimentation rates (Diisedau et al.,
2024; Niedzwiedz & Bischof, 2023), which vary greatly both regionally and seasonally in the

Arctic.
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Paper I found that macroalgal presence was limited in areas with high sedimentation, such as
the river bay and the marine-terminating glacier front, where soft-bottom substrate and
reduced light penetration hinder settlement and growth. In contrast, the recently land-
terminating glacier front supported macroalgal growth, likely due to the availability of rocky
substrate and comparatively reduced sediment influx. Turbidity measurements from Paper I
and other studies (Szeligowska et al., 2021), as well as satellite imagery, show a large
sediment plume at the marine-terminating glacier front, while the northern front is partially
sheltered from the sediment influx due to fjord circulation patterns and a small peninsula that

separates both sides of the glacier.

Environmental measurements such as temperature, salinity and turbidity explained little
variation in macroalgal presence. This may be because these parameters vary greatly on a
seasonal scale, while macroalgae are sessile organisms that persist over longer timescales. As
a result, factors like substrate type and deposition rates are likely more critical in determining
macroalgal settlement and growth. ROV surveys confirmed the presence of macroalgae at the
recently land-terminating glacier front, and, while kelp was observed with substantial
sediment accumulation on its laminas, turbidity was substantially lower than at the marine-
terminating side. This suggests that macroalgae can thrive even under heightened
sedimentation rates, provided other conditions, such as substrate availability and light

penetration, are favourable.

Therefore, Paper I highlights how the interplay between sedimentation, substrate type, and
hydrodynamics is critical in shaping macroalgal distribution. Fjord systems with steep slopes,
rocky substrates and strong currents may experience less sediment settlement, creating
favourable conditions for macroalgal growth. In contrast, fjords with gentle slopes and
stagnant waters may see higher sediment deposition hindering macroalgal establishment.
While warming temperatures and newly available substrates from glacier retreat provide
opportunities for macroalgal expansion, increased melting rates and higher sedimentation
associated with climate change may limit this growth. For example, models have predicted
significant northward expansions of macroalgae in the Arctic (Assis et al., 2022; Krause-
Jensen & Duarte, 2014), but these predictions may overestimate the scale of this expansion.
While increased macroalgal biomass has been observed in Svalbard (Bartsch et al., 2016;
Weslawski et al., 2010), field observations in other regions, such as subarctic Canada and the
northwest Atlantic, have shown relatively stable kelp abundance over decades despite
warming temperatures (Adey & Hayek, 2011; Merzouk & Johnson, 2011). This discrepancy
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suggests that local environmental conditions and topography, which influence turbidity and
light penetration, likely play a more significant role than changes in temperature in driving

macroalgal settlement and growth.

5.2 Shifts in pelagic density following glacier retreat

Building on the findings of Paper I, Paper II investigated pelagic density and vertical
distribution of fish and zooplankton along a gradient of glacier retreat in Billefjorden. The
study revealed that pelagic density was lowest near the land-terminating glacier front and
highest at the site with minimal glacial input, where dense macroalgal beds supported a rich
benthic and demersal habitat. BRUV footage and complementary ROV surveys revealed
dense macroalgal cover and a rich benthic and demersal habitat at the site furthest from the
glacier and river bays, with numerous fish, crabs, and mysid shrimps observed, contrasting

with the sparse presence of organisms at the glacier and river sites.

While the marine-terminating glacier front was not sampled in this study due to logistical
constraints, the transition process from marine- to land-terminating glaciers and the associated
disappearance of subglacial upwelling has been widely studied (Carroll et al., 2015; Truffer &
Motyka, 2016). Tidewater glacier fronts are foraging hotspots due to the upwelling of
nutrient-rich waters and circulation of zooplankton to the surface, increasing their availability
to predators such as seabirds, marine mammals, and fish (Hop et al., 2023; Lydersen et al.,
2014; Urbanski et al., 2017). As glaciers retreat and transition from sea to land, this upwelling
ceases, leading to declines in pelagic productivity. Such declines may disrupt energy transfer
within the food web, forcing predators to shift their distribution or seek alternative feeding
areas (Lydersen et al., 2014). The decrease in key foraging fish like the polar cod, already
under pressure from rising temperatures, habitat loss and increased predation and competition
(Geoffroy et al., 2023), could amplify these disruptions and lead to altered predator-prey

dynamics.

Paper II highlights the potential for benthic and demersal habitat expansion, driven by
macroalgal settlement following glacier retreat, to mitigate the loss of pelagic productivity.
Macroalgal beds provide habitat and food for benthic invertebrates and demersal fish, which
in turn may support higher trophic levels (Bertocci et al., 2015; Norderhaug et al., 2005;

Steneck et al., 2002). However, this transition from pelagic- to benthic-driven productivity is
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contingent on optimal conditions for macroalgal growth, including low sedimentation and

suitable substrates.

The implications of this transition extend beyond habitat provision. Primary production in
Arctic seas is primarily fuelled by ice algae and phytoplankton blooms (Sereide et al., 2006),
but these are highly seasonal. Macroalgae may provide a supplementary carbon source,
particularly in coastal systems, where they contribute to food web stability and biodiversity
(McMeans et al., 2013; Renaud et al., 2015). While higher trophic levels primarily rely on
phytoplankton-driven production, macroalgae-derived carbon also plays a role in fuelling
Arctic food webs and is utilised by fish and marine mammals (McMeans et al., 2013; Renaud
et al., 2011). Additionally, macroalgae can subsidise deep-water food webs through detritus,

further enhancing their ecological importance (Renaud et al., 2015).

A recent study examining benthic faunal communities in Billefjorden, conducted at the same
sites as Papers I and II, found that glacier-influenced locations had lower density and faunal
abundance compared to the reference site, likely due to high sedimentation rates limiting food
availability near glacier outputs (van der Kamp et al., 2025). These findings align with Paper
II, emphasising the impacts of sedimentation at retreating glacier fronts on both benthic and
pelagic ecosystems, while highlighting the potential for benthic habitat expansion to support

richer communities in areas with reduced glacial input.

The ability of Arctic species to utilise multiple prey types is critical in highly seasonal
environments, where resource availability fluctuates dramatically. This dietary plasticity may
allow higher trophic levels to acclimate to decreased zooplankton biomass resulting from the
loss of glacial upwelling by shifting to benthic herbivores and detritivores that thrive in
macroalgal habitats. An increase in macroalgal coverage is associated with higher biodiversity
and more complex trophic pathways (Kortsch et al., 2012), and understanding the coupling
between macroalgal-driven benthic systems and pelagic organisms is essential for predicting

the resilience and adaptability of Arctic ecosystems to ongoing environmental changes.

5.3 Northward shift of Atlantic species into the Arctic

Paper III expanded the scope of this thesis by investigating borealization of pelagic fish
communities across Svalbard during the polar night. The study revealed distinct spatial
patterns in pelagic density and community composition, with western fjords exhibiting lower

densities but higher species diversity compared to eastern sites, which were dominated by
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schooling species like herring and capelin. Despite these spatial differences, boreal species
were found at nearly all sites, and similar levels of borealization were exhibited across
Svalbard, suggesting that the extreme light regime of the polar night does not act as a strong

seasonal barrier to borealization.

Atlantic cod and haddock have been shown to feed actively during the polar night,
demonstrating their ability to forage effectively despite low-light conditions (Bengtsson et al.,
2024; Larsen et al., 2023). Polar cod exhibit dietary flexibility by shifting their diet according
to prey availability and seasonal changes in water masses (Cusa et al., 2019; Schaafsma et al.,
2024). While there is relatively low dietary overlap between Atlantic cod, haddock, and polar
cod, significant predation by Atlantic cod on polar cod has been documented (Bengtsson et
al., 2024; Larsen et al., 2023; Renaud et al., 2012). This increased predation pressure is
expected to impact the persistence of polar cod in Svalbard waters, potentially altering
predator-prey dynamics and further stressing Arctic ecosystems already under pressure from

climate change.

Paper III revealed catch peaks of Atlantic herring and capelin in eastern Svalbard sites.
While capelin are commonly found in the Barents Sea, herring are generally associated with
warmer Atlantic waters and are expected to increase their presence in northern latitudes as
Atlantic water inflow intensifies (Hollowed et al., 2013). These forage fish are integral
components of the marine food web, playing crucial roles in energy transfer to higher trophic
levels (Dolgov, 2002; Eriksen et al., 2017). The northward expansion of forage fish like
herring may provide alternative prey for predators that rely on polar cod and capelin,
potentially mitigating some of the trophic effects of polar cod declines. However, this will
depend on the adaptability of predators, seasonal movement patterns, and differences in
energy content among forage fish species. Conversely, the expansion of herring may
negatively affect other fish species, as high abundances of herring in the Barents Sea have
been linked to declines in capelin biomass, primarily due to recruitment failure caused by

young herring preying on capelin larvae (Dalpadado et al., 2002; Eriksen et al., 2017).

Differences in the vertical distribution of pelagic density were also observed between western
and eastern sites, with western fjords exhibiting a deeper centre of mass (i.e. deeper
distribution of organisms in the water column). These differences are likely influenced by the
geographical context, as western fjords feature more complex topography with deep basins

and rich demersal habitats, while eastern sites are situated in open ocean environments that

33



favor pelagic schooling species. The interplay between topography and water mass
distribution likely shapes the observed differences in community composition and vertical

distribution.

The findings and associated implications from Papers I and II suggest that macroalgal
expansion may facilitate the northwards range shift of temperate species like the Atlantic cod
and saithe (Pollachius virens), by providing habitat and shelter (Cote et al., 2002; Norderhaug
et al., 2005). Kelp beds offer refuge and feeding grounds for various fish, which may be
particularly important during the Arctic summer, allowing them to evade predators while
remaining near their foraging grounds in surface waters. In Paper II, BRUV footage captured
multiple shorthorn sculpin (Myoxocephalus scorpius) in kelp forests, and these fish are known
to consume pelagic prey, benthic invertebrates and small demersal fish (Norderhaug et al.,
2005). Similarly, Atlantic cod, which feed on benthic and demersal invertebrates during the
polar night, could benefit from enhanced foraging opportunities provided by a richer benthic
habitat. Consequently, species like the shorthorn sculpin and Atlantic cod may thrive with

increased macroalgal abundance.

Ultimately, the ability of boreal species to acclimate to Arctic conditions in the short term and
adapt over longer timescales will be crucial in determining the extent to which Atlantic
species can expand into polar regions. While the polar night does not appear to act as a strong
seasonal barrier to borealization, and macroalgal expansion may lessen the risk of predation
during the midnight sun, the broader ecological implications of these shifts will depend on the
capacity of Arctic ecosystems to adapt to increased competition, predation, and changes in

trophic dynamics.

5.4 Autonomous vehicles and hydroacoustics

Hydroacoustics proved efficient for mapping macroalgal coverage and pelagic density and
vertical distribution, offering high-resolution data without physically disturbing the
environment, and this was highlighted by the high success rate in detecting macroalgae in
Paper I. The integration of hydroacoustics with autonomous vehicles was central to Papers I
and II, enabling the investigation of both benthic and pelagic ecosystems in challenging
Arctic environments. These methods provided a sustainable and effective approach to data
collection, particularly in shallow coastal areas and glacier fronts, which remain understudied

as traditional methods face logistical and safety challenges. As Paper III focused on central

34



fjord systems and offshore locations, a ship-based acoustic survey utilising a multifrequency

echosounder was the optimal methodology.

There are also limitations and challenges to using autonomous vehicles and hydroacoustics.
For instance, the relatively narrow beam of the split-beam echosounder used in Papers I and
II limited area coverage, requiring multiple transects to achieve comprehensive mapping.
Attempts to map macroalgal coverage in larger areas perpendicular to the shoreline
encountered issues with slope shading, where steep slopes affected echo shapes and acoustic
backscatter (von Szalay & McConnaughey, 2002). Ground-truthing of the acoustic data, as
done in these studies through underwater cameras, is critical for accurately evaluating the

data.

Moreover, small USVs like the one used in these studies are more sensitive to challenging
weather conditions and waves, which can affect the collection of acoustic data and resulted in
some discarded data for Paper 1. Additionally, USVs generally lack the capability to collect
biological samples, such as zooplankton and fish. While it is possible to collect these data
separately, such as using nets and traps, this is challenging in extreme environments like
glacier fronts and in unpredictable Arctic conditions. These cutting-edge systems often
require extensive technical support and significant time for testing and troubleshooting, as

was the case prior to each field season in this study.

Combining the use of autonomous vehicles with sampling from traditional research vessels
can mitigate these limitations and maximise data quality and coverage. For example, while
the USV was effective for small-scale studies in Papers I and II, the use of a research vessel
in Paper III allowed for broader spatial comparisons. This complementary approach
demonstrates the potential of integrating autonomous vehicles with traditional sampling to

address both fine-scale and large-scale research questions.
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6 Conclusions and future perspectives

This thesis provides novel insights into the ecological transitions occurring in Arctic marine
ecosystems in response to climate change, with a focus on macroalgal expansion and shifts in
pelagic systems associated with glacier retreat, and the borealization of fish communities in
Svalbard. By integrating hydroacoustics and autonomous vehicles, this work also
demonstrates the potential of sustainable and non-invasive research methodologies in
challenging environments. Together, the findings highlight the interplay between physical and
biological changes in the Arctic and their implications for ecosystem dynamics and

management.

The expansion of macroalgae into newly available substrates following glacier retreat is a key
finding of this thesis. Macroalgae, as ecosystem engineers, play a critical role in carbon
sequestration, nutrient cycling, and habitat provision. The results from this thesis indicate that
macroalgal settlement is highly dependent on local environmental conditions, such as
substrate type and sedimentation rates, which are shaped by glacier retreat and fjord
topography. While warming temperatures and reduced sea ice scouring create opportunities
for macroalgal growth, increased sedimentation associated with glacier melting may limit this
expansion. These findings highlight the need for comprehensive mapping of Arctic coastlines,
incorporating factors such as substrate availability, sedimentation rates, and light penetration,
to better predict macroalgal distribution under future climate scenarios. Furthermore, long-
term monitoring of macroalgal colonisation and growth rates in newly exposed substrates will
provide valuable insights into their role in local and global carbon dynamics, which is

increasingly relevant in the context of climate change and the mitigation of carbon emissions.

