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Acoustic mapping reveals
macroalgal settlement
following a retreating glacier
front in the High Arctic
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Kai Bischof3 and Børge Damsgård1

1Department of Arctic Biology, The University Centre in Svalbard, Longyearbyen, Norway, 2Faculty of
Biosciences, Fisheries and Economics, The Arctic University of Norway, Tromsø, Norway, 3Marine
Botany, University of Bremen, Bremen, Germany
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.
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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 Røst 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;

Włodarska-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 5m 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; Düsedau 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; Düsedau 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
Frontiers in Marine Science 02
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

Nordenskiöldbreen 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

Nordenskiöldbreen in the adjacent bay Adolfbukta. This glacier has

been retreating at a rate of 12-35 m per year (Szczuciński 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 (Láska 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 (Søreide 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 (Urbański 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

Nordenskiöldbreen 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 (Carbó 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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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-1 effectively equalled to one
Frontiers in Marine Science 04
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, Rødovre, 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.
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.
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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 05
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.
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.
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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.
Frontiers in Marine Science 06
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-
FIGURE 3

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.
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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).
Frontiers in Marine Science 07
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
FIGURE 5

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.
FIGURE 4

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.
frontiersin.org
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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-
Frontiers in Marine Science 08
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
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.
TABLE 1 Relationship between macroalgal presence and temperature, salinity and turbidity.

Variable Estimate Odds_Ratio CI_Lower CI_Upper P_Value

(Intercept) 9.1775 9676.9293 2405.7703 38924.3151 <0.001

Temperature -0.7654 0.4652 0.4045 0.5349 <0.001

Salinity -0.1787 0.8364 0.8196 0.8535 <0.001

Turbidity -0.0311 0.9694 0.9612 0.9777 <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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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 (Urbański 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 (Søreide 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 (Szczuciński 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.
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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 andmechanical

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

Nordenskiöldbreen 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
TABLE 2 Relationship between macroalgal percent coverage and temperature, salinity and turbidity.

Component Variable Estimate Std.Error t_value P_value

Mu (Intercept) 4.3143 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.
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substrate for many associated species (Teagle et al., 2017;

Włodarska-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 CO2 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 offer 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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