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Abstract

This study examines the morphometric characteristics and environmental
changes in 143 small catchments within Wedel Jarlsberg Land, southern
Svalbard, focusing on the influence of topography on glacier retreat, lake evo-
lution, and vegetation dynamics. The catchments analysed varied in size, with
65% smaller than 4 km?2. Elevation ranged from 1.9 to 1200 m a.s.l., and the
catchments exhibited significant topographic variability, including steep slopes
and varying exposures. Glaciers in the study area have undergone a 30%
reduction in area from 1936 (228.34 km?2) to 2020 (158.26 km?2). This retreat
has led to the expansion of glacial lakes, particularly within moraines, with a
general trend towards increasing numbers and sizes of lakes over time.
Vegetation changes were assessed using normalized difference vegetation index
data from 1979 to 2020, revealing few increasing trends. Topographical features,
including mean elevation, slope and catchment size, were analysed to under-
stand their impact on glacial retreat and vegetation growth. The study found
that mean slope and aspect had the strongest influence on vegetation dynam-
ics, and that mean elevation and slope values have an impact on glacial retreat
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Introduction

The Arctic is rapidly warming (Speetjens et al. 2022) and
has warmed nearly four times faster than the globe in
recent decades (Rantanen et al. 2022). The Eurasian part
of the Arctic has warmed at an even higher rate: five to
seven times faster than the global average (Isaksen et al.
2022; Rantanen et al. 2022; Tobo et al. 2024). The phe-
nomenon of faster reaction to global warming at higher
latitudes is known as Arctic (or Polar) Amplification (Smith
et al. 2019; Rantanen et al. 2022) and is manifested in
diminishing sea-ice cover, glacial terminus retreat (some-
times resulting in shifts from tidewater to land-terminating
glaciers), more streams and lakes associated with retreat-
ing glaciers, intensification of mass movement, advances of
vegetation and permafrost thawing (Constable et al. 2022).
In the High Arctic, Svalbard is known as a hotspot where
the environmental effects of higher global temperature are
readily observed (McKay et al. 2022; Stachowska et al.
2024). Climate change is apparent in both higher

temperatures and humidity, noticeable as an increase in
precipitation in the archipelago (Forland & Hanssen-Bauer
2001). This is mainly reflected in retreating glaciers, which
expose new land areas that are well suited to vegetation
succession studies (Bayle et al. 2021; McCerery et al.
2025). As the warming Arctic has both local and global
influences, understanding its impact is crucial as the
landscape-scale changes are superimposed on large-scale
Arcticresponses (Box etal. 2019; Vincent 2020; Yamanouchi
& Takata 2020; Speetjens et al. 2022; Frost et al. 2025).
Moreover, the dynamics of change within small catchments
affect hydrological regimes (Stachnik et al. 2025).

All the features mentioned above lead to visible changes
in the Arctic landscape. The first photogrammetric cam-
paigns in the Arctic took place in the 1930s and have been
used for glaciological reconstruction (Geyman et al. 2022;
Domgaard et al. 2024). Since the late 1970s, multispectral
satellite images of Svalbard’s environment have been cap-
tured. This has resulted in a long-term multispectral image
series of the archipelago. Landsat data have been freely
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available since 2008, and Sentinel data sets since 2014.
These long-term data sets are invaluable for understanding
change in remote regions (Trenberth et al. 2013; Roy et al.
2014; Roy et al. 2016; Wulder et al. 2022).

We aimed to better understand how climate change
impacts small (here defined as <20 km?) Arctic water-
sheds, as they are highly responsive to climate change,
and the pronounced changes in hydrography and vegeta-
tion that are documented in this study could be consid-
ered as potential forerunners for other parts of the Arctic
as well as alpine regions (Vonk et al. 2023). We investi-
gated SCs with a 40-year (1979-2020) perspective,
focusing on vegetation (NDVI changes), glaciers (areal
changes), and lakes (formation and dynamics). Data
extending back to 1936/38 were also included.
Additionally, using remote sensing data sets, we investi-
gated if the topography, that is, basic morphometric fea-
tures, of each SC influences the rate of glacier retreat and
the pace of vegetation growth. Our study focused on
WJL, Spitsbergen (Figs. 1, 2), and provides the first
regional-scale analysis of this area.