Building on this, this study examines the potential for benthic habitat expansion to mitigate
the loss of pelagic productivity associated with the transition from marine- to land-
terminating glaciers. This study reveals that areas with dense macroalgal beds support higher
pelagic density, suggesting a potential shift from pelagic- to benthic-driven productivity in
certain Arctic fjords. This transition has significant implications for trophic web dynamics, as
macroalgal habitats provide food and shelter for benthic invertebrates and demersal fish,
which in turn support higher trophic levels. However, the extent to which Arctic species can
adapt to these changes remains uncertain, emphasizing the need for further research on

benthic-pelagic coupling and the resilience and plasticity of Arctic food webs.
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At a broader scale, this thesis showcases that the borealization of Arctic marine ecosystems
may not be constrained by the extreme light regime of the polar night. Boreal species, such as
Atlantic cod, herring and haddock, were found across multiple sites across Svalbard,
indicating their ability to persist under Arctic winter conditions. These findings challenge the
assumption that the polar night acts as a seasonal barrier to borealization and highlight the
potential for increased competition and predation pressures on endemic Arctic species. As key
endemic Arctic forage fish like polar cod face population declines, the ability of higher
trophic levels to adapt by feeding on boreal newcomers will be pivotal to shaping ecosystem

resilience and stability of Arctic food webs.

The implications of these findings extend beyond ecological understanding to inform
conservation and management strategies. The northward expansion of commercially valuable
species presents both opportunities and challenges for fisheries. As Arctic ecosystems face
multiple stressors, including climate change and increased anthropogenic activity associated
with easier accessibility into polar areas, adaptive management strategies will be essential to
balance economic interests with conservation goals. Long-term monitoring and research
programs will play a critical role in tracking these changes and ensuring the sustainable use of

Arctic marine resources.

Moreover, this thesis highlights the value of integrating hydroacoustics with autonomous
vehicles for studying Arctic marine ecosystems. These methods provide a sustainable and
efficient approach to data collection, particularly in understudied environments like glacier
fronts and shallow coastal areas, which are difficult to access. While challenges remain, such
as the sensitivity of autonomous vehicles to weather conditions and the limitations in
collecting biological data, the successful application of these technologies in this work
demonstrates their potential to advance Arctic research. By reducing the environmental
footprint of scientific activities, these methods align with the principles of sustainability and
offer a promising way forward to studying and managing ecosystems in a rapidly changing

world.

To conclude, this thesis emphasizes the complexity of ecological transitions in Arctic marine
ecosystems and the importance of interdisciplinary approaches to understanding and
managing these changes. By linking localized processes, such as macroalgal expansion and
pelagic-benthic shifts, with broader regional patterns of borealization, this work provides a

comprehensive perspective on the impacts of climate change in the Arctic. As the region

37



continues to warm at an unprecedented rate, the insights and methodologies developed in this
thesis will contribute to the ongoing efforts to monitor, understand, and protect Arctic marine

ecosystems.
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Vegetated coastal marine ecosystems are projected to expand northwards in the
Arctic due to climate change, but the mechanisms for this expansion are
complex and nuanced. Macroalgal biomass in the littoral areas of Svalbard has
been increasing, but data at the glacier fronts are very scarce. In this study, we use
hydroacoustics and video validation from an unmanned surface vehicle to survey
macroalgal bed distribution along the coast of a High Arctic fjord (Billefjorden,
Svalbard), including river bays and land- and sea- terminating glacier fronts, as
well as oceanographic measurements to indicate physical drivers of macroalgal
settlement. We found high variation of macroalgal coverage along the fjord
coastline, with virtually no macroalgae in the river bays but abundant coverage in
areas with little terrestrial runoff. Furthermore, the presence of kelp was found at
the land-terminating glacier front which has recently retreated from the sea,
which suggests the potential for rapid macroalgal establishment in newly
available substrate following glacial retreat. These findings suggest large
ecological implications throughout the Arctic, in which macroalgal expansion
may lead to significant changes in the underwater coastal landscape and
ecosystem. This study shows that the use of remote autonomous vehicles and
hydroacoustic mapping with video validation has a high potential for sustainable
and efficient ecological monitoring.

KEYWORDS

algae, autonomous vehicles, coastal mapping, climate change, hydroacoustics, Svalbard

1 Introduction

The High Arctic is undergoing the most severe climate change of any region in the
world and consequently marine ecosystems are being affected by an increase in
temperature, precipitation, melting, river discharge and sedimentation (Box et al., 2019).
Representing the boundary between marine and terrestrial environments where land and
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glacial inflow enter the marine system, littoral areas in fjord systems
are particularly vulnerable to these changes, and the loss of the
cryosphere is one of the main drivers for changes in biodiversity and
ecosystem function in these areas (Bring et al., 2016; Hawkins et al.,
2008; Hopwood et al., 2020; IPCC, 2022). The melting of tidewater
glaciers and decrease in sea-ice is affecting biogeochemical
parameters such as turbidity, salinity, as well as nutrient and light
availability (Henson et al., 2023; Hopwood et al., 2020), and these
changes may affect community composition in coastal fjord areas
(Fredriksen et al., 2014; Weslawski et al., 2010).

Macroalgae are commonly found on rocky substrate and boulders
in littoral and sublittoral fjord regions in the Svalbard archipelago
(Fredriksen and Rest Kile, 2012; Hop et al,, 2012), where they are key
primary producers and represent important feeding and nursing sites
for fish and benthic fauna (Carlsen et al., 2007; Lippert et al., 2001;
Wilodarska-Kowalczuk et al, 2009). The macroalgal community
composition on Svalbard is similar to the Norwegian mainland and
other regions of the North Atlantic, with few endemic Arctic species
(e.g. Laminaria solidungula) (Fredriksen et al., 2015). Macroalgae have
been shown to dominate at the sublittoral and littoral zones (2 - 15 m
depth), with fucales in the shallow areas and species such as Saccharina
latissima, Alaria esculenta, and Laminaria digitata commonly forming
dense beds deeper in the euphotic zone in Svalbard fjords (Hop et al.,
2012). In the Arctic, macroalgae are commonly absent in the
uppermost sublittoral zone due to ice scouring (Bartsch et al., 2016;
Gutt, 2001), which has an effect down to 5 m in Svalbard (Wiktor et al.,
2022). Temperature and salinity are important drivers for macroalgal
growth and vary significantly over the seasons in the high Arctic
(Bischof et al., 2019). Macroalgae have been shown to have a high
tolerance to variations in temperature and salinity, especially in the
upper sublittoral zone, but freezing of the thalli and rapid changes in
salinity have been shown to inhibit photosynthetic efficiency at least
transiently (Becker et al., 2009; Hop et al., 2012; Karsten, 2007). Light
availability is also an important factor determining the depth
distribution of macroalgae (Bartsch et al., 2016; Diisedau et al.,
2024), with high amounts of radiation in the uppermost littoral zone
and light limitation deeper in the water column and under sea-ice
(Svendsen et al., 2002). The lower depth limit for the most abundant
kelp species in Svalbard is from 15 to 20 m, and is undergoing an
upward shift as a consequence of a deteriorating light climate (Borum
et al,, 2002; Diisedau et al, 2024; Hop et al, 2012). Furthermore,
mechanical factors such as tidal conditions and wave exposure are
important drivers for macroalgal occurrence and community
composition (Bird et al,, 2013), with species like Laminaria digitata
thriving in exposed sites (Gilson et al., 2023) while the opposite is
observed for Saccharina latissima (Visch et al., 2020).

Changing environmental factors such as water temperature,
salinity, sedimentation and light availability may have a direct
impact on the spatial distribution of macroalgae (Bischof et al,
2019), and consequently affect associated species and ultimately the
community composition of Arctic coastal ecosystems (Kortsch
et al,, 2012; Weslawski et al., 2010). The responses of macroalgal
communities to changes in the cryosphere include complex
interactions between environmental factors, macroalgal growth
and distribution. High sediment load in the water column affects
the light regime and decreases the availability of photosynthetically
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available radiation (Hanelt et al, 2001; Ronowicz et al,, 2020).
Species richness and biomass of macroalgae subsequently tend to
decrease in close proximity to glacier fronts, and community
composition changes with increased turbidity from glacier run-off
(Ronowicz et al., 2020). Sea-terminating or tidewater glaciers flow
into the ocean and their front is exposed to the marine system, while
land-terminating glaciers do not have direct contact with the sea.
The transition of sea-terminating to land-terminating glaciers due
to increased glacial melting is changing the biogeochemical
dynamics in these coastal areas, such as acidification state
(Henson et al., 2023), which may impact macroalgal communities
and the associated fauna by selecting those better suited for the
changing conditions (Niedzwiedz and Bischof, 2023).

Heightened sedimentation due to increased river run-off and
glacier melting may result in higher concentrations of dissolved
bioavailable nutrients (Vonnahme et al, 2021), which potentially
favours macroalgal growth. Conversely, higher river run-off can cause
an accumulation of particles such as silt, sand or clay and lead to
shifts in bottom sediments towards a soft-bottom seafloor which is
not suitable for the settlement of macroalgae (Mann et al., 2022).
Furthermore, glacial retreat is uncovering new hard substrate where
macroalgae have the potential to settle, expanding their distribution
(Deregibus et al., 2023). Reduced ice-scouring following sea-ice
retreat may also allow for macroalgae settling in new regions
(Krause-Jensen et al., 2020; Krause-Jensen and Duarte, 2014), and a
northward expansion of macroalgae is expected (Assis et al., 2022).

There has been a recorded increase in littoral macroalgal
biomass in Svalbard over the last 30 years (Bartsch et al., 2016;
Fredriksen et al., 2015; Weslawski et al., 2010), which may be due to
a decrease in mechanical disturbances such as sea-ice scouring, new
substrate for settlement and higher bioavailability of nutrients
(Krause-Jensen et al., 2020; Krause-Jensen and Duarte, 2014).
Overall, studies show that macrophytes are generally expanding
in the Arctic (IPCC, 2022; Krause-Jensen et al., 2020), but there is
little research done at glacier fronts due to high difficulty to access
and sample these areas.

Direct biological sampling, such as dive surveys, offers high detail
and reliability to map underwater habitats and community
composition, but it is rather expensive, localized and time-
consuming. Acoustic methods are emerging as efficient tools for
habitat assessment and ecosystem mapping and monitoring
(Anderson et al., 2008; Brown et al., 2011), as they can be automated
and used at large scales. Studies have shown that macroalgal beds
significantly influence the strength of acoustic backscatter by
dampening the return echo signal (Brown et al, 2011; Riegl et al,
2005), and hydroacoustic methods have already been used successfully
to map macroalgal coverage in Arctic fjords (Kruss et al., 2017).

Due to their high susceptibility to environmental perturbations
as well as their sedentary lifestyle, macroalgae are good indicators of
changing conditions (Bischof et al., 2019; Fredriksen et al., 2014).
Studying the spatial abundance and distribution of macroalgae at a
local scale with high spatial resolution, and in relation to changes in
the cryosphere and different fjord littoral habitats (glacier front,
river bays and marine conditions with minimal land runoff), will
contribute to inferring effects of climate change at a larger
spatial scale.
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The aim of this study was to map sublittoral cover of
macroalgae beds in inner Billefjorden, Svalbard, and the
Nordenski6ldbreen glacier front, which has recently partly
transitioned from sea- to land- terminating, and investigate the
role of turbidity, temperature and salinity in macroalgal presence in
these areas. These oceanographical parameters were chosen as they
are known drivers of macroalgal growth and are undergoing
significant shifts due to climate changes, particularly in coastal
fjord areas due to glacial melting and increased land runoff (Bischof
et al,, 2019; IPCC, 2022). We hypothesize that macroalgal biomass
will decrease with increasing proximity to the glacier front and river
bays due to high sedimentation rate and low light availability.
Macroalgal distribution may be limited to shallower depths in
these areas, where there is still enough available light to sustain
growth. Finally, there might be an optimal proximity to the glacier
front that allows for macroalgal growth, where there is increased
nutrient concentration from subglacial upwelling and new substrate
for settlement, but where the turbidity and mechanical disturbance
is not high enough to prevent macroalgal settling. This study system
may be used as a model to illustrate the changes taking place
broadly in the Arctic.

2 Materials and methods

2.1 Study area

Billefjorden is located in Spitsbergen, Svalbard (Figure 1), and
has a shallow sill at the mouth of the fjord, so that there is a layer of
winter cold water at the bottom and a warmer shallow layer of
Atlantic water above that enters via offshoots of the West
Spitsbergen current (Nilsen et al, 2008). The inner part of the
fjord is characterized by the river bay Petuniabukta and the glacier
Nordenskioldbreen in the adjacent bay Adolfbukta. This glacier has
been retreating at a rate of 12-35 m per year (Szczucinski et al.,
2009) and has recently receded to where the northern side is mostly
land-terminating. The river bay, Petuniabukta, lies in the
northwestern end of the fjord and receives a high amount of
freshwater and sediment input due to the surrounding valley
glaciers and mountains (Laska et al., 2012). Outwards from the
river and glacier bays (Scottvika), river and glacier influence is
minimal, which means that Billefjorden functions as a natural
laboratory wherein the impact of both river and glacier systems
can be systematically assessed. Geomorphological mapping showed
that inner Billefjorden is characterized by soft bottom substrate in
Petuniabukta, and both rocky and soft bottom in the glacier bay and
surrounding coastline (Soreide et al, 2021). There has been a
decrease in land-fast sea ice cover in Svalbard over the last
decades, but inner Billefjorden is still ice-covered during the
winter and spring seasons (Urbanski and Litwicka, 2022).

2.2 Coastal survey

A large-scale survey was done along the coastline of inner
Billefjorden, Svalbard. Acoustic mapping was performed by split-
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beam echosounder (SBES) measurements mounted on an
unmanned surface vehicle (USV) and the seafloor was imaged
with a drop camera deployed from the USV for validation of the
acoustic data. A Valeport SWiFT CTDplus with Turbidity
(Valeport Ltd., Totnes, UK) was mounted on the USV to collect
surface oceanographic data, which included temperature (degrees
Celsius), salinity (practical salinity units; psu) and turbidity
(nephelometric turbidity units; ntu).

