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Abstract: Temperature rise, together with resultant ice cover retreat in Svalbard, changes in
hydrology and geomorphology of fjords and coastal waters, is presented as forming force
for the marine habitats. Satellite data show increase of habitat complexity following the
tidal glaciers retreat and emergence of new (315 km) and complex shoreline. Most evident
changes occur in the inner-fjord settings of the west coast of the archipelago, while habitats
of exposed marine shores and eastern sector of Svalbard remain little changed. It is hypothe-
sized, that decrease in ice cover opens more space for life compared to the cold period.
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Introduction

Arctic is commonly regarded as most rapidly warming region of the world
(ACIA 2005), and the large-scale international effort was directed to understand
the processes in the ice-covered central Arctic, which has been considered as the
key area for the assessment of the change (Forbes et al. 2011). The coastal wa-
ters were somehow neglected and only recently it turned out that coastal waters
in the European Arctic are critically important for the conservation of the Arctic
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species, the fishery, tourism, and additionally, it is a place of massive deposition of
plastic litter (Soreide et al. 2020). The authors have been working in the fields of
coastal oceanography and marine biology of Svalbard since 1977, with activities
run almost every year. The research focus was put especially to Hornsund and
Kongsfjorden (Westawski et al. 2017), as well as the intertidal zone around the
archipelago; see https://old.iopan.pl/projects/SIP/SIP-2008/index.html. Satellite
imagery analyses and GIS modeling for the large-scale assessment of the coast
served as important addition to the direct observations on the ground (Urbanski
and Litwicka 2022).

This paper presents the collection of the observations published and reported in
different databases from the marine habitat point of view. We regard this approach
as a key for understanding of the ongoing biodiversity and ecosystem functioning
change, that follows borealisation of the European Arctic (Csap0 ef al. 2021) and
sea ice loss (Linse et al. 2021). There is a consensus that last climate optimum on
Svalbard, about 9,500 years BP was warmer than today, which was manifested
in different forms, e.g., by the lack of glaciers in the archipelago (Svendsen and
Magnerud 1997), massive occurrence of thermophilic molluscs over the whole
area (Salvigsen et al. 1992), and the polar bear retreat to the cold refugia (Seppé
et al. 2023). Our aim is to assess the present-day tendencies of the coastal habitats
change of the area and point out its possible consequences.

Material and methods

The analysis of changes in the coastline and fjord surfaces was conducted for
three periods: 1936, 1985, and 2022. The coastline shape was extracted from aerial
and satellite imageries with a resolution of 10-30 meters and manually classi-
fied into three categories: glacier fronts, new coastline compared to 1936, and the
unchanged coastline. For the year 1936, orthophotomosaic data from 1936/1938
with a resolution of 20 meters were used (Geyman ef al. 2021). For the years
1985 and 2022, Landsat 5 satellite imagery data (U.S. Geological Survey, 2022;
https://earthexplorer.usgs.gov/) and Sentinel 2 imagery data downloaded from the
Copernicus Open Access Hub were used (Copernicus Sentinel data 2022; https://
scihub.copernicus.eu/dhus/#/home). Since the cloud-free Landsat 5 images from
1985 did not cover the entire analyzed area, they were supplemented with images
from the 1983—-85 period. The coastline data were converted into vector format,
and data analysis was performed using the GIS software. The classification of
the new coastline was based on the analysis of the MAXAR high-resolution data
from the ESRI World Imagery within the ArcGIS Pro environment (ESRI 2022).
The available classification schemes were generalized into the following classes:
moraine beach, low soft beach, rocky coast, and mudflats.

Changes in sea surface temperature from 1980 to 2020 were analyzed by com-
paring the average temperature distributions of surface water for two, five-year


https://old.iopan.pl/projects/SIP/SIP-2008/index.html
https://earthexplorer.usgs.gov/
https://scihub.copernicus.eu/dhus/#/home
https://scihub.copernicus.eu/dhus/#/home

Coastal habitats change on Svalbard 183

periods: 1982—1986 and 2016-2020. The analysis utilized the Arctic Sea and ice
surface temperature product, which is based on reprocessed AVHRR, (A)ATSR,
and SLSTR SST observations from the ESA CCI project, the Copernicus C3S
project, and the AASTTI dataset. This product provides daily interpolated rasters
with a resolution of 0.05 degrees (E.U. Copernicus Marine Service Information
CMEMS; doi: 10.48670/moi-00123; Accessed on 10-05-2023). In cases where
ice cover was present, the product includes ice surface temperature, which was
converted to the freezing temperature of oceanic water (1.9 °C).