Methods

Study area and geographical setting

WIJL is in south-western Svalbard, on the island of
Spitsbergen (Fig. 1). Covering an area of ca. 2150 km?, it
stretches between Bellsund and Van Keulenfjorden in the
north and Hornsund in the south, bordering on Torell
Land in the east and the Greenland Sea in the west.
Together with Torell Land and Serkapp Land, WJL is part
of Ser Spitsbergen National Park. The main sedimentary
rock types are sandstone, siltstone, shales, and bitumi-
nous shales in the north-east, tillite rocks at the Bellsund
inlet, metamorphic rocks in the west, and phyllites,
metapeltic shists, metavolcanic amphibolites, and quartz-
ites in the south-west (Dallmann 2015; Supplementary
Fig. S1). Soils comprise both Cambisols and Cryosols
(Speetjens et al. 2022). The sparse vegetation cover con-
sistsmainly of mosses, shrubs, and lichens (Supplementary
Fig. S2). The alpine landscape is dominated by numerous
moraines and talus cones, small glaciers and spiky peaks
(Dallmann 2015; Supplementary Fig. S3), the highest of
which is 1230 m a.s.l. The inner part of WJL is covered by
ice fields, with few outgoing tidewater glaciers (Fig. 1).
During winter, the area is covered in snow, and lakes are
frozen. During spring and summer, thawing permafrost
and melting snow and glaciers feed numerous streams
and ponds. Lakes are mostly moraine-dammed (moraine-
thaw and frontal moraine-dammed, otherwise known as
end-moraine lakes), which have increased in number by
23% between 1936 (Geyman et al. 2022) and 2020
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(Wieczorek et al. 2023). The warm West Spitsbergen
Current results in a milder climate (D’Andrea et al. 2012;
Dallmann 2015) and more precipitation (Wawrzyniak &
Osuch 2020) in south-western Spitsbergen than in other
places at similar latitudes. A 40-year-long (1979-2018)
meteorological data series from the Polish Polar Station in
Hornsund showed an increase in temperature of 1.14°C
each decade, which is six times the global average
(Wawrzyniak & Osuch 2020). Climatic changes have
resulted in a transition in the area from glaciated to partly
glaciated to non-glaciated, as observed for Svalbard over-
all (Lenne & Lysa 2005).

Catchment delimitation. There are no universal and
precise size limits for small, medium, or large catchments;
these depend on the size of the area studied. In a pan-Arctic
database, small watersheds were defined as smaller than
1000 km? (Speetjens et al. 2022). We considered delineating
SCs on the basis of the following digital terrain models avail-
able for WJL: one from 1936 has a resolution of 5-m
(Geyman et al. 2022), one from the 1990s has 20-m resolu-
tion (NPI 2014b), one from 2011 has 5-m resolution (NPI
2014b) and one—the ArcticDEM, version 4.1 (PGC, Saint
Paul, MN, USA)—from 2023 has 2-m resolution (Porter
etal. 2023).

Results from the digital terrain models varied due to dif-
ferences in resolution and changes in geomorphology over
time. We chose the ArcticDEM because it yielded the most
satisfactory results. The ArcticDEM raster overestimates
elevation in WJL. Based on different stable points, that is,
large rocks and mountain peaks, which we compared
between the ArcticDEM and topographic maps, we esti-
mated 30 m as the mean value of vertical distortion. We
followed the procedure recommended for Arc Hydro Tools
for the final SC delineation (ESRI 2011; Baye 2020; Fig. 2).
A crucial point was the stream definition step (set to 1
km?), which defines where a stream should start without
any feedback from the function (ESRI 2011; Baye 2020)
and directly influences the catchment area. The SCs—
including those that were ice-free, partially glaciated, and
entirely glaciated—that were delineated are presented in
Fig. 1. Catchments on the surface of ice fields and in val-
leys were then removed from consideration, and sub-catch-
ments were merged, leaving only alpine catchments. We
refer to most of these SCs by the Hydro Identifier number
assigned to each during SC delineation. However, if there
was a valley name or a named glacier within an SC, we
called it by that name. The morphometric features of SCs
were used later to investigate their impact on vegetation
succession and glacial recession. For each SC, the basic
morphometric parameters (Table 1) were calculated using
Arc Toolbox in ArcMap 10.8 (Esri, Redlands, CA, USA).
Seventeen of the 143 SCs that we analysed have been pre-
viously studied.
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Fig. 1 Location and land characteristics of the WIL and designated SCs within the area. The coverage of rivers, glaciers, lakes, moraines, and the

area of Svalbard was downloaded from the Norwegian Polar Institute (NPl 2014a), and the digital elevation model is based on ArcticDEM version 4.1

(Porter et al. 2023).
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Fig. 2 Methodology of catchment delineation.