The Otter USV (Maritime Robotics AS, Trondheim, Norway) is
an electric 200 x 108 x 106 cm twin hull catamaran that can carry a
variety of oceanographic sensors and cameras and was used to
access very shallow areas and the glacier fronts, which cannot be
sampled by traditional methods. The USV was controlled remotely
via broadband communication radio (Direct link 5150 - 5875
MHz) from a nearby vessel and was equipped with a downward
facing BioSonics DT-X scientific split-beam echosounder
(BioSonics, Seattle, USA) mounted at the back of the vehicle. The
USV’s internal GNSS system was used for georeferencing the
echosounder data. The DT-X echosounder was used at an
operating frequency of 200 kHz, a beam angle of 6.9°x 6.9° a
ping rate of 5 Hz and a pulse duration of 0.4 ms, and the USV was
driven at a speed of approximately 3 knots. Autonomous vehicles
have been used in previous studies to map the seafloor and study
marine ecosystems (Johnsen et al., 2016; Ludvigsen et al., 2018), and
provide an effective and sustainable methodology that is capable to
reach understudied areas that are difficult to access.

A total of 40 km of coastline were surveyed over three separate
days in July and August 2021, and the USV was manually run at a
mean bottom depth isoline of 7 m (Figure 1). In August 2022, CTD
profiles were taken down to bottom depth in Petuniabukta, the
Nordenskioldbreen glacier and Scottvika as locations indicating
different environmental conditions (high freshwater and
sedimentation from rivers — RIV, glacier front - GLA, and
control marine station — CON, respectively), to complement the
surface CTD measurements taken from the USV.

2.3 Acoustic detection of macroalgae

Acoustic detection of submerged flora is based on their physical
properties, which scatter the acoustic signal differently than
unvegetated bottom (Carbo and Molero, 1997; Kruss et al., 2017).
Hydroacoustic mapping has been used extensively to map
macroalgal coverage in coastal areas (Brown et al, 2011) and
scientific split-beam echosounders have been used to study
macroalgal settlement in Svalbard fjords (Kruss et al., 2017;
Wiktor et al.,, 2022). The vegetation analyses were performed in
BioSonics’ software Visual Aquatic v.1.0.0.12146 using an edge
detection method. This method is based on analysing the strength
of acoustic echoes to establish boundaries between the bottom layer,
macroalgal cover and the water column. When macroalgae are
present, the echogram shows a weak backscattering layer above the
strong bottom signal (Figure 2).

The acoustic signal was recorded as Sv values (volume
backscattering strength) and the files were inspected for noise and
a threshold of -40 dB was used to determine bottom depth. The
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FIGURE 1

(A) Topographic map of Svalbard. (B) Satellite image of Billefjorden with the data transect from the coastal survey in Billefjorden (black line) and
stations where CTD (Conductivity, Temperature and Density) water column profiles were done (red dots). Basemap source: Norwegian Polar

Institute, Geodata AS, Kartverket, Geovekst og kommunene; Esri, USGS.

default threshold of -70 dB was used to detect presence of
macroalgae. These thresholds were used based on existent
literature and ground-truthing during field testing to determine
the optimal values for bottom and plant acoustic boundaries
(Radomski and Holbrook, 2015; Simmonds and MacLennan,
2005). A minimum detection distance of 0.3 m above the bottom
was used to exclude the detection of smaller bottom structures and
drift material and only include large macroalgal formations, as
common macroalgae species in the Arctic can grow to >1 m in
length (Diehl et al., 2023). Macroalgal detection was limited to a
depth range from 1 to 20 m and minor manual editing of the
bottom and vegetation lines was done to correct for noise and fish
that merged with the bottom signal. The pings were clustered in
groups of 50, which at a ping rate of 5 s effectively equalled to one
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data point for every 10 seconds. The algorithm then detected
macroalgal percentage cover of those ping clusters, and50%
coverage and higher was assigned as macroalgal presence.
Macroalgal presence/absence using a threshold of 50% coverage
was used as a conservative approach to complement the height
threshold and focus on large and established macroalgal beds and
avoid over-representing macroalgal coverage by including detached
and drift material and single units of macroalgae.

To ground-truth the acoustic data, a Paralenz Vaquita
(Paralenz, Redovre, Denmark) drop camera was deployed from
the USV simultaneously to the echosounder recording. The camera
was rigged to the USV’s winch system which was linked to the
echosounder and programmed to be lowered to 1.5 m from the
bottom and record video of the seafloor for 10 seconds.
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FIGURE 2

Process of validation of the acoustic data via drop camera samplings. (A) Echogram showing the acoustic signal from macroalgae. The signal from
the drop camera is also shown. Brighter colours indicate stronger echo signal. (B) Video snapshot of the ocean floor at the same location.

(C) Location of the respective sampling point.

A total of 30 drop camera deployments were used to validate the
macroalgae detection algorithm. This footage was obtained at the
land-terminating glacier front, along the northern coast of
Adolfbukta and in Petuniabukta between 5 and 10 m bottom
depth (Figure 3; Supplementary Table 1). Video that showed
macroalgae covering more than 50% of the frame were assigned
as indicating macroalgal presence to align with what constituted
macroalgal presence in the acoustic algorithm, and this footage was
cross-referenced with the acoustic data based on time stamps as well
as visualizing the camera in the echogram.

2.4 Mapping and statistical analyses

In order to test the correlation between surface temperature,
salinity and turbidity with macroalgal occurrence, the acoustic
and CTD data were merged together by aggregating the CTD data
in intervals of 10 seconds and matching the start time stamp of
each acoustic cluster of 50 pings. All statistical analyses were
done in RStudio v2023.03.1, and the “dplyr” and “lubridate”
packages were used for the data manipulation (Grolemund and
Wickham, 2011; Wickham et al., 2023).

Box plots were made using the “ggplot2” package to visualize the
frequency of presence and absence of macroalgae in relation to the
range values for surface temperature, salinity and turbidity. Data were
analysed for normality using a Saphiro-Wilk test and checked for
multicollinearity and homoscedasticity. A correlation matrix was
performed to analyse the relationships between temperature,
salinity and turbidity. Logistic regression (Sperandei, 2014) was
used on the merged dataset to analyse the relationship between
temperature, salinity and turbidity with macroalgal presence/
absence, and the model output exported using the “broom”

Frontiers in Marine Science

package. In addition, an inflated beta regression model (Ospina
and Ferrari, 2010) was used to analyse the relationship between
temperature, salinity and turbidity with macroalgal percent coverage
directly using the “gamlss” package. The CTD water column profile
data was analysed and plotted using the “oce” package.

Macroalgal presence/absence, percent coverage and sampling
locations were mapped in ArcGIS Pro v3.1.

3 Results
3.1 Acoustic survey and image validation

The bottom depth of the acoustic survey ranged from 1 to 20 m
depth, with a mean of 7.1 m. Of a total of 3481 data points, there
were 1085 reports of macroalgal presence (>50% coverage) and
2396 of absence (<50% coverage). Overall, the survey revealed
macroalgal coverage to be quite heterogenous along the coast of
Billefjorden (Figure 4). The eastern coastline showed patchy
macroalgal coverage, decreasing with proximity to the sea-
terminating glacier (southern side). The sea-terminating glacier
front showed no coverage, while macroalgae were present
adjacent to the land-terminating front (northern side). High
macroalgal coverage was observed northwest of the glacier,
decreasing with proximity to the river bay and with virtually no
macroalgae in the inner part of the bay. Instances with coverage
increase on the western coastline and drop in front of the river bay
at the end of the survey.

Out of 30 total camera drops, the echosounder correctly
identified 15 cases of macroalgal presence and 13 of macroalgal
absence, while 2 cases incorrectly identified macroalgal presence
where the camera showed no coverage.
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Drop camera locations along the Unmanned Surface Vehicle (USV) survey. Additional information on the environmental conditions and macroalgal
coverage is presented in the Supplementary Material. Basemap: Norwegian Polar Institute, Geodata AS, Kartverket, Geovekst og kommunene;

Esri, USGS.

3.2 Surface CTD measurements

CTD surface turbidity measurements from the USV survey
ranged from 1.7 to 497 ntu, with a mean of 17.9 ntu, temperature
ranged from 3.8 to 9.2°C with a mean of 6.4°C, and salinity ranged
from 7.2 to 33.2 psu with a mean of 26.6 psu (Figure 5). The highest
turbidity measurements (243 - 497 ntu) were recorded at the sea-
terminating glacier front, and the highest temperature (8 - 9°C) and
lowest salinity (7 - 14 psu) were recorded at the southwestern river
bay. The highest salinity values (31 - 33 psu) were recorded at inner
Petuniabukta and along the eastern shoreline.

3.3 CTD water column profiles

The highest surface turbidity (100 ntu) was found at the glacier
station, along with the lowest salinity (below 20 psu) and lowest
temperature (below 8°C; Figure 6). The control station was the most
saline and least turbid station, with surface values above 25 psu and
below 4 ntu respectively. The river station is the shallowest and was
the only station with bottom water temperatures above 0°C.
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The correlation matrix showed low correlations between
turbidity and temperature and turbidity and salinity, 0.13 and
-0.37 respectively, and a moderate correlation of -0.63 between
temperature and salinity (Supplementary Table 2). All three
predictor variables exhibited statistically significant associations
with macroalgal presence in the logistic regression model
(Table 1). Temperature exhibited a negative association, with a
one-unit increase resulting in a 53.49% decrease in the odds of
macroalgal presence, as indicated by the odds ratio (OR) of 0.465
(95% CI: 0.405, 0.535, z = -10.74, p < 0.001). Similarly, salinity
displayed a negative association, with a one-unit increase
corresponding to an 16.36% decrease in odds (OR: 0.836, 95% CI:
0.820, 0.853,z = -17.28, p < 0.001). Turbidity also showed a negative
relationship, with a one-unit increase leading to a 3.06% decrease in
odds (OR: 0.969, 95% CI: 0.961, 0.978, z =-7.19, p < 0.001). All
predictors had highly significant p-values, indicating the robustness
of these associations. A McFadden’s R-squared value of 0.1 was
obtained for the model. Similarly to the logistic regression, all three
predictors were found to be statistically significant in the inflated
beta regression model (Table 2), and all predictors exhibited
negative associations with macroalgal percent coverage. A one-
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Macroalgal coverage along the inner coast of Billefjorden showing macroalgal presence (>50% coverage; green) and absence (<50% coverage; red)
and percent coverage of macroalgae. Basemap source: Norwegian Polar Institute, Geodata AS, Kartverket, Geovekst og kommunene; Esri, USGS.

unit increase in temperature resulted in a decrease in the expected
value of macroalgal coverage, as indicated by the estimate of -0.3903
(t = -10.95, p < 0.001). Similarly, a one-unit increase in salinity
corresponded to a decrease in the expected value of coverage, with
an estimate of -0.0850 (t = -18.44, p < 0.001). Turbidity also showed
a negative relationship, with a one-unit increase leading to a
decrease in the expected value of coverage, as indicated by the
estimate of -0.0066 (t = -10.71, p < 0.001).

4 Discussion

Macroalgae-dominated coastal marine ecosystems are projected
to expand northwards and become more common in the Arctic due
to climate change (Krause-Jensen et al., 2020; Krause-Jensen and
Duarte, 2014). Despite increasing temperatures and greater
availability of substrate for macroalgal growth, higher
sedimentation rates from melting glaciers and the subsequent
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Boxplot showing the ranges of turbidity, temperature and salinity when macroalgae were present and absent. Each data point corresponds to the average
values of 10-second intervals of CTD surface measurements. The box represents the interquartile range (IQR) and the line within indicates the median. The
whiskers extend to the most extreme data points not considered outliers, which are represented by individual dots beyond the whiskers.
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FIGURE 6

CTD depth profiles for the glacier (GLA), control (CON) and river (RIV) stations, with measures of temperature, salinity and turbidity. Turbidity scales
are different between the three stations due to great variation in measurements.

changes to the light regime can limit the expansion of macroalgae in
the Arctic (Assis et al., 2022). Exploring the interactions between
the different changes in oceanographical conditions and their
relationships with macroalgal settling and growth is crucial to
understanding the new underwater landscape in littoral areas of a
changing Arctic. This study focused on the shallow sublittoral area
and the middle of the macroalgal depth distribution zone on
Svalbard (Bartsch et al., 2016), at an average survey depth of 7 m.
We aimed at exploring these relationships further and developing a
sustainable monitoring protocol for surveys in shallow littoral areas
and glacier fronts. We found high variation in macroalgal coverage
along inner Billefjorden, with river bays such as Petuniabukta with
virtually no macroalgae and the adjacent bay (Adolfbukta) with
abundant biomass. Furthermore, kelp was found at the land-

terminating glacier front. The image validation of the acoustic
mapping of macroalgae showed a high rate of success and points
at the potential of such methodology for sustainable
ecological mapping.

4.1 Macroalgal coverage in relation to
temperature, salinity and turbidity

The logistic and beta inflated regression models, which studied
the relationships between environmental conditions and macroalgal
presence/absence and percent coverage respectively, showed similar
results indicating that temperature, salinity and turbidity
significantly predict macroalgal presence, with increasing values

TABLE 1 Relationship between macroalgal presence and temperature, salinity and turbidity.

Variable Estimate Odds_Ratio
(Intercept) 9.1775 ‘ 9676.9293
Temperature -0.7654 ‘ 0.4652

Salinity -0.1787 ‘ 0.8364
Turbidity -0.0311 ‘ 0.9694

Cl_Lower Cl_Upper P_Value
2405.7703 38924.3151 <0.001
0.4045 0.5349 <0.001
0.8196 0.8535 <0.001
0.9612 09777 <0.001

Summary of the logistic regression model. Null deviance: 4319.6 on 3480 degrees of freedom, residual deviance: 3888.1 on 3477 degrees of freedom. AIC: 3896.1.
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TABLE 2 Relationship between macroalgal percent coverage and temperature, salinity and turbidity.

Component Variable Estimate Std.Error t_value P_value
Mu (Intercept) 43143 0.3352 12.87 <0.001
Mu Temperature -0.3903 0.0356 -10.95 <0.001
Mu Salinity -0.0850 0.0046 -18.44 <0.001
Mu Turbidity -0.0066 0.0006 -10.71 <0.001
Sigma (Intercept) 0.2653 0.0174 15.22 <0.001
Nu (Intercept) -2.3748 0.0613 -38.75 <0.001
Tau (Intercept) -3.921 0.1283 -30.57 <0.001

Summary of the beta inflated regression model. No. of observations in the fit: 3481, Degrees of Freedom for the fit: 7, residual Degrees of Freedom: 3474. Global Deviance: 1466.295, AIC:

1480.295, SBC: 1523.381.

correlated with decreasing odds for macroalgal presence and
coverage. However, the low McFadden’s R-squared value
indicates that the model only explains a small part of the
variance, and other factors such as bottom type and nutrient
availability likely play a bigger role in determining macroalgal
presence. This is consistent with studies showing that macroalgae
in Svalbard can thrive in wide ranges of temperature and salinity
which vary seasonally (Bischof et al., 2019), and therefore these
drivers are of lesser importance than substrate type and light and
nutrient availability. Exposure to wave action can be a critical driver
for macroalgal occurrence, but it likely does not play a major role as
the coastline in inner Billefjorden is sheltered due to seasonal sea-ice
cover and has low exposure to waves (Urbanski and Litwicka, 2022).