For the other hydrographic and marine ecological data, the papers cited in the
text were used. As coastal habitats, we consider all those within fjords and from
outer coastline up to 100 m depth, i.e., within direct influence of land/sea interac-
tions. The typology of marine habitats was adopted from the EUNIS (https://www.
europa.cu/data-and-maps/data/eunis-habitat-classification-1). When necessary,
local modifications were introduced following the Norwegian Mareano project
(www.mareano.no<http://www.mareano.no).

Results

Surface water temperature. — Surface water temperature rise compared to
1980, in coastal waters and in fjords (Fig. 1) is clearly linked to the bathymetry
and flow of Atlantic waters, with warmed up deep parts of NW Spitsbergen and
shallows at the entrance to Hornsund in the southern Spitsbergen isolated from At-
lantic inflow that remains relatively cold. The temperature increase is pronounced
especially in NW sector of Svalbard, Isfjorden and Kongsfjorden systems (in-
crease above 2.3 °C), while coastal areas of NE Svalbard remain little changed.

Tidal glaciers retreat. — The results of our analysis presented in Fig. 2 show
that the reduction in the length of tidal glacier fronts in Svalbard over the past 40
years amounts to 80 km, which represents approximately 8% of their total length.
On Spitsbergen, the rate of change has been decreasing. In the period from 1936
to 1985, glacier fronts were receding at a rate of 1 km per year, and from 1985 to
2020, by 0.6 km per year; see Table 1.

The estimation of the scale of this phenomenon is presented in Table 2. This
process occurs most intensively on Spitsbergen, which total coastline is currently
(in 2022) 4,550 km. In the period from 1936 to 1985, a new coastline of 469 km
was formed on Spitsbergen, representing an increase of almost 10%, and in the
subsequent period (1985-2022), an additional 275 km of new coastline formed.
In the entire Svalbard archipelago, there were 316 km of new coastline (Table 3).

Fast ice reduction. — Fast ice reduction on Svalbard, is most pronounced in
NE sector of the archipelago and inner fjord basins. The limited change of fast ice
on the warm, west coast is caused by its ocean exposure, so it was never covered
with stable fast ice. The change of fast ice in sheltered fjords is however, dramatic,
e.g., Wijdefjord, Woodfjord and inner Hornsund (Fig. 3). The lack of stable winter
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ice causes higher exposure of coastline to the waves and more severe fetch, as il-
lustrated on Fig. 4 for Isfjorden. The prominent increase was calculated for central
North coast of Isfjorden — increasingly exposed to SW storms.
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Fig. 1. Sea surface temperature rise on Svalbard, based on satellite data, increase between 1980
and 2020, data based on AVHRR, SLSTR SST observations the Copernicus C3S project, details
described in Material and methods section.

Fjords topography. — Table 3 presents the areas of seven fjords on Spitsber-
gen for the years 1936, 1985, and 2022. The area (free of glaciers) of Hornsund
increased by 50% during the period from 1936 to 1985 and by over 100% in the
years from 1936 to 2022. Significant changes in the fjord areas also occurred
during this time period in Kongsfjorden and Krossfjorden, with an increase of
approximately 25% (Table 3).

Coastal change. — Majority of the new shoreline are moraine coasts and low
soft beaches (50%), with relatively few new tidal flats (8%) and rocky shores ex-
posed (12%). Hard substrate coast, i.e., cliffs, rocks and skjerra, are being exposed
by retreating glaciers, yet not in the large scale (Table 4).
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Fig. 2. Tidal glaciers retreat on Svalbard archipelago between 1936 and 2020, analyzed based on
Landsat 5 satellite imagery and Sentinel 2 imagery from Cepernicus Open Access Hub, details in the
Material and methods section, see also data in Tables 1 and 2.

Table 1.
Length of glaciers ice fronts in km on various islands of Svalbard.

Location/Year 1936 1985 2022
Spitsbergen 462 425 396
Nordaustlandet ? 294 299
Kviteya ? 109 97
Edgeoya 82 80 57
Prins Karls Forland 14 22 5
Barentsgya 25 14 13
Storgya ? 12 10

Total ? 956 876

Table 2.

Increase Svalbard’s various island coastline from 1936 to 2022 due to glacier retreat.