Table 1 Investigated morphometric parameters.

|

Stream definition
with area = 1km’ l

|

Stream segmentation

Manual merging
and cleaning
of polygons

Target catchments

AREA OF INTEREST

Morphometric parameter Tool/method Equation Source
Area (A) Calculate geometry
Perimeter (P) Calculate geometry
Basin length (L) ArcHydroTools, longest flow path
Slope (°) Spatial Analyst tool, Slope
Aspect Spatial Analyst tool, Aspect
Elevation (min., mean, max.) Focal statistics
Relief H. . —H..
Relief ratio H Schumm 1956; Rézycka & Migori2021; Alphonse et al. 2023
L
Circulatory ratio ard Rozycka & Migor 2021; Alphonse et al. 2023
PZ
Elongation ratio 24/ {n Schumm 1956; Rézycka & Migori 2021; Alphonse et al. 2023
L
Form factor A Horton 1932; R6zycka & Migori2021; Alphonse et al. 2023
I2

Remote sensing methods. For remote sensing analy-
sis, we chose normalized difference indices as they help
minimize the influence of sensor calibration, sun-sensor
geometry and topography (Kaab 2005; Frost et al. 2025).
To observe vegetation changes within the SCs, we used
the NDVI (Tucker 1979). The analysis used atmospher-
ic-corrected Landsat satellite scenes (61 scenes) from
Landsat Collection 2 (MSS 2, 5; TM 4, 5; ETM+ 7; OLI 8
sensors) and Sentinel-2 (three hand-made mosaics
at 15-m resolution for the years 2017, 2018 and 2020).

(page number not for citation purpose)

WIL is covered by the following Landsat satellite flight
paths and rows: 027240, 028239, 029239, 208005,
209005, 210005, 211005, 212005, 213004, 215004,
216004, 228005, 229004, 229005, 230004, and 234004.
Due to the prevalence of cloud cover, the mosaic for the
Sentinel satellite data from 2018 was compiled using
images captured on 30 July and 5 August. We used only
images from the summer months of July and August. All
available Landsat images were browsed without a cloud
filter, as we were focusing on very small areas, and
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generalizing percentages of cloud cover could have
caused us to miss valuable data. After revising the col-
lected data, we obtained images from 56 days in the
period 1979-2020. All processing was calculated with
Python 2 for all available images in ArcMap 10.8. We
used the following raster calculator formula:

NDVI = float (nir_band — red_band) / float (nir_band
+ red_band)

The near-infrared and red bands have previously been
defined for each satellite type (USGS 2021; Wotoszyn
2024; Sentinel Hub no date a). Results were then clipped
with Image Analysis in ArcMap to all delineated SCs.
Only SCs with no cloud or snow cover in July were
included in the analysis; the rest were filtered out manu-
ally. Only data where 100% of a single SC was visible
were used. The number of satellite images available for a
given SC depended on the prevalence of cloud cover and
the number of pathways traversed by the satellite. Our
objective was to obtain as much data as possible to best
capture changes in the study area. The number of anal-
ysed SCs captured on specific dates is presented in
Supplementary Fig. S4.

For each SC, a histogram was constructed to compare
data across different time spans and to identify any errors
or anomalies in the data. This approach led to a long time
series of data for each individual SC. For more recent years,
we added Sentinel data and mosaicked single images so
that most WJL SCs were visible. We then obtained the
maximum catchment NDVI values so that a temporal anal-
ysis of vegetation cover in WJL's SCs could be made.

The Mann-Kendall tests were performed to identify
any trends, as the data contains gaps, and this test
effectively handles them. A significance level of 0.05 was
assumed.