Both the CTD water column profile and the drop camera
footage showed high turbidity in the surface layer of the river bay
Petuniabukta, which suggest high rates of run-off from the
surrounding rivers. Kelp relies on rocky substrates to adhere to
and grow (Steneck et al., 2002; Wulff et al., 2009) and the scarce
macroalgal abundance observed in Petuniabukta may be explained
by a soft bottom seafloor created by high rates of sedimentation
from land, as is shown in geomorphological maps of the Billefjorden
coastline (Soreide et al., 2021). Furthermore, high concentration of
particles in the water and increased turbidity in the water column
may have a negative effect on macroalgal growth by decreasing the
available photosynthetically available radiation that reaches the
bottom. Studies have shown that high sedimentation has negative
effects on the germination rates of kelp by altering the recruitment
of sporophytes (Traiger and Konar, 2018; Zacher et al., 2016), and
the results of the acoustic survey are consistent with this area having
adverse conditions for macroalgal growth. Similarly adverse
conditions for macroalgal growth were expected at the glacier
front, due to high sedimentation and turbidity (Szczucinski et al.,
2009). The survey at the sea-terminating front was consistent with
that hypothesis, as no macroalgae were detected and the surface
turbidity was extremely high.

However, the hydroacoustic analyses and video validation
showed considerable kelp growth on the land-terminating glacier
side. This area is separated from the sea-terminating side by a small
peninsula that may provide shelter from the glacial sediment plume,
which combined with a rocky substrate may constitute more
favourable conditions for macroalgal communities to establish.

Frontiers in Marine Science

Moreover, as this section of the glacier front keeps retreating into
land, there will be less mechanical disturbance from calving events.
Surface turbidity measurements from the USV survey were low, while
the water column profile taken further from the shore indicated more
turbid surface waters, which supports that the northern, land-
terminating side of the glacier may be sheltered from the sediment
plume that originates at the sea-terminating side. It is of note that the
drop camera footage showed a high amount of sediment on the kelp,
which indicates that despite some degree of sheltering, the land-
terminating side does nonetheless have appreciable sedimentation
rates. The presence of macroalgae may indicate that it can thrive in
areas with high sedimentation if there is enough light availability and
suitable substrate. In such cases we would expect a shift in the depth
range of kelp towards shallower areas, which is consistent with recent
findings (Niedzwiedz and Bischof, 2023). It is important to note that
environmental conditions affect macroalgae throughout the growth
period, and therefore variability in temperature, salinity and turbidity
over time plays a key role. Although constrained over time, the
observations of oceanographic parameters in this study are
representative of the summer and fall period of the year when
inner Billefjorden is not ice-covered.

4.2 Ecological implications of macroalgal
expansion at retreating glacier fronts

As a glacier retreats, new rocky bottom is exposed that can
potentially be exploited by macroalgal communities. Furthermore, as
the glacier continues to retreat and sedimentation rates and mechanical
disturbances decline, the conditions will become more favourable for
macroalgae and will potentially lead to higher abundance of kelp.
Satellite imagery shows that the northern section of the
Nordenskioldbreen glacier became partly land-terminating in 2017-
2018 (Sentinel Playground, Sinergise LTD), which implies a potential
colonisation time by macrophytes of just a few years once the substrate
becomes available. An acoustic survey study by Kruss et al. (2017)
mapping macroalgae in Kongsfjorden, Svalbard similarly observed
macroalgae close to the glacier front, and it may become common
throughout the Arctic following rapid glacial retreat.

Kelp beds are important ecosystem engineers, playing a key role
in nutrient cycling and energy transfer and provide shelter and
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substrate for many associated species (Teagle et al., 2017;
Wilodarska-Kowalczuk et al., 2009). Furthermore, macroalgae act
as nursery areas for fish and facilitate complex interactions and
trophic linkages (James and Whitfield, 2023), and play a key role in
carbon cycles in coastal areas by storing CO, in their tissues, which
is transferred through the food web (Chung et al,, 2011). Glacier
fronts are highly productive due to sub-glacial upwelling circulating
bottom nutrient-rich water to the surface (Vonnahme et al,, 2021),
but this process will disappear as sea-terminating glaciers retreat
into land, to be replaced by assemblages driven by the establishment
of kelp as biogenic habitats. Macroalgal expansion in Arctic fjords
may therefore result in an enhanced local carbon sink as well as an
increase in local primary production. As this study has shown,
macroalgal communities are rapidly establishing in retreating
glacier fronts, and this may cause a shift from a top-down
phytoplankton-dominated primary production to a bottom-up
production based on kelp. Hence, as glacier fronts throughout the
Arctic retreat and macroalgae settle in this new substrate, there is a
potential for large scale implications and dramatic changes in the
underwater landscape of Arctic fjord coastal systems.

4.3 Hydroacoustics and remote vehicles as
mapping tools

Hydroacoustic mapping is highly efficient for surveying and
monitoring submerged vegetation, as it can be automated and
cover large areas. This methodology allows to survey very shallow
areas and glacier fronts, where it is very difficult and dangerous to
conduct traditional sampling. Due to this, it was possible to sample at
the very edge of the glacier front, and survey these newly uncovered
areas for the first time. However, image validation is essential as the
acoustic properties of every site will differ according to environmental
variables such as weather conditions and bottom and vessel types.
Nonetheless, our results demonstrate that validating acoustic data
with underwater video and performing manual corrections can result
in an efficient mapping of macroalgae. The main challenge
encountered was the disturbance of the acoustic signal due to
waves and steep bottom slopes, which can affect echo shapes and
acoustic backscatter (von Szalay and McConnaughey, 2002).
Furthermore, acoustic mapping may not distinguish dead from
living macroalgae, and in areas with very low macroalgal presence,
such as inner Petuniabukta, the occasional incorrect reports of
vegetation most likely refer to drift material, which also appeared
in the validation footage. To avoid misidentification of detached kelp
as macroalgal coverage, we imposed a threshold of >50% cover to
determine the presence of dense kelp beds and filter out drift material.
However, where macroalgae coverage was patchy and the camera
showed only partial coverage, the algorithm also reflected that
patchiness, which indicates that this methodology can result in
high resolution mapping of macroalgae.

It’s important to note that the surface CTD measurements from
the USV survey ofter only a snapshot of the oceanographical
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conditions and that this shallow water layer varies according to
weather conditions and current systems in the fjord. The logistic
regression model using surface CTD data in combination with the
water column profiles gives a more complete picture of the
conditions and how that may relate to macroalgal coverage.
Moreover, this study focused on macroalgal coverage in very
shallow areas and kelp may be present in deeper areas along the
coast that were not covered by the acoustic beam during mapping.

This study demonstrates that macroalgal communities can
rapidly establish in newly available substrate after glacial retreat,
dramatically changing the coastal underwater landscape. These
shifts have large scale implications as primary production and
carbon cycling pathways are changing in Arctic fjords, and it is
likely that these changes are taking place all throughout the Arctic.
Overall, this methodology demonstrates potential for macroalgal
mapping and monitoring surveys, but ground-truthing is still
essential. Furthermore, such a survey is considerably more cost-
efficient and sustainable than traditional methods (e.g. dredging and
diving surveys) and has virtually no impact on the ecosystem. This
study contributes to further understanding the links between a
melting cryosphere and the expansion of macroalgae in the High
Arctic, and to fill a research gap in monitoring glacier fronts and
shallow littoral areas.
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Abstract

Glacier fronts are hotspots of pelagic productivity due to upwelling of nutrient-rich water. As tidewater glaciers retreat into
land, this subglacial circulation will disappear and sedimentation from terrestrial runoff will increase, leading to a decrease
in pelagic productivity with a decline in the abundance of fish and zooplankton. We used Billefjorden, a high Arctic fjord
with a glacier recently transitioned from sea- to land-terminating as a case study to identify spatial differences and small-scale
environmental drivers of density and vertical distribution of fish and zooplankton along a gradient of glacier retreat (directly in
front of the land-terminating glacier front, a river bay with terrestrial input from land-terminating glaciers further inland and
a location with minimal glacial input). We developed a sustainable and efficient protocol to safely sample the glacier front and
shallow coastal areas using hydroacoustics and a remote autonomous vehicle combined with oceanographic measurements
and baited remote cameras. Over 2 years, pelagic density was lowest at the now land-terminating glacier front and highest
at the site with lowest terrestrial input. Temperature, depth, and turbidity explained less than 8% of the variation each. The
site with the least glacial input had the most heterogenous bottom habitat due to the presence of kelp forests, and the richer
demersal habitat likely contributed to the higher pelagic density. In shallow fjords and areas with hard bottom substrate, it is
expected that sea-ice and glacial retreat will promote macroalgal settlement, and we suggest that macroalgal expansion may
compensate the loss of tidewater glacier-associated density of fish and zooplankton by the increase of benthic-driven density.
Arctic pelagic ecosystems could thus be more resilient to glacier retreat than initially thought, but this is highly dependent
on fjord topography, sedimentation rate, and substrate type. Our developed protocol is an efficient non-invasive method to
survey shallow coastal areas and glacier fronts in the Arctic.

Key words: kelp forest, fish, zooplankton, Svalbard, acoustics, climate change

1. Introduction N .
lates nutrient-rich bottom waters and replenishes zooplank-

The impacts of global warming and climate change have
been widely studied on offshore shelves and in the open
ocean, but knowledge gaps persist with respect to nearshore
coastal areas and within Arctic fjords and glacier fronts. The
effects of retreating tidewater glaciers on fish distribution
remain particularly understudied, as they are areas under
rapid change and very challenging to access and monitor.
The high abundance and biomass of zooplankton in glacier
plumes suggest that glacier fronts may serve as refugia for
zooplankton-dependent food webs (Hop et al. 2023), and are
important feeding areas for key Arctic fish species such as
polar cod (Boreogadus saida) (Renaud et al. 2012; Lydersen et
al. 2014). Upwelling from tidewater glaciers, caused by sub-
glacial freshwater discharge that rises to the surface, circu-

Arctic Science 11: 1-12 (2025) | dx.doi.org/10.1139/as-2024-0040

ton and juvenile fish to the surface waters, making these ar-
eas highly productive hotspots for fish, marine mammals,
and seabirds (Lydersen et al. 2014; Vonnahme et al. 2021). It
has been suggested that these areas provide refugia for Arctic
species due to enhanced prey availability, as access to other
feeding areas such as the marginal ice zone becomes more
energetically demanding as the ice edge retreats (Varpe and
Gabrielsen 2022; Hop et al. 2023). As glaciers retreat, these
refugia are getting fewer and smaller, but further research
is needed to study how pelagic organisms will react to these
changes in littoral fjord areas.

Despite a shift from tidewater glaciers to land-terminating
glaciers, significant amounts of nutrients can nonetheless be
brought into the sea through terrestrial runoff, groundwa-
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ter discharge, and permafrost thawing (Holmes et al. 2008;
Terhaar et al. 2021), which are increasing due to higher
precipitation and melting rates (Nowak et al. 2021). How-
ever, the associated high sediment and freshwater input
leads to higher stratification and light attenuation in the
water column that inhibit primary production at a local
scale (Halbach et al. 2019; Connolly et al. 2020), and hence
the transition from tidewater to land-terminating glaciers
is expected to negatively affect pelagic productivity in Arc-
tic fjords (Hopwood et al. 2020). Conversely, the retreat of
tidewater glaciers and sea ice is opening new areas where
macroalgae can potentially settle and drive benthic primary
production (Krause-Jensen and Duarte 2014; Assis et al. 2022),
which may offset the loss of production from tidewater
glacier retreat and associated glacial upwelling. In deep fjords
and coastal areas where sediment runoff is increasing from
land-terminating glaciers, macroalgal settlement may be in-
hibited due to low light penetration and unsuitable set-
tling substrate, but these interactions are highly dependent
on fjord topography and bottom substrate type. Macroalgae
are ecosystem engineers and provide important feeding and
nursing sites for fish and benthic fauna (Lippert et al. 2001;
James and Whitfield 2023), and a macroalgal expansion in
the Arctic is expected to provide opportunities for associ-
ated species (Wtodarska-Kowalczuk et al. 2009). The interac-
tions of glacial discharge with the marine coastal ecosystem
are complex, as there are several concomitant and occasion-
ally counteracting effects, and little empirical data exist on
the transition from a rich tidewater glacier front to a land-
terminating glacier system, and particularly to what extent
this will affect fish and zooplankton communities in these
areas.

Pelagic ecosystems at glacier fronts and shallow nearshore
areas are challenging to study with traditional sampling (e.g.,
gillnets, trawls) due to risks from drift ice, shallow rock for-
mations, and difficulties operating vessels close to shore. Fur-
thermore, these techniques have inherent biases such as size
and species selectivity and are invasive (e.g., bycatch and dam-
age to the seafloor). For this reason, coastal fish communi-
ties in Arctic fjords and their responses to glacier retreat are
understudied. Developing a methodology to efficiently and
sustainably study fish and zooplankton dynamics in these ar-
eas may provide a valuable link between the effects of glacier
retreat on marine biogeochemistry and primary production
and changes in fish and zooplankton communities and dis-
tribution. Alternative methods such as autonomous vehi-
cles and hydroacoustics are emerging as a sustainable and
non-invasive method for ecological monitoring in the Arctic
(e.g., Geoffroy et al. 2016; Dunn et al. 2023). Though active
acoustics are often used in conjunction with net sampling to
achieve higher taxonomic resolution and for ground truthing
(Simmonds and MacLennan 2005), scientific echosounders
can be used as a standalone tool to record acoustic backscat-
ter as a proxy for density as well as vertical distribution pat-
terns (Axenrot et al. 2004; Kaartvedt et al. 2009).