. New coastlines 1936-1985. | New coastlines 1985-2022.
Coastline
. . In parentheses, the mean new | In parentheses, the mean new
Location in 2022 . .
[km] coastlines length over the coastlines length over the
course of the year [km] course of the year [km]
Spitsbergen 4551 469 (9.6) 275 (7.4)
Nordaustlandet 1950 ? 18 (0.5)
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. New coastlines 1936-1985. | New coastlines 1985-2022.
Coastline
. . In parentheses, the mean new | In parentheses, the mean new
Location in 2022 . .
[km] coastlines length over the coastlines length over the
course of the year [km] course of the year [km]

Edgeoya 486 21(0.4) 8(0.2)
Barentsoya 254 16 (0.3) 8(0.2)
Prins Karls

Forland 271 11 (0.2) 6(0.2)

Table 3.

Increase areas of selected Spitsbergen fjords from 1936 to 2022
due to glacier retreat. In parenthesis percentage change relative to 1936.

Location Area in 1936 [km?] Area in 1985 [km?] Area in 2022 [km?]
Isfjorden 2294 2345 (2.3) 2371 (3.3)
Wijdefjorden 997 1003 (0.5) 1010 (1.3)
Woodfjorden 732 740 (1) 744 (1.6)
Van Mijenfjorden 507 518 (2.2) 519 (2.4)
Hornsund 127 191 (49.8) 267 (109.8)
Kongsfjorden 199 217 (9.4) 245 (23.4)
Krossfjorden 162 185 (11.1) 206 (26.6)
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Fig. 3. The change between years 2000 and 2020 of annual fast ice duration on Svalbard, based on
satellite imagery data from the Copernicus C3S project and AASTI dataset, details in Material and
methods section.
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Fig. 4. Decreases in fast ice in Isfjorden, central West Spitsbergen (A), and consequent fetch increase
(B), ice situation based on Copernicus C3S project and AASTI dataset, fetch calculated from the
Norwegian Meteorological Office data on regional wind pattern in 20102020 years.

Table 4.

Change in the Svalbard coastal habitats between 1980 and 2022.

Main ecological

Coast type Area or length Change 1980-2022
consequences
Tidal glacier top predators feed-
front 370-960 km loss of 80 km of ice cliffs, 316 km | ing ground change,
(water column of new coast due to glaciers retreat. | bottom communi-
and seabed) ties change
Soft sediment length limited local fauna.
shore of Svalbard increasing (100—150 km) mainly increase of haul ou';
(mud, sand, shore of moraine coast and low soft beach ound space
gravel, stones) is 7770 km £ P
Fast ice on 4580 km? loss of 60% of iced area ringed seals
fjords (median 1980) to 1800 km? (median 2022) breeding habitat
0,
Rocky shores lolt; ?h/g Eli?ilc(:lelcll) more space
(cliffs, skjerra, . small increase by 75 km since 1936 b
boulders) coastline for encrusting fauna
as of 2022
Rivers, lakes, 158 km? increasing area; for Ezzllzzts;ack_
lagoons as of 2022 strong increasing for lagoons

ish water species
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Table 4 — continued.

Coast type Area or length Change 1980-2022 Main ecological
consequences
91.3 km?,
155 km (2.3%) small increase by 15 km important
Tidal flats of the non-iced of coastline since 1936, feeding ground
coastline change from seasonal to permanent for wading birds
as of 2022
surface area of the fjords
. 5 .
Water column has increased by 133 km?, of which stratification
. the surface area of the Hornsund
in fjords water surface . ) separates lower
. . fjord has increased by 76 km?,
(surface, inter- | area (Spitsber- o . and upper part
. constituting 40% of its total area;
mediate and gen fjords only) . e - of water column
5 increased turbidity, increased
near bottom 5925 km .. . . and creates separate
salinity gradient, increased . .
waters) . . . pelagic habitats
intermediate layer, disappearance
of winter cold water at the bottom.
Discussion