For glacier delineation, we used the NDSI (Keshri
et al. 2009; Hagolle et al. 2017; Florath et al. 2022):

NDSI = float (green_band — swir_band) / float (green_
band + swir_band)

The NDSI was applied as a tool for determining the glacial
area and, to indicate their response to climate change
(Nuth et al. 2013). Given the potential for misinterpret-
ing snow-covered slopes, only data from August—just
once, at—the end of July—were used. This minimized—
but did not completely exclude—snow-covered ground.
To delineate the extent of the glaciers by creating poly-
gons, a threshold of 0.0 was set for the index values,
filtering out pixels that were neither snow nor glacier.
Subsequently, following the conversion of the float raster
to an integer and then to a polygon, the automatical-
ly-determined extents of the glaciers were manually cor-
rected on the basis of the reflectance band for each image.
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In total, 22 satellite scenes were used, along with data
from 1936 (Geyman et al. 2022) and the 1990s (NPI
2014a). We then sequentially counted changes in how
much (percentage) of an SC was occupied by glaciers.
Only the 97 SCs that were glaciated in 1936 (Geyman
et al. 2022) were taken into account.

Lakes were manually vectorized based on the 1936/38
orthophotomap, the 1990 data set (Wieczorek et al. 2023),
the Norwegian Polar Institute orthophotomap from 2011
(NPI 2014b) and enhanced Planet images from 2016,
2017, 2018, 2019, and 2020. The resolution of the
Landsat and Sentinel images is too coarse for such small
areas; therefore, the data set we used for lakes differs
from the one used for glaciers and vegetation.

Methods of comparing morphometric and remote
sensing results. To examine spatial relationships, we
used scatterplots based on the morphometric and remote
sensing results we had obtained. To assess the influence
of morphometry on the remote sensing results, we used
the percentage decrease in glacier area and the differ-
ence in maximum catchment NDVI between 1979 and
2020. For glaciers, we used only data in which some
change—positive or negative—occurred. For vegetation,
all SCs were considered. First, scatterplots were gener-
ated for each parameter in Statistica 13 software
(StatSoft, Palo Alto, CA, USA) to visualize the relation-
ship between the pairs, that is, glacial area difference
and vegetation change as dependent variables (y-axis)
and morphometric features as explanatory variables
(x-axis). For the aspect, we used the majority value
within SCs. The results of the comparative analyses for
this aspect were visualized using box and whisker plots.
Then, the Multilayer Perception machine learning tool
(MathWorks 2025, Natick, MA, USA) was applied to
analyse existing relationships.

Results

Catchment morphometry

A total of 143 SCs were delineated and their morphomet-
rical parameters recorded (Supplementary Table S1;
Supplementary Fig. S5). The majority of the analysed SCs
were smaller than 10 km?, and nearly one-third were no
larger than 2 kmz2. (Supplementary Fig. S5a). Only eight
SCs were larger than 10 km?: Dyrstaddalen, Scottdalen,
Hessdalen, Marjelendalen, Suessdalen, Langryggdalen,
Raudfjelldalen, and Nanndalen. Most SCs were between
2 and 9 km in length (Supplementary Fig. S5b). This
parameter was used to calculate other morphometric fea-
tures (Table 1). The mean width (Supplementary Fig. S5d)
ranged from 0.3 to 2 km; most SCs were between 0.4 and
0.8 km wide.
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The SCs varied in elevation. The lowest parts of the
SCs ranged from 1.9 to 570.4 m a.s.l., while their high-
est parts ranged from 343 to 1200 m a.s.l. Their mean
altitudes spanned from 35.67 to 642.41 m a.s.l.
(Supplementary Fig. S5c). With the equilibrium line set
at an altitude of 450 m a.s.l. (Noél et al. 2020), the mean
elevation of 113 (79%) SCs lay below this isoline. The
relief within SCs ranged from 258 to 1198 m, indicating
a high degree of variability in the relative height of the
area (Fig. 1, Supplementary Fig. S5g). Twenty-nine SCs
had values of up to 500 m, while 112 had values between
500 and 1000 m. Only two SCs exceeded the 1000 m
relative height difference, reaching 1185 and 1198 m,
respectively. In 23 cases, the relief ratio was less than
0.1; in 93 cases, it was between 0.1 and 0.2; in 21 cases,
it was between 0.2 and 0.3; and in six cases, it was above
0.3, with a maximum value of 0.37 (Supplementary
Fig. S5h). This indicates a strong tendency for potential
slope processes, especially as the permafrost that cur-
rently stabilizes the frozen ground progressively
degrades.