The aim of this study was to compare areas along a gradient
of glacier retreat, from a very recently transitioned glacier
front from tidewater to land-terminating, a bay heavily af-
fected by land-terminating glaciers further inland to a site

where glaciers have been absent for a long period of time.
Specifically, the density and vertical distribution of fish and
zooplankton were compared between the three study loca-
tions. Comparing different environmental conditions within
a single fjord provided a natural laboratory from which to
measure the impacts from different physical environmental
parameters linked to glacier retreat and, ultimately, how it
could apply to large-scale modifications to the cryosphere.
We hypothesized that land and glacial runoff at the river bay
and land-terminating glacier front, with high sedimentation
rates and low light availability for primary producers, leads to
an area with low productivity and low biomass of zooplank-
ton and fish. Furthermore, we developed and present a pro-
tocol to study pelagic ecosystems in coastal and glacier front
habitats in the Arctic using a novel, cost-efficient, and non-
invasive technology.

2. Materials and methods

2.1. Study area

We conducted this study in Billefjorden, a high Arctic fjord
located in Spitsbergen, Svalbard in September 2021, August
2022, and August 2023. Billefjorden is characterized by a
shallow sill (70 m depth) at the fjord mouth, which limits
the inflow of Atlantic water from the West Spitsbergen cur-
rent that normally flows into the western fjords in Svalbard
(Fig. 1A). This allows Billefjorden to stay colder than the
surrounding fjords (Nilsen et al. 2008). Billefjorden has a
heterogenous coastscape with a large river bay and the
glacier Nordenskidldbreen located at the inner part of the
fjord (Fig. 1B). This originally marine-terminating glacier
has been retreating rapidly and the northern side is now
mostly land-terminating since 2017 (Szczucinski et al. 2009;
Kavan et al. 2023). Petuniabukta, located northwest from the
glacier, gathers a high amount of sediment runoff from the
surrounding valleys and land-terminating glaciers through
rivers (Ldska et al. 2012), which creates a river bay with a large
tidal flat. Glacial freshwater input from rivers and the sedi-
ment plume of the Nordenski6ldbreen glacier decrease with
distance from both the river bay and the Nordenski6ldbreen
glacier bay, and becomes minimal in the middle of the fjord,
where the glacier front retreated 11 000 years ago (Baeten et
al. 2010). This allows for a natural laboratory and the sys-
tematic comparison between the recently land-terminating
glacier site (GLA), the river bay (RIV) with inland glacier-
derived river input, and a site with minimal glacial input that
can be considered practically as a control site for glacial in-
fluence (CON) (Fig. 1B).

2.2. Survey design

At each of the three stations (RIV, GLA, and CON), pelagic
backscatter, a proxy for density of pelagic organisms, was
measured via active acoustic mapping with a downward fac-
ing BioSonics DTX scientific split-beam echosounder (BioSon-
ics, Seattle, USA) mounted to the rear of an uncrewed surface
vehicle (USV). Hydroacoustics is commonly used as a method
to study fish and zooplankton, as these organisms scat-
ter sound due to the contrast between their morphological
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Fig. 1. (A) Study area in Svalbard. (B) Satellite image of Billefjorden with the study stations (site with a recently land-terminating
glacier—GLA, river bay—RIV, and site with low glacial input—CON. Map source: Earthstar Geographics and Norwegian Polar

Institute.

properties (e.g., gas-filled structures and hard exoskeletons)
and the surrounding water (Stanton et al. 1996; Simmonds
and MacLennan 2005). Metrics of acoustic backscatter were
recorded to quantify abundance and density of fish and zoo-
plankton in the water column. We used an Otter USV (Mar-
itime Robotics, Trondheim, Norway), an electric 200 x 108
x 106 cm vehicle, which was controlled remotely via broad-
band communication radio (direct link 5150-5875 MHz) from
a nearby ship. The echosounder was used at an operating
frequency of 200 kHz, which is commonly used to detect
and study fish and zooplankton (Simmonds and MacLennan
2005), a ping rate of 5 Hz and pulse duration of 0.4 ms. Geo-
referencing of the acoustic data was done through the USV’s
internal Global Navigation Satellite System. Hydroacoustic
mapping was done by running the USV in transects at an ap-
proximate speed of 3 knots perpendicular to the shoreline
twice, in August 2022 and August 2023. The middle points of
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the transects were between 200 and 800 m away from shore
and with an average of 30 m water depth at all sites, with
all stations covering the minimum range of 24-42 m depth.
In 2022, the transects were 17 min long covering an area of
2.8 ha and were done six times at each station (Supplemen-
tary Fig. 1). In 2023, the sampling area was increased for each
station to 8.5 ha and 45 min long transects by increasing the
number of transect lines and were conducted two times. Each
time the transects were run is considered a replicate (six repli-
cates in 2022 and two replicates in 2023).

To characterize the physical environment, oceanographic
data were collected via a Valeport SWiFT CTDplus with Tur-
bidity (Valeport Ltd., Totnes, UK). CTD water column deploy-
ments were conducted from the ship to record temperature
(°C), salinity, and turbidity (nephelometric turbidity units;
ntu) before the acoustic surveys. CTD profiles were taken for
the entire water column (surface down to bottom depth) at
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the three stations in both years. The CTD deployments were
taken at approximately 200 m from the center of the acous-
tic transects. These data were recorded to broadly character-
ize and compare the different study sites, as a high-resolution
description of the oceanography of these areas would require
a more comprehensive survey. Temperature and salinity pro-
files were also used to calculate the speed of sound and coef-
ficients of absorption to calibrate the acoustic data.

To document the benthic habitat and bottom substrate
type, baited remote underwater video (BRUV) deployments
were done once at each of the stations in September 2021.
The BRUV rig consisted of a metal frame with a GoPro cam-
eraand a 1 m long arm holding a mesh bag with 1 kg of polar
cod (B. saida) as bait. The BRUV was lowered to the bottom at
a depth of 10 m and recorded video for 1 h at each station.
The maximum number of individuals observed at the same
time at any one time on the entire video (MaxN) was used as
a measure of relative abundance of taxa, which is commonly
used in BRUV analyses to avoid double-counting (Osgood et
al. 2019).

2.3. Hydroacoustic analyses

All raw acoustic files were extracted from the USV system
and merged to create a single file for each station using Vi-
sual Acquisition v6.4.1.12747 (BioSonics, Seattle, USA). Acous-
tic data were subsequently processed in Echoview 13.1.121
(Echoview Software Pty Ltd, Tasmania, Australia). For each
station, the file was scrutinized for noise and a bottom line
was set by using the “Best bottom candidate” algorithm. A
smoothing filter was applied to correct for benthic fish merg-
ing with the bottom signal, and very minor manual editing
was done to correct for gaps in the bottom line when the sig-
nal momentarily dropped below the threshold. An exclusion
line was added at a fixed depth of 5 m to exclude near field re-
gion noise close to the transducer, as well as a line 1 m above
the bottom to exclude bottom noise, and the analyses were
limited to the water column in between the exclusion lines.

To study variability in pelagic density between replicates
for each station, each replicate of the 2022 data were then
divided in 1 min long echointegration cells, for a total of 17
grids (as each run was 17 min long), and the integrated vol-
ume backscattering strength (Sv in the logarithmic form dB),
center of mass (in m), and inertia (in m?) for each cell were ex-
ported for further processing and analyses in the R statistical
software v4.1.2 (R Core Team 2021). Volume backscattering
strength (Sv) is a proxy for the density of organisms, center
of mass identifies the average backscattering depth in the wa-
ter column, and inertia is a measure of the spatial dispersion
of scatterers around their center of mass (Urmy et al. 2012). A
low inertia indicates tightly packed scatterers, while a high
inertia indicates a larger spread.

The acoustic data were also exported as one file per repli-
cate and the center of mass, inertia, and Sv in the logarithmic
form (dB) were plotted to visualize dissimilarities between
the stations (CON, RIV, and GLA) and years (2022 and 2023)
in terms of their acoustic properties. To assess potential rela-
tionships between pelagic biomass and oceanographic condi-
tions among stations and years, the acoustic and CTD datasets

Table 1. Bottom depth (m) and descriptive statistics of the
oceanographic measurements per station and year.

Bottom Temperature Salinity Turbidity

Station Year depth range range range
RIV 2022 37.6 7.1 14.5 13.1
RIV 2023 34 6.5 9.2 8.4
GLA 2022 46.4 7.6 18.2 102.5
GLA 2023 50.6 9.5 11.7 22.7
CON 2022 53.7 10 8.1 2.5
CON 2023 54.4 9.8 3.8 2.8

Note: Temperature in °C, salinity in practical salinity units, and turbidity in
nephelometric turbidity units (ntu).

were structured in 1 m depth bins and the data merged by
depth bin (CON: 5-43 m, GLA: 5-46 m, RIV: 5-37 m in 2022;
CON: 5-47 m, GLA: 5-50 m, RIV: 5-34 m in 2023). A correla-
tion matrix was done and a permutational multivariate Anal-
ysis of variance (PERMANOVA) was conducted with Sv mean
in the linear form (m?/m?) as the response variable and tem-
perature, turbidity, depth, year, and station as explanatory
variables. A separate PERMANOVA was conducted with salin-
ity instead of temperature as explanatory variable to avoid
multicollinearity between temperature and salinity (Supple-
mentary Fig. 2). As the top 5 m layer of the acoustic data had
to be excluded due to near field noise, the analyses of the en-
vironmental data are therefore not including the top layer
of the water column. As the CTD water profiles and acoustic
transects had slightly different depth ranges, these analyses
were performed only for the depth bins where both acoustic
and CTD data were available. The “dplyr” and “vegan” pack-
ages were used in Rstudio to arrange and export the data as
tables and to conduct the PERMANOVA analyses. ArcGIS Pro
v.3.1 was used to map the locations of the sampling stations.

3. Results

3.1. CTD water column profiles

The bottom depth at the CTD sampling stations was 37.6
and 34 m at the RIV station, 46.4 and 50.6 m at the GLA sta-
tion, and 53.7 and 54.4 m at the CON station in 2022 and 2023,
respectively (Table 1, Fig. 2). The ranges of temperature (max
temperature-min temperature) were highest at the CON sta-
tion with 10 °C and lowest at the RIV station with 6.5 °C. Salin-
ity ranges were highest at the GLA station with 18.2 psu and
lowest at the CON station with 3.8 psu. Turbidity ranges were
highest at the GLA station with 102.5 ntu and lowest at the
CON station with 2.5 ntu. The GLA station showed the high-
est surface turbidity and lowest surface salinity in both years,
indicating a highly stratified surface water layer.

3.2. Pelagic density and vertical distribution

The bottom depths at the study sites during the acoustic
mapping surveys ranged from 5 to 56 m (Table 2). The RIV
station had a flat and homogenous bottom topography, while
the GLA station had an irregular bottom with steep cliffs, and
the CON station showed a gradual slope (Fig. 3).

Arctic Science 11: 1-12 (2025) | dx.doi.org/10.1139/as-2024-0040
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Fig. 2. CTD water column profiles for the glacier (GLA), CON, and river station (RIV) in 2022 and 2023 with measurements of

temperature, salinity, and turbidity.
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In 2022, Sv values and standard deviation were two orders
of magnitude higher at the CON station than at the other two
stations, indicating higher pelagic density and higher vari-
ability at this station (Fig. 4, Table 2). Several large pelagic
aggregations producing a strong backscatter were observed
in the echogram and are likely the cause of the high varia-
tion in Sv values at the CON station (e.g., Fig. 3, right panel).
Pelagic density was similar between the glacier and river sta-
tions. The glacier station had the deepest center of mass at
24.7 m and highest inertia at 147.2 m2, which was reflected

Avrctic Science 11: 1-12 (2025) | dx.doi.org/10.1139/as-2024-0040

by a deep and dispersed scattering layer in the echograms
from 15 m depth down to the bottom.

In 2023, the GLA and RIV stations displayed higher pelagic
density than the previous year, with an increase of one and
two orders of magnitude respectively. The RIV and CON sta-
tions showed an increase in center of mass, which could
be linked to several strong scattering aggregations deeper
in the water column at both stations (Fig. 3). The GLA sta-
tion showed the lowest backscatter with one order of mag-
nitude lower than the CON and RIV stations, and the high-
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Table 2. Results from the integration of the acoustic data showing Sv mean, center of mass,

inertia, and standard deviation for the means of all the replicates.

Bottom depth Sv mean Center of Inertia Standard
Station Year range (m) (m?/m?) mass (m) (m?) deviation
RIV 2022 24-42 5.3e-09 13.2 66.4 1.7e-07
RIV 2023 24-43 1.6e-07 24.8 102.6 8.5e-06
GLA 2022 10-49 7.6e-09 24.7 147.2 1.5e-07
GLA 2023 5-56 3.3e-08 22.4 169.7 1.2e-06
CON 2022 7-45 8.9e-07 171 44.9 2.7e-05
CON 2023 13-50 2.2e-07 31.3 97.3 6.3e-06

Fig. 3. Echogram snapshots of the RIV (left), GLA (middle), and CON (right) stations from 2023.
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Fig. 4. Differences among stations in acoustic parameters (logarithmic Sv mean, center of mass, and inertia). Mean values for
Sv, center of mass, and inertia were extracted for each transect (six replicates in 2022 and two replicates in 2023) and are
presented by station and year. The box represents the interquartile range (IQR), and the line within indicates the median. The
whiskers extend to the most extreme data points not considered outliers, which are represented by individual dots beyond

the whiskers.
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Fig. 5. Boxplots showing the ranges of Sv (dB) mean for each grid at the CON, GLA, and RIV stations in 2022.
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Table 3. Permutational multivariate Analysis of variance
(PERMANOVA) with 999 permutations of Sv mean as the re-
sponse variable and temperature, turbidity, depth bin, year,
and station as explanatory variables.

df SumOfSqs R2 F Pr(>F)
Temperature 1 0.86 0.01 4.87 0.005
Turbidity 1 4.93 0.08 27.89 0.001
Year 1 10.57 0.17 59.74 0.001
Station 2 6.18 0.10 17.48 0.001
DepthBin 1 1.27 0.02 7.16 0.001
Residual 226 39.97 0.63 NA NA
Total 232 63.79 1.00 NA NA

Table 4. Permutational multivariate Analysis of variance
(PERMANOVA) with 999 permutations of Sv mean as the re-
sponse variable and salinity, turbidity, depth bin, year, and
station as explanatory variables.

df SumOf£Sqs R2 F Pr(>F)
Salinity 1 0.25 0.00 1.40 0.236
Turbidity 1 491 0.08 27.55 0.001
Year 1 11.05 0.17 62.05 0.001
Station 2 6.34 0.10 17.79 0.001
DepthBin 1 0.97 0.02 5.47 0.003
Residual 226 40.26 0.63 NA NA
Total 232 63.79 1.00 NA NA

Avrctic Science 11: 1-12 (2025) | dx.doi.org/10.1139/as-2024-0040

est inertia at 169.7 m? reflecting a disperse scattering layer.
Despite the interannual differences mentioned above, the
CON station consistently reflected the highest pelagic density
(Fig. 4).