Rising Sea Surface Temperature. — Sea Surface Temperature (SST) increase
was documented in Hornsund, Isfjorden and Kongsfjorden and adjacent shelf in di-
rect oceanographic measurements over the years (Walczowski and Piechura 2006;
Pavlov et al. 2013; Prominska et al. 2017; Tverberg et al. 2019). The warmed-up
water column in coastal areas is important habitat for larvae and juveniles of ben-
thic species and neritic plankton (Gluchowska et al. 2016). Warming brings more
freshwater to this system through glacial melt, that increases turbidity and stratifi-
cation (Beszczynska-Moller et al. 1997; Blaszczyk et al. 2009; Konik ef al. 2021;
Moreno and Szeligowska 2023). This process reduces primary production in the
inner fjord basin (Smota ef al. 2017) and promotes brackish water species to colo-
nize the fjords (Wiktor ef al. 2016). Second water column habitat in fjords are sea-
bed depressions that use to be filled with cooled, dense “winter water”. Those water
bodies were important as refugia for cold water species (Drewnik et al. 2016) and
are clearly disappearing from fjords impacted most by the Atlantic water inflows
(Prominska et al. 2017). Rising temperature promotes the establishment of ther-
mophilic species that are transported with Atlantic waters (Thyrring ef al. 2017).

Tidal glaciers retreat. — From the small scale, detailed studies like those of
Hansbreen, over 40 years of continuous observations (Vieli et al. 2002), or Kongs-
breen (Torsvik et al. 2019) to broad satellite-based analysis in the scale of whole
archipelago (Btaszczyk et al. 2009), tidal glaciers are generally retreating on Sval-
bard, although occasional surge occurs and for a short-time glaciers may claim
new area of coast and seabed (Blaszczyk ef al. 2009). For the marine habitats, the
main effect of tidal glaciers retreat is the creation of new coastline and ice-free
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seabed (Ziaja and Ostafin 2015, 2019; Cygankiewicz-Tru$ and Ziaja 2021). For
the coastal waters, glacier retreat means also intense sediment outflow and fresh-
water discharge. The change in tidal glacier fronts impacts the local food web, es-
pecially seabirds that use this specific habitat (Stempniewicz et al. 2017; Bertrand
et al. 2021; Hop et al. 2023). Shoreline areas free from the glacier are inhabited
by minute mobile fauna like Oligochaeta or Gammarus assemblages (Westawski
et al. 1993a, b). To some extent, the new coastline may serve as a haul out ground
for walruses and harbor seals (Lydersen et al. 2017).

Fast ice reduction. — This habitat is essential for the Ringed Seal breeding as
well as for Polar Bear successful hunt (Smith and Lydersen 1991). Fast ice has
important role in the reduction of intertidal vegetation and encrusting organisms
through the ice scouring (Wxestawski et al. 2010). There is no specific ice fauna
associated with this ice type, all observed taxa belong to shallow water coastal
species that may turn back to live on the seabed in the absence of ice (Westawski
et al. 1993a, b). Fast ice retreat is connected also with the increased exposition of
coastline to the wave fetch (Fig. 5) that directly enhance erosion.

( Air temperature & atlantic water volume rise J
v v v v
! Water temp. rise ‘ 'b‘ Glacier melt i ‘ Fastice reduction | -b| Shoreline temp. rise 1

2 v N N N

Increase turbidity ‘ ‘ Fjords expansion ‘ ‘ Light increase ‘ ’Fetch increase‘

Y N/ N

Stratification Mineral sedimentation rise Erosion === Coastal change

Surface salinity drop

Fig. 5. Key driving factors of the coastal marine habitats change on Svalbard.

Snow cover. — Temperature rise will impact the snow cover on the coasts and
on fast ice. It gives protection from the weathering and fast decomposition of
the kelp deposits, that in turn impacts the nutrients turnover in the tundra and its
return to the sea (Parmentier et al. 2017; Moriana-Armendariz et al. 2022). The
lack of snow cover will enhance the organic matter turnover along the shores with
rich algal vegetation. Snow on the coastal fast ice is also essential for the breed-
ing success of Ringed Seal (Smith and Lydersen 1991), hence its reduction will
impact the local seal population. The predictions for the snow cover on Svalbard
are variable, as the warming generates more humidity and precipitation, yet it was
reported to shrink with less snow on the ground (Van Pelt et al. 2016).
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Fjords topography. — Changes due to the tidal glacier retreat are well doc-
umented in Hornsund (Moskalik ef al. 2013; Grabiec et al. 2017). In the course
of the last 100 years, the fjord surface nearly doubled. Number of tidal glaciers
of Svalbard still covers the fjord branches, straits, bays and complicated coasts-
capes that can be read today only from radar measurements (Grabiec et al. 2017).
The glacial retreat not only gives more space of the seabed, but introduces to the
coastal waters huge sediment load. Estimated deposition in Hornsund during last
glaciation is over 100 m in thickness (Kowalewski ef al. 1991). Furthermore, as
the distance from the shelf waters to the inner basin increases, the turbid waters
remain in the inner basin and marine species visiting fjord can easily avoid the
turbid-water zone (Drewnik et al. 2016).