The variability of the logarithmic Sv values between repli-
cates was higher at the CON station, with values ranging from
—80 to —45 dB (Fig. 5). At the GLA and RIV stations, Sv val-
ues ranged between —90 and —75 dB and between —87 and
—75 dB, respectively.

3.3. Acoustic backscatter and physical

oceanography

The correlation matrix showed a high correlation between
temperature and salinity (—0.88), and hence these variables
were analyzed in separate PERMANOVAs. The PERMANOVA
analysis revealed weak but significant effects (p < 0.05) of tem-
perature turbidity and depth as well as station and year on
the variation of pelagic density (Table 3). Of the CTD mea-
surements, turbidity showed the strongest effect with an F
value of 27.89, while year showed the strongest effect over-
all with an F value of 59.74. Temperature had the weak-
est effect on pelagic density with an F value of 4.87. How-
ever, temperature and turbidity only explained <8% of the
variation in pelagic backscatter each, indicating the impor-
tance of other drivers. Salinity showed no significant effect
on pelagic density with an F value of 1.37 and p > 0.05
(Table 4).


http://dx.doi.org/10.1139/as-2024-0040

Arctic Science Downloaded from cdnsciencepub.com by UNIVERSITETSSENTERET PA SVALBARD UNIS on 02/20/25

*Canadian Science Publishing

Fig. 6. Snapshots from the BRUV deployment at (A) the CON station, (B) the GLA station, and (C) the RIV station.

3.4. BRUV

The BRUV footage revealed an abundance of fish, crabs,
and large zooplankton at the CON station, in which dense
kelp beds could also be observed (Fig. 6A). The visibility at
the glacier and river stations was low, but the BRUV showed
a more homogenous landscape at these stations compared to
the CON station, with almost no macroalgae. Three unidenti-
fied fish were observed at the glacier station, while no organ-
isms were observed at the river station (Table 5).

4. Discussion

4.1. Links between cryosphere changes and

pelagic density and distribution
Tidewater glacier fronts are highly productive pelagic en-
vironments due to subglacial nutrient circulation, but as
these glaciers retreat onto land, the upwelling of nutrients
disappears. In coastal areas with high influence of land-
terminating glaciers either directly in front or due to river

Arctic Science 11: 1-12 (2025) | dx.doi.org/10.1139/as-2024-0040
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Table 5. Summary of the baited remote underwater video (BRUV) deployment data and maxi-
mum observed number of a taxa in a single frame (MaxN).

Station Latitude (°N) Longitude (°E) Fish MaxN Zooplankton MaxN
CON 78°37.063 16°40.704 6 100+

GLA 78°40.062 16°55.563 3 0

RIV 78°41.054 16°27.768 0 0

Note: There were 60 observations per hour (1 min each) at every station, and all deployments were done at 10 m depth.

runoff from inland glaciers, high sedimentation rates and
subsequent low light availability would lead to less produc-
tive pelagic ecosystems (Hopwood et al. 2020). Among our
three study sites along a gradient of glacier influence, the
acoustic data consistently showed higher pelagic density at
the CON site with the lowest glacial influence, and the higher
standard deviation and wider range of Sv values between
the replicates at this site indicate a more productive and dy-
namic pelagic system at this site than at the GLA and RIV
stations with higher glacial influence. Although it is difficult
to identify the organisms that compose the scattering struc-
tures with a single frequency acoustic system, the large and
strong scattering aggregations visible in the echogram at the
CON station and large variability of Sv values within grids
likely indicate large fish schools. In the absence of data in-
dicating large fish schools, the pelagic density was consis-
tently low, which suggests these fish schools and scattering
aggregations with high Sv values drive the high pelagic den-
sity at the CON station. The echograms and acoustic analyses
showed the large strong scattering aggregations to be linked
to the bottom, which was consistent with the BRUV footage
in which numerous crabs, benthic fish, and mysid shrimp
appeared next to the bait bag and indicated a rich demer-
sal habitat and high densities of organisms on or near the
seafloor.

In contrast, the two glacier-influenced stations (RIV and
GLA) showed a generally lower pelagic density over the wa-
ter column, albeit with several small fish schools causing a
higher acoustic backscatter at the river station in 2023. While
the acoustic data showed fish schools associated to the bot-
tom at the CON station, the scattering aggregations were
dispersed across the water column at the river and glacier
sites. One explanation for this difference could be due to vari-
ation in topography between the study sites. For instance,
the steep cliffs at the glacier front at the GLA station likely
contribute to a dispersed scattering layer and the observed
higher inertia. Conversely, the flatter bottom at the river
site may lead to a concentrated scattering layer. Nonethe-
less, the echograms show distinct patterns in that, when fish
schools are present, these aggregations are small and dis-
persed over the water column at the river and glacier sta-
tions, while they are large and associated to the bottom at
the CON station as is shown by the higher Sv values and
lower inertia. The similarities in pelagic density and distri-
bution between the glacier and river stations, particularly in
2022, may be linked to the parallels in environmental con-
ditions between these two sites, namely the high sediment
input from rivers and glaciers, which hinders the settling
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of benthic primary producers and favors a pelagic-associated
ecosystem (Hop et al. 2023). Furthermore, the depth range of
the river station was deeper than the depth distribution of
macroalgae in Svalbard (Diisedau et al. 2024), but macroalgal
growth would not be expected in a river bay with high sedi-
ment load. Conversely, the depth ranges at the GLA and CON
stations covered shallower ranges (from 5 and 7 m depth,
respectively) where macroalgae could be present. Similarly
to the river bay, at the glacier front, albeit land-terminating,
there is a high sediment input as shown by the high turbid-
ity values and by the BRUV footage, and hence the low light
regime may hinder macroalgal growth. At the CON station,
however, the low glacial input, low turbidity, and rocky sub-
strate facilitates macroalgal settlement as seen on the BRUV.
These differences in light regime leading to a richer ben-
thic and demersal habitat at the CON station may explain
the differences in pelagic density and distribution between
the sites.

The ranges in the oceanographic measurements indicated
that salinity and turbidity values fluctuate more at the RIV
and GLA stations compared to the CON station, particularly
in the surface layer, likely due to freshwater and sediment
input from the rivers and glacier. Furthermore, the high
values of turbidity observed at the glacier station may be
linked to sediments being brought by currents from the
nearby tidewater glacier plume. The analysis of the relation-
ship between pelagic biomass and oceanographic measure-
ments showed only weak statistically significant effects of
temperature, depth, and turbidity on the acoustic backscat-
tering strength, and no significant effect of salinity. It should
be noted that due to removing the top 5 m of the water col-
umn in the acoustic analyses to eliminate near field noise,
this shallow layer was also omitted from the CTD data when
merging the datasets, and therefore is not included in the sta-
tistical analyses. As the water column CTD profiles showed,
the highest variability in the physical oceanography was in
the top layer, likely due to the sediment plumes from the
river bay and glacier. Therefore, in the top 5 m environ-
mental conditions may be more important than at deeper
depths, as high variations in salinity and temperature can
drive the abundance and movement dynamics of fish and
zooplankton. Differences in these environmental factors be-
tween the stations can drive the patterns of pelagic density
and distribution deeper in the water column (e.g., high sur-
face turbidity at the glacier front reduces light availability
and may alter the vertical distribution of fish and zooplank-
ton). However, as temperature, depth, salinity, and turbidity
explained little of the variation, other factors must thus have
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a major role to drive ecosystem dynamics. As seen on the
BRUV footage, there was a rich benthic and demersal ecosys-
tem at the CON station, characterized by dense kelp beds, at
least in the shallow areas that are within the depth distri-
bution of kelp in Svalbard Conversely, little macroalgal cov-
erage was observed at the river and glacier stations, likely
due to the high sediment input, low light availability, and
soft bottom substrate. The BRUV was deployed in 2021 and
therefore not concurrent with the acoustic study, and hence,
there are limitations in comparing these data, but the un-
derwater footage provides a snapshot of the benthic habi-
tat and substrate type, which is likely an important driver
for pelagic density at the deeper parts of the stations. The
high sedimentation at the river and glacier sites was visi-
ble in the BRUV footage, while there was more light avail-
ability and hard substrate at the site with less terrestrial
runoff.

In shallow areas with hard bottom, low sedimentation
input, and little mechanical disturbance, macroalgal growth
can be stimulated and lead to a high associated biomass of
organisms that feed on the algae or use them as shelter or
nursery grounds (Lippert et al. 2001; Teagle et al. 2017; James
and Whitfield 2023). Glacier and sea-ice retreat open up new
areas where marine organisms can settle, and previous stud-
ies have shown that macroalgae are expanding northward
(Krause-Jensen and Duarte 2014; Assis et al. 2022) and settling
at retreating glacier fronts (Deregibus et al. 2023; Gonzalez
Triginer et al. 2024). In shallow coastal areas, these demersal
habitats can also benefit pelagic fish and zooplankton, which
may explain why both the demersal habitat richness and
pelagic density were consistently higher at the CON site.
The effects of the expansion of these habitats in the Arctic
on fjord ecosystem dynamics are complex, and conducting
similar studies in other areas would aid in understanding
their potential in mitigating the loss of pelagic productivity
due to glacial retreat. Our results are consistent with the lit-
erature in showing that areas influenced by land-terminating
glaciers and rivers may be linked to lower density of fish
and zooplankton compared to areas without the influence
of terrestrial runoff (Hopwood et al. 2020). In our study,
the site with the highest recorded pelagic density had the
lowest influence from rivers and glaciers, which potentially
allowed for settlement and growth of macroalgae. It has
been suggested that an enhanced demersal habitat expand-
ing into areas previously covered by tidewater glaciers might
be beneficial to both benthic and pelagic organisms, at least
in shallow ecosystems. A recent study in inner Billefjorden
recorded macroalgal settlement in areas that were covered
by the glacier until very recently, while there was virtually
no macroalgal coverage at the river bays (Gonzalez Triginer
et al. 2024). However, there is limited data on the potential
of macroalgal expansion to offset the loss of productivity
driven by subglacial upwelling in high Arctic fjords, and it
is likely closely linked to fjord topography and land runoff
in coastal fjord areas, and hence highly vary between fjord
systems. More research is needed to further study the expan-
sion of rich demersal habitats following glacial retreat and
their role in ecosystem dynamics and fjord productivity in
the Arctic.
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4.2. The potential of autonomous

hydroacoustic surveys in coastal areas

The acoustic properties of the water column in shallow
coastal areas can be highly dynamic and complex, and there-
fore, both echogram visualization and data analyses need to
be taken into consideration when interpreting the results.
Moreover, complementing the acoustic data with underwa-
ter video and oceanographic measurements further aids in
understanding the complexity of a spatial comparison of
pelagic distribution. As a measure of the average backscat-
ter depth in the water column, the center of mass metric
is sensitive to being skewed by outliers in the data such
as fish aggregations. Inertia is a measure of dispersion or
spread of scatterers, and it considers both the squared dis-
tances from the center of mass and their Sv values (Urmy et
al. 2012). Therefore, inertia is less sensitive to outliers and
can lead to a representative measure of pelagic dispersion,
and a combination of center of mass and inertia are a more
robust measure of the location and dispersion of the pelagic
scattering layer.

The efficiency of hydroacoustics to map and assess pelagic
biomass in the Arctic has been shown in multiple studies
(e.g., Benoit et al. 2008; Kaartvedt et al. 2009; Geoffroy et al.
2019), but validation of acoustic data is still critical to identi-
fying species and functional groups. Validation of such data is
often done by trawl surveys (Geoffroy et al. 2019), but when
working in shallow littoral areas, it is often not possible to
trawl, and alternative validation methods are very limited
and often biased, especially in muddy and shallow glacier
front areas.

Acoustic surveys have been done in the high Arctic in the
past to map macroalgae coverage (Kruss et al. 2017; Wiktor
et al. 2022), and such methodology can be adapted to study
the pelagic environment in these areas. The inaccessibility of
glacier fronts and remote areas in the high Arctic makes it
challenging to use traditional methods for marine sampling
in coastal areas, and autonomous hydroacoustic and remote
sensing techniques can be used to safely and efficiently study
these sites, which are undergoing large changes due to cli-
mate shifts. The use of such novel methodology allowed for
sampling very close to the glacier front, which would not be
possible from a ship. This allowed to gain new insight on
glacier fronts, which, as boundaries between the cryosphere
and the marine ecosystem, are key areas to understanding
the effects of climate change on marine biological processes.
As rich benthic habitats such as kelp forests expand follow-
ing glacier retreat, littoral fjord areas in the high Arctic may
be more resilient to loss of biomass and biodiversity than pre-
viously thought.
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Abstract

The northward range expansion of Atlantic species into Arctic waters poses challenges for
management and increases competition and predation pressures within Arctic ecosystems. In the
Svalbard area, there has been a clear increase in borealization, a higher occurrence and abundance of
Atlantic species during recent decades. Studies regarding fish communities during the polar night are
scarce. Understanding how Arctic winter conditions may restrict the northward shift of temperate
species is key to identifying barriers for borealization. This study targets this knowledge gap and
investigates fish community composition and pelagic fish distribution across Svalbard during the polar
night. Acoustic-trawl surveys and oceanographic measurements were conducted in four locations in
western Svalbard and at six locations in eastern Svalbard. We observed distinct spatial patterns in the
density and community composition of pelagic fish, with western, Atlantic-influenced fjords
exhibiting lower fish densities but higher species diversity compared to eastern, Arctic-influenced
sites. The fish were distributed deeper in western fjords than in the eastern part of Svalbard.
However, notably, borealization was as pronounced in the eastern, more Arctic Svalbard region,
where Norwegian spring-spawning (NVG) herring (Clupea harengus) and capelin (Mallotus villosus)

dominated, as in the western, more Atlantic fjords. This suggests that the entire Svalbard region is
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now borealized, including during the polar night, and that Atlantic species can persist under the
extreme light regime of the high Arctic. This may have consequences for fisheries and management

as commercially valuable species move further north.

Keywords: Svalbard, Arctic ecosystems, Climate change, Acoustics, Species distribution, Biodiversity

1. Introduction

Climate change is leading to unprecedented and complex changes in the Arctic region, with
significant implications for marine ecosystems (IPCC, 2022). The warming climate has led to changes
in sea ice cover, increased sea surface temperature, glacier retreat and higher influx from land to the
sea (Box et al., 2019). Furthermore, as there is strong seasonality in Arctic ecosystem processes,
environmental changes are affecting the phenology of key mechanisms such as the match between
the proliferation of sea-ice algae and phytoplankton with zooplankton grazing activity (Leu et al.,
2011; Sgreide et al., 2010), which has significant impacts for the pelagic food web. The Arctic serves
as a critical indicator of climate change impacts as shifts are happening at a faster rate than the rest
of the globe (Rantanen et al., 2022), and changes in species distributions and ecosystem dynamics

highlight broader environmental trends for both local communities and the global environment.

As temperatures increase and sea ice retreats, the Arctic is becoming more accessible to boreal fish
species (Fossheim et al., 2015; Kortsch et al., 2015). This phenomenon, known as borealization, is
characterized by the northward expansion of temperate fish species into Arctic waters (Husson et al.,
2024). The influx of boreal species can impact food web structures in the Arctic, as these newcomers
compete with endemic Arctic species for resources and potentially introduce new predation
pressures (Kortsch et al., 2015; Renaud et al., 2012). Some species like polar cod (Boreogadus saida)
are of key importance in the Arctic food web and highly associated with Arctic features such as sea
ice, and are threatened by an increase in predation and competition from Atlantic species like the
Atlantic cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) (Bengtsson et al., 2024;

Geoffroy et al., 2023). Subsequently, the relative abundance of polar cod and other Arctic species will
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decrease at the expense of boreal species at the southern part of their distribution range
(Christiansen et al., 2014). In addition to predatory and high trophic level species, species like the
Norwegian spring-spawning (NVG) herring (Clupea harengus) and capelin (Mallotus villosus) are
expanding their distribution as well and are now commonly found across Svalbard, particularly in
areas that are more exposed to Atlantic water masses (Hollowed et al., 2013; Rose, 2005). These fish
species are of key importance for the trophic web and are common prey items for several species of
other fish, seabirds and marine mammals. Furthermore, both predatory and prey species whose
numbers are increasing are of commercial interest and their expansion into Svalbard fjords may have
associated implications for fisheries and management (Jgrgensen et al., 2020). While commercial
fisheries in Svalbard are not currently a major industry compared to other Arctic regions, they may

grow in importance due to the northward expansion of commercially valuable fish species.

Most models that project species’ poleward shifts are based on thermal niche tracking, i.e. tracking
species’ preferred temperatures as climate warms. These predictions often overlook other significant
factors that contribute to species redistributions, e.g. the light regime (Ljungstrom et al., 2021). Fish
species respond to seasonal differences in light availability through various strategies, including
vertical migration and changes in their spatial distribution in order to maximize foraging and minimize
the risk of predation (Baker, 2021; Levine et al., 2023). For example, research has shown that species
like polar cod exhibit diel vertical migrations even during the polar night, likely driven by predator-
prey interactions, which suggests that species can be adapted to deal with Arctic light regimes (Benoit
et al., 2010). Therefore, studies have suggested that light acts as a constraint for the poleward shift of
boreal fish species (Kaartvedt, 2008; Langbehn et al., 2022; Ljungstrom et al., 2021). Despite this, the
dynamics of Arctic pelagic fish communities during the winter months are understudied. There has
been research done on the diet and feeding patterns of fish during the polar night (Cusa et al., 2019;
Geoffroy & Priou, 2020; Larsen et al., 2023), as well as reports on ecosystem surveys (van der Meeren
et al., 2025), but there is a lack of broad spatial studies on community composition and species

distribution at this time of the year.
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Besides extreme seasonal changes, there can be a large spatial variation in oceanographic conditions
even within a relatively small biogeographic region of the Arctic. For example, in Svalbard the west is
influenced by the West Spitsbergen Current, which brings warm and saline Atlantic water, while
eastern Svalbard is more influenced by colder and fresher Arctic water masses (Nilsen et al., 2016;
Svendsen et al., 2002), and the front where the two converge in the Barents Sea is known as the
Barents Sea polar front (Smedsrud et al., 2013). These currents and water masses significantly
influence sea ice cover, with eastern Svalbard experiencing much more extensive sea ice cover due to
colder Arctic influences than the western side. Recently there has been an increase in the influence of
the West Spitsbergen Current (Ingvaldsen et al., 2021; Skogseth et al., 2020), which has been
recorded to affect community composition across several trophic levels, from microorganisms to fish
to marine mammals (Kortsch et al., 2015; Wassmann et al., 2011). One would therefore expect a
higher degree of borealization of fish communities in western Svalbard than north of the polar front

in eastern Svalbard.

In this study, we rely on acoustic-trawl surveys conducted to the west and east of Svalbard to
investigate the composition, distribution and density of pelagic fish communities across Svalbard
during the polar night. We also examine how environmental conditions may influence these patterns.
More precisely, we assess whether the different oceanographical conditions prevailing in western and

eastern Svalbard result in different levels of borealization and fish ecology.

2. Materials and methods

2.1 Study area

Acoustic-trawl surveys were conducted at locations in Isfjorden, Billefjorden, Nordfjorden and

Kongsfjorden on the western side of Svalbard, and Storfjorden and a number of locations in southeast
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Svalbard, on board R/V G.O. Sars from 12-18 November 2022 (Figure 1).

Figure 1. Map of the sampling stations. The study sites were in Isfjorden, Billefjorden, Nordfjorden,
Kongsfjorden, Storfjorden and five sites in southeast (SE) Svalbard. Map source: Earthstar

Geographics.

2.2 Data collection and processing

Hydroacoustics

A keel-mounted Simrad EK80 split-beam echosounder was used to record acoustic data at 18, 38, 70,
120 and 200 kHz (Supplementary table 1). The echosounder was calibrated following the standard
sphere method prior to the survey (Demer et al., 2015) and acoustic data were recorded continuously
throughout the cruise. A Sea-Bird SBE 9 CTD recorded temperature, salinity and sound speed at each
of the sampling stations (Chierici & Husson, 2022). Sound speed measurements were extracted from

the CTD data, averaged across the water column, and used to calibrate the acoustic data for each

78°N
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station (Mackenzie, 1981). Hydroacoustic data were processed in Echoview v13.1 (Echoview Software
Pty Ltd, Tasmania, Australia). Acoustic files were standardized across stations by trimming them to
comprise from 1 hour before to 1 hour after each pelagic trawl deployment. The data were processed

in Python using Spyder v6.0.1 (Raybaut, 2009) and maps were produced in ArcGIS Pro v3.1.

The acoustic files were scrutinized for noise and bad data regions were set to be excluded from the
analyses. A bottom line was established at the lowest frequency (18 kHz), a smoothing filter was
added, and very minor manual editing was done to correct for gaps in bottom line. An exclusion line
was added at a fixed depth of 10 m from the surface to exclude near-field region noise as well as a
line 1 m above the bottom to exclude bottom noise, and the analyses were limited to the water
column between the exclusion lines. The processed data were exported for each station. Mean
volume backscattering strength (Sv in dB re m?/m?3) was used as a proxy for pelagic backscatter and
density, and centre of mass was used as a measure of the vertical distribution of pelagic density
(Urmy et al., 2012). The mean centre of mass was extracted for each station at all frequencies, and
the relative depth of pelagic backscatter was calculated by subtracting the mean centre of mass from

the midwater depth at each station.

Trawl surveys

A Harstad pelagic trawl with an opening of 20x20 m covered the upper 50-60 meters of the water
column and was towed at a speed of ca. 3 knots for 34-48 minutes (Table 1). At each station, tows
were conducted at three predetermined depths, each for 0.5 nautical miles (nm), with the headline
at 0 m, 20 m and 40 m except the trawl at SE Svalbard 2 which targeted the sound-scattering layer at
15-45 m depth. The organisms were identified to genus or species level onboard. Catch weight was
recorded, and catch density was standardized by trawl distance (kg/nautical mile (nm)) to be

compared across stations.

Table 1. Metadata and description of sampling stations.
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Station Duration Bottom depth Trawling depth

Location short name (min) Lat (N) Long (E) (m) min-max (m)
Isfjorden ISF 48 78°20.42 15°17.75 254 0-40
Billefjorden BLF 38 78°35.59 16°29.19 152 0-40
Nordfjorden NRF 38 78°31.83 14°53.84 126 0-40
Kongsfjorden KNF 38 78°57.50 11°52.72 339 0-40
Storfjorden STF 36 77°25.47 19°06.34 173 0-40
SE Svalbard 1 SE1 40 77°07.65 23°25.85 103 0-40
SE Svalbard 2 SE2 34 77°24.08 25°07.68 82 15-45
SE Svalbard 3 SE3 40 77°44.55 26°21.40 113 0-40
SE Svalbard 4 SE4 37 77°18.59 27°24.76 206 0-40
SE Svalbard 5 SES 41 76°50.53 26°56.39 114 0-40

A Hellinger transformation was applied to pelagic community data (Legendre & Gallagher, 2001), and
an analysis of similarities (ANOSIM) was conducted on the Euclidean distances with 9999
permutations to test whether community composition differed significantly between western and
eastern stations. As Billefjorden exhibited a colder hydrography and is considered a fjord with more
Arctic conditions than the other western fjords in this study (Nilsen et al., 2008), the ANOSIM was
conducted twice, once with Billefjorden included in the ‘west’ category and once with it included in
the ‘east’ category to assess its influence on the results. Non-metric multidimensional scaling (nMDS)
on these data was conducted to visualize community dissimilarities between stations and regions.
The nMDS was performed in three dimensions to improve the fit of the ordination as indicated by
the stress value. In order to assess species turnover between western and eastern sites, beta
diversity between western and eastern regions was calculated using the Sgrensen-Dice index, which
measured the proportion of shared vs unique species between regions based on presence/absence

data aggregated for all stations within each region.
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To analyze differences in the relative abundance of boreal fish species between sites, we calculated a
boreal index based on the density of boreal fish species relative to the total fish density caught at
each station. Species were classified as Arctic, boreal or boreal-Arctic based on their biogeographical
ranges. The biogeographical classification of each fish species was based on Fossheim et al. 2015 and
Geoffroy et al. 2019 (Table 3). To assess differences in boreal levels between western and eastern

sites, a Mann-Whitney U test was conducted on the index values.

3 Results

Fjord hydrography

The different stations represented a large gradient in bathymetric regimes, with Kongsfjorden
reaching a depth of 323 m, while SE Svalbard 2 was the shallowest station at 70 m water depth. The
hydrographic profiles showed differences in temperature and salinity, indicating diverse
oceanographic conditions (Table 2, Figure 2). Western fjords (Isfjorden, Kongsfjorden and
Nordfjorden) showed the highest maximum temperatures, with more than 4 °C. Billefjorden and
Storfjorden exhibited the lowest minimum temperatures of -1.81 °C and -1.51 °C respectively as well
as the largest temperature differences (4.73°C and 4.37°C respectively). Differences in salinity were
low across all stations. A higher temperature regime indicated higher Atlantic influence in the
western sites, and all fjords showed a stratified water column, but stratification was weak in SE

Svalbard sites 2, 3 and 5.

Table 2. Oceanographic conditions at all stations.

Tempera Tempera Temperature Region

ture Max ture Min  difference  Salinity Salinity  Salinity

Station (°Q) (°C) (°C) Max Min  difference
Billefjorden 2.91 -1.81 4.73 34.73  33.95 0.79 West
Isfjorden 4.53 2.00 2.53 3478 34.08 0.69 West
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Figure 2. Temperature and salinity profiles at all stations. Shades of red represent western stations

and blue, green and black represent eastern stations.

Spatial comparison of pelagic communities

The pelagic density and community composition varied across the sampling stations (Figure 3, Table

3). Western stations overall displayed lower densities but higher number of species, including catches

of 174.0 kg/nm and 555.3 kg/nm of polar cod, and 648.0 kg/nm and 461.7 kg/nm of the jellyfish
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Hydroidolina at Billefjorden and Isfjorden respectively. Kongsfjorden was characterized by a high
density of herring at 940.0 kg/nm, while at Nordfjorden the catch consisted primarily of polar cod,

cod and herring of 146.0 kg/nm, 90.0 kg/nm and 129.0 kg/nm respectively.

SE Svalbard 4 showed the highest total fish density, mainly driven by capelin (6818.3 kg/nm), while SE
Svalbard 2 was dominated by herring (4251.3 kg/nm). Storfjorden and SE Svalbard stations 1, 3 and 5

were dominated by the jellyfish Hydroidolina.

100 1 Species (Phylum)

—— Benthosema (Chordata)

—— Boreogadus saida (Chordata)

—— Clupea harengus (Chordata)

—— Cyclopterus lumpus (Chordata)

—— Gadus morhua (Chordata)

— Leptoclinus maculatus (Chordata)

— Mallotus villosus (Chordata)

— Melanogrammus aeglefinus (Chordata)
— Myoxocephalus scorpius (Chordata)

— Pollachius virens (Chordata)

— Reinhardtius hippoglossoides (Chordata)
— Sebastes (Chordata)

— Stichaeidae (Chordata)

— Hydroidolina (Cnidaria)

— Euphausiacea (Arthropoda)

— Meganyctiphanes norvegica (Arthropoda)
— Pandalus borealis (Arthropoda)

— Octopoda (Mollusca)
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Figure 3. Pelagic community composition across stations, classified as western (red) and eastern

(blue) stations.

Table 3. Details of the organisms sampled in the pelagic trawls across all stations. Station
abbreviations ISF: Isfjorden, BLF: Billefjorden, KNF: Kongsfjorden, NRF: Nordfjorden, STF: Storfjorden,
and the station number for the SE Svalbard stations. The biogeographic classification is based on

Fossheim et al. 2015 and Geoffroy et al. 2019.