Coastal change. — The soft sediment shores, i.e., sandy to gravel and stony
beaches, form permeable shoreline that is a dynamic habitat that serves limited
number of species on Svalbard — mainly interstitial meiofauna (Westawski et al.
1993a, b; Szymelfenig et al. 1995). Beach forms an important habitat that acts as
a bioconvertor, helping self-cleaning of waters that percolate through the porous
medium (Huettel ef al. 2014). Newly-exposed soft sediment shores will be prone
to the coastal erosion (Kavan et al. 2022). Specific type of the soft sediment shore
includes tidal flats, that are formed in sheltered areas, where flat land rivers carry
sediment load and deposit it at their mouth. On Svalbard, tidal flats were usually
associated with retreating glaciers that left moraine material, or with board valleys
with braided rivers (Westawski and Szymelfenig 1999). Such areas are important
for wading birds, on Svalbard, mainly purple sandpipers Calidris maritima (Re-
gelin 2011). Recent reduction of fast ice, that used to freeze through the sediment
and kill the organisms within, results in more space and time for species that
can stabilize the sediment in summer (Wiktor et al. 2016; Elster et al. 2023). In
sheltered places, the hard shore provides substrate for encrusting organisms, espe-
cially benthic algae, that rapidly increase biomass and primary production in the
area due to the ice reduction (Krause-Jensen and Duarte 2014; Smota et al. 2017).

Lakes and lagoons. — These freshwater bodies are important as habitats for
anadromous fish, namely Arctic charr and gorbusha (Bengtsson et al. 2023). Num-
ber of new freshwater bodies appeared on the coastline after the glacial retreat
(Urbanski 2022). The discharge of freshwater to the coastal sea and change from
the tidal glacier to river outflow modify the hydrography of coastal waters and
reduce suspensions load in fjord, deposited in the lagoon or tidal flat (Szczucinski
and Zajaczkowski 2012; Lydersen et al. 2014).

Considerations on biodiversity change driven by changing coastal habi-
tats. — The chain of above discussed drivers that modifies coastal habitats on
Svalbard, is illustrated in Fig. 5, with overarching factor of air temperature rise
and associated Atlantic waters flow. Changes in the coastal (shoreline and fjords
seabed) habitats, discussed above, are unlikely to cause the regional biodiversity
loss in terms of species absence causing local extinctions. The main reason is the
lack of endemism on Svalbard, where almost all invertebrate fauna is a subsample
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of the North Norwegian Sea marine domain (Sirienko 2001; Palerud et al. 2004;
Deja et al. 2016). With increasing advection of Atlantic waters and warming, the
import of populations and species from the south will be enhanced, what was
already demonstrated among crustaceans (Legezynska et al. 2017; Csap0 et al.
2021). Arrival of boreal fish, birds and sea mammal species to Svalbard is be-
ing reported (Renaud ef al. 2012; Berge et al. 2015; Descamps and Strem 2021;
Bengtsson et al. 2022). The Arctic, cold stenotherms can find a refuge in the deep
inner fjord basins. Such observation has been already reported (Lydersen et al.
2014; Drewnik et al. 2016). Svalbard Arctic coastal sea mammals (polar bear,
walrus, ringed seal, beluga, bearded seal) are highly mobile and adaptive (Stemp-
niewicz et al. 2021) as well as protected, so their local extinction is unlikely, with
possible threat to the ringed seal, species directly dependent on the fast ice (Smith
and Lydersen 1991).

Climate change causes the retreat of the iconic tidal glaciers and fast ice on
Svalbard, resulting in the creation of new and variable coastal forms. We do not
expect the ongoing coastal change to result in any specific species or ecosystem
function loss, with likely exception of the ringed seal. The climate change results
in increase of coastline length, shoreline complexity as well as the increase of
fjords volume. Together with the emerging new brackish water habitats and advec-
tion of boreal species from the south, it may lead to local biodiversity increase and
probably associated ecosystem stability (Westawski ef al. 2017). West coast fjords,
especially inner basins are most changed, while open coast of NE remains in its
previous condition. Such information shall be of importance for the nature con-
servation plans and the management of increasing tourism (Hovelsrud et al. 2023).
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