10



Density

Scientific name Phylum Classification (kg/nm) Stations
Benthosema Chordata Boreal-Arctic 6.5 ISF

BLF, ISF, KNF, NRF, SE 1, SE 2,
Boreogadus saida Chordata Arctic 1045.5 SE 3, SE 5, STF

BLF, ISF, KNF, NRF, SE 1, SE 2,
Clupea harengus Chordata Boreal 5860.1 SE 3, SE 5, STF
Cyclopterus lumpus Chordata Boreal-Arctic 138.8 SE5

BLF, ISF, KNF, NRF, SE 1, SE 2,
Gadus morhua Chordata Boreal 290.3 SE 5, STF
Leptoclinus maculatus Chordata Boreal-Arctic 0.5 BLF

BLF, ISF, KNF, NRF, SE 1, SE 2,
Mallotus villosus Chordata Boreal 7175.1 SE 3,SE 4, SE 5, STF

BLF, ISF, KNF, NRF, SE 1, SE 2,
Melanogrammus aeglefinus Chordata Boreal 139.2 SE 3, SE 5, STF
Myoxocephalus scorpius Chordata Boreal-Arctic 9.5 KNF
Pollachius virens Chordata Boreal 33.0 KNF, NRF, STF
Reinhardtius hippoglossoides ~ Chordata Arctic 0.7 NRF, SE 5
Sebastes spp Chordata Boreal 10.8 SE2,SE3,SE5S
Stichaeidae Chordata Boreal-Arctic 0.3 KNF, STF
Euphausiacea Arthropoda Boreal-Arctic 145.3 BLF, KNF, NRF, STF
Meganyctiphanes norvegica Arthropoda Boreal 15.9 ISF
Pandalus borealis Arthropoda Boreal-Arctic 18.5 KNF, STF

BLF, ISF, NRF, SE 1, SE 2, SE 3,
Hydroidolina Cnidaria Unclassified 6653.1 SE 4, SE 5, STF
Octopoda Mollusca Unclassified 0.4 ISF

11
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The nMDS provided a visualization of community composition and revealed no clear clustering across
eastern and western stations (Figure 4). The stress value of 0.1452 indicates a fair representation of
the data. The ANOSIM analysis based on Euclidean distances calculated from Hellinger-transformed
abundance data indicates that a west vs east clustering is not significant regardless of which group
Billefjorden is included in, R=0.26, p-value=0.07 when included in the west group and R=0.27, p-
value=0.14 when included in the east group. Due to this, in all subsequent results comparing western
and eastern sites, Billefjorden is included in its original classification among the western fjords. The
Sgrensen-Dice index revealed a mean dissimilarity of 0.24 between the aggregated western and

eastern regions, indicating that 24.1% of the species were unique to either region and 75.9% were

shared.
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Figure 4. Non-metric multidimensional scaling (nMDS) plot performed in three dimensions. Sampling

stations are colour-coded according to the classification: western (red) and eastern (blue).

The highest values of the boreal fish index were found in the SE Svalbard stations 1, 2, 3 and 4 with

more than 99% (Table 4, Figure 5), resulting from large schools of a single fish species dominating the

catch as well as low catch diversity. Isfjorden, Storfjorden and SE Svalbard 5 showed the lowest values

with less than 40% of the catch consisting of boreal fish species. The Mann-Whitney U test resulted in

a U-statistic of 6.0 and a p-value of 0.26, indicating no statistically significant differences in boreal

indices between western and eastern sites.

Table 4. Boreal index calculated for each station. The index was calculated as the density of boreal

fish species relative to the total fish catch at each station.

Station Boreal Index (%)
Billefjorden 55.1
Isfjorden 22.1
Kongsfjorden 89.0
Nordfjorden 64.5
SE Svalbard 1 94.4
SE Svalbard 2 99.9
SE Svalbard 3 99.8
SE Svalbard 4 100
SE Svalbard 5 37.8
Storfjorden 28.4

13
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Figure 5. Spatial distribution of fish community composition across sampling stations. Pie charts
represent the relative proportions of Arctic (blue), boreal (red) and boreal-Arctic (green) fish species

at each station, based on fish density (kg/nm). Map source: Earthstar Geographics.

Pelagic backscatter and vertical distribution

The acoustic backscatter data showed distinct patterns of pelagic density across the sampling stations
(Figure 6). SE Svalbard 4 exhibited the highest mean Sy, aligning with the substantial density of
capelin caught in the trawl at that station. Similarly, SE Svalbard 2 showed high backscatter likely
influenced by the high density of herring caught. At these stations, the peaks are particularly

pronounced at lower frequencies (18 kHz, 38 kHz and 70 kHz), which are more sensitive to large
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226  organisms like fish. Billefjorden, Isfjorden, Kongsfjorden and SE Svalbard 5 exhibited high Sv values

227  contrasting with low total densities of organisms caught in the pelagic trawl at these sites.
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228

229 Figure 6. Mean Sv values in dB re m?/m3 across all frequencies and stations (lines) and total density of

230  fish caught (kg/nm) across stations (bars).

231  The vertical distribution of pelagic backscatter varied across stations (Figure 7) and between western
232  and eastern regions. Billefjorden, Isfjorden and Kongsfjorden showed a centre of mass 20 m or more
233 deeper than the midwater depth at all frequencies, while all eastern stations except for SE Svalbard 5
234  showed a shallower centre of mass. Nordfjorden and SE Svalbard 1 exhibited a centre of mass close

235  to the midwater depth.
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Figure 7. Relative depth of the centre of mass of pelagic backscatter across all stations and
frequencies. Each line represents the difference between the midwater depth of the station and the
mean centre of mass. A positive value indicates that the centre of mass is shallower than the

midwater depth, while a negative value indicates that it is deeper.

4 Discussion

Fish borealization across Svalbard

Cold temperatures, sea ice cover, and extreme variation in light availability are some of the
environmental barriers preventing boreal species from expanding into Arctic and polar waters. With
climate change, cold temperature and sea ice cover, but not light, have been weakening as barriers
over the last decades, which has allowed for Atlantic species to shift northward in the Svalbard region
(Eriksen et al., 2025; Fossheim et al., 2015; Kuletz et al., 2024). The extreme light regime can still act as
a seasonal barrier, as pelagic fish are often visual predators and their activity levels are closely tied to

light availability (Langbehn et al., 2022). During the polar night, highly reduced light availability is
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expected to significantly impact the feeding behaviour and distribution of boreal fish. On the contrary,
studies have shown that specialist Arctic species like the polar cod are able to use very slight light cues
to forage (Benoit et al., 2010), which suggests that Arctic fish species are specifically adapted for the
low light conditions of the Arctic polar night. Conversely, the 24 hours of daylight during the summer
prevents many mesopelagic fish from safe foraging near the surface and forces them to stay in deeper
and less nutrient-rich waters or risk predation by feeding near the surface (Langbehn et al., 2022).
Therefore, the highly variable and extreme light regime of the Arctic may be a factor that could continue
to limit fish borealization of the Arctic at a time when climate change is breaking down other physical

barriers.

Our trawl and acoustic data showed differences in density, diversity and vertical distribution across
stations. Fish community composition was more diverse in the western stations, while the catches in
the eastern stations were dominated by single species of schooling fish such as herring and capelin,
as well as high densities of jellyfish (Figure 3). However, the nMDS and ANOSIM results suggest that
fish communities across western and eastern parts of Svalbard were not strongly distinct. This lack of
differentiation was further supported by the beta diversity analysis, which indicated moderate
species turnover and a relatively high percentage of shared species between western and eastern
locations. Overall, we expected to observe mainly Arctic fish species in our study during the polar
night, and even a dominance of them in eastern sites where Arctic water masses dominate. Contrary
to our expectations, we observed a high degree of boreal species and Arctic species only constituted
the majority of the catch at two locations. Additionally, we did not observe significantly different
levels of borealization between western and eastern stations, and boreal species were captured at
virtually all stations irrespective of their hydrography. Furthermore, eastern stations displayed the
highest boreal indices, which is due to these stations being dominated by a single boreal species.
Western fjords exhibited more Arctic species, likely due to a more diverse catch, but this could also be
explained by fjord topography offering refugia for Arctic species, e.g. in deep cold basins that are

more sheltered from Atlantic water influence (Nilsen et al., 2008). Overall, although minor
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differentiation was seen, pelagic communities were not significantly different between western and
eastern sites, and boreal fish species were not only present, but highly prevalent across all our study

sites.

Our findings show that Atlantic species are present in the low light conditions and cold temperatures
of both east and west Svalbard waters during the polar night and suggest that the whole of Svalbard is
now borealized, even during the polar night. The presence and even abundance of Atlantic species
during this time of the year suggests that they are able to thrive in the challenging conditions of the
polar night. This tolerance for the darkness of the polar night may be driven by a combination of
physiological and behavioural plasticity that allows these species to exploit available resources even in
low-light conditions, and indeed, previous studies have shown that boreal gadoids such as the Atlantic
cod and haddock are able to feed efficiently during the polar night (Larsen et al., 2023). Moreover,
studies have reported a northward shift in herring spawning sites and high biomass of herring in the
Svalbard area in recent years (Eriksen et al., 2025; Slotte et al., 2025). The presence of these species
during the polar night may alter the dynamics of local ecosystems. For example, it could mean that the
increased competition and predation pressure on Arctic species by generalist boreal species may be
taking place year-round, therefore light or the lack thereof, is not a seasonal barrier that strongly limits
the northward expansion of Atlantic species in Svalbard. The polar night, therefore, does not provide
Arctic species with a period of respite from Atlantic species. However, it should be kept in mind that
species range shifts, including the expansion northward of temperate species, are highly dependent on
a number of other environmental conditions. For instance, the availability of suitable spawning grounds
and nursery habitats is crucial for the successful establishment of temperate species into the Arctic
(Drinkwater, 2005; Perry et al., 2005; Sundby & Nakken, 2008). Additionally, prey abundance during
critical life stages, such as larval and juvenile development, and mismatches between the timing of prey
availability and life history requirements may act as a bottleneck for the northward expansion of boreal
species (Hollowed et al., 2013; Leu et al., 2011). Furthermore, while boreal species may be able to

thrive during the polar night light regime, extremely low temperatures and high sea ice cover may still
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constrain borealization in regions with stronger Arctic water influence. Significant borealization might

thus not be possible in other regions of the Arctic where more Arctic-like conditions still prevail.

Arctic species are already under heightened stress due to environmental changes, such as habitat
loss, rising temperatures and extreme weather events driven by climate change (Leu et al., 2011;
Wassmann et al., 2011). The presence of boreal species during the polar night, a critical period of
reduced energy intake and low productivity conditions, may further accentuate the effects of
increased predation and competition pressures on Arctic species, and this may be a key process in
determining their vulnerability to climate change. Furthermore, the expansion of species of
commercial interest such as cod, haddock and herring further north has important implications for
fisheries and management. While large-scale commercial fishing is not currently as major in Svalbard
waters as it is in other Arctic areas, the increased presence of these species raises the question of
whether this region will become a new frontier for fisheries in the near future (Misund et al., 2016).
The retreat of sea ice and thus increased accessibility to Arctic waters, combined with the increasing
presence of commercially valuable species, may incentivize the development of fisheries in areas that
were previously inaccessible or unprofitable (Cheung et al., 2010; Jgrgensen et al., 2020; Perry et al.,
2005). There is a need for adaptive measures that consider the ecological consequences of expanding
human activity further north in an already vulnerable ecosystem, and effective management

strategies will need to be prioritized (Eriksen et al., 2021; Jgrgensen et al., 2020).

Pelagic vertical distribution across regions

In the western sites, organisms were distributed deeper in the water column, which suggests a
demersal-dominated system where organisms are more closely associated with the seafloor or
deeper water layers. In contrast, the eastern sites exhibited a shallower vertical distribution of pelagic
organisms, with acoustic backscatter concentrated in the upper water column. This pattern aligns

with the dominance of schooling fish such as herring and capelin, which were abundant in eastern
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sites, and are known to occupy pelagic habitats and form dense aggregations in shallow layers. The
trawl catches with the highest densities were at two SE Svalbard sites, and this was consistent with
high acoustic backscatter peaks in the lower frequencies at these sites, which are more sensitive to
large organisms like fish (Simmonds & MacLennan, 2005). In contrast, there was a decoupling
between catch densities and backscatter strength at the western sites of Billefjorden, Isfjorden and
Kongsfjorden, where the trawl catch densities were low but the acoustics showed high backscatter.
This may be explained by the differences in vertical distribution between regions, as western fjords
exhibited a deeper centre of mass than the midwater depth and hence the low fish density captured
by the trawl at these sites may be due to organisms inhabiting deeper layers than the sampling

depths.

This contrast, between a more pelagic and a more demersal fish community in the eastern and
western stations respectively, may be linked to differences in site topography. In the west, complex
fijord systems, which include deep basins and sills, provide stable environments and rich foraging
grounds for species that utilize both the demersal and pelagic environments, such as the Atlantic cod
and polar cod (Brand et al., 2023; Gonzalez Triginer et al., 2025; Mérillet et al., 2022). Conversely, the
eastern sites are situated further offshore and favour pelagic species due to open water conditions
that support schooling fish like herring and capelin (Gjgsaeter, 1998; Hop & Gjgsaeter, 2013).
Ultimately, while boreal species were similarly found at virtually all sites, the observed differences in
community composition and vertical distribution between western and eastern sites highlight the
importance of local environmental and topographical conditions in shaping fish communities, in
addition to water masses. These findings suggest that, even as borealization progresses across
Svalbard, regional differences in habitat structure and oceanographic conditions may mediate how
fish communities respond to climate-driven changes. For example, in silled fjord systems, inner areas
and deep basins that are sheltered from Atlantic water influence may act as refugia for Arctic species.
In contrast, the pelagic-dominated systems in open waters may be more susceptible to rapid shifts in

community composition, as schooling boreal species like herring and capelin potentially outcompete
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Arctic specialists. This highlights the need to consider regional and topographical variability when

predicting the ecological impacts of borealization and assessing Arctic ecosystem resilience.

This study provides new insights into the composition, distribution and density of pelagic fish
communities across Svalbard during the polar night, a typically understudied period. Our findings
suggest that borealization is taking place across both western and eastern parts of Svalbard, with
boreal species thriving even under the extreme light and temperature conditions of the polar night.
This suggests that the seasonal light barrier may not effectively limit the northward expansion of
Atlantic species, and that the associated predation and competition pressures are taking place all year
round. While this study provides relevant information on the borealization of Svalbard waters, there
is a need for long-term monitoring of the borealization of Arctic food webs, and to better understand

the potential of boreal species to establish stable and thriving populations in these northern areas.
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570 Supplementary table 1. Settings for the echosounder Simrad EK80 used for the acoustic sampling.

Transmitted Ping rate

Frequency (kHz) Pulse duration (ms) power (W) (Hz)
18 1.024 1600 35.71
38 1.024 2000 20.83
70 1.024 600 25
120 1.024 200 31.25
200 1.024 105 41.67
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