The mean slope value ranged from 5.19° to 32.68°
(Supplementary Fig. S4f). Even though it is likely that
the mean slope of the terrain does not accurately repre-
sent the morphometry of a specific SC, the parameter is
useful as it indicates the topographical variability in the
research area. In 66 cases, the mean slopes were highly
inclined (10-20°), and 63 were steep (20-35°); just 14
SCs were poorly inclined (0-5°). A predominantly south-
west exposure was the most common, with 38 SCs exhib-
iting it. Fourteen SCs had a mostly southern exposure,
and four faced mainly the south-east. Only 12 SCs were
mainly exposed to the north (Supplementary Fig. S5e).

The circulatory ratios—where 0 is a line, and 1 is a
circle (Shekar & Mathew 2024)—of the SCs ranged from
0.1 to 0.46 (Supplementary Fig. S5k). On the basis of
morphometric analyses in the literature (Pareta & Pareta
2011; Shekar & Mathew 2024), 51 of the SCs in our study
can be classified as elongated, 91 as more elongated, and
one as circular (Supplementary Fig. S5j). The elongation
ratios and form factors (Chandrashekar et al. 2015;
Shekar & Mathew 2024) correspond well: 142 SCs classi-
fied as elongated had a form factor between 0.07 and
0.39, and one (Revdalen) that was more circular had a
form factor of 0.89 (Supplementary Fig. S5i).

Changes in glacier extent. We assessed changes in
glacial extent in the study area using satellite imagery,
although not all glaciers could be discerned in all of the
images. Most of the analysed glacier surface was below
the equilibrium line altitude, which we set at 450 m a.s.l.
(Fig. 3; Noél et al. 2020). Using the data from 1936/38
and 2020, we calculated the percentage change in area in
glaciated SCs (Figs. 4, 5; see also Supplementary Table S1).
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The north-western and southern parts of the study area—
that is, the parts nearer the sea—had lost the most glaci-
ated area. SCs in the central part of the WJL—further
inland and at higher elevations—Ilost the least amount of
glaciated area, and there were even a few instances of
positive glacial changes. The area of 16 glaciers has
shrunk by more than 90% since 1936, and 43 glaciers
have lost more than half of their area (Figs. 4, 5).

Comparing the 1936 and 2020 data revealed changes
in glacier extent. The vast majority (94%) of the analysed
glaciers have shrunk, with the following changes
observed: 11 lost up to <10% of their area, 37 lost
between 10 and 50%, 27 lost between 50 and 90% and
16 disappeared completely. In contrast, six glaciers
increased in size by 1-15%. Overall, the area covered by
glaciers shrank by just over 30%, from 228.34 km? in
1936 to 158.26 kmz2 in 2020.

Lake evolution. We managed to discern only eight
lakes within SCs on the 1936 orthophotomap
(Supplementary Table S1, sheet lakes). This is because
the orthophotomap was composed from oblique aerial
images, and many places where we would expect lakes
could not be spotted. An examination of the most
detailed (0.4-m resolution) data source—the NPI ortho-
photomap of 2011—yielded 75 lakes within SCs
(Supplementary Table S1). The number of lakes detected
and the calculated areas (Supplementary Table S1) were
affected by data quality issues, such as cloud cover and
mountain shadows. In the Planet images, mountain
shadows were problematic, and not all the lakes (or
parts of lakes) could be identified even after enhance-
ment, making it impossible to accurately calculate lake
areas. Nonetheless, we see a general trend in the area of
lakes expanding in the evolution of Svalbard’s glacial
lakes (Wieczorek et al. 2023), indicating their continu-
ous growth (total area) with changes in the number of
glacial lakes (merging of lakes). The available data are
insufficient to provide a reliable analysis of the geomor-
phic influence on lakes.

Lakes located further away from glaciers seemed more
stable, while those in contact with glaciers or moraines
showed greater changes in area. In some cases—like that
illustrated in Fig. 6a—there was a significant loss of surface
area covered by the lake, whereas lake area increased in
other cases—as shown in Fig. 6b. In both of these cases,
lakes were located within moraines. As glaciers receded,
some lakes emerged and, in most cases, were located at
moraines (Fig. 6a—e). Those located in the lower parts of
basins seemed more stable (Fig. 6f), as their forms were
defined a long time ago.

Vegetation. For each SC, the difference between the
oldest and youngest maximum NDVI values was calculated
to assess how it changed over the last 40 years (Fig. 7).
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Fig. 3 Glacier areal change through time: 1936/38 (Geyman et al. 2022), 1985-2020 (USGS 2022), 1990 (NPl 2014b), 2017, 2018 and 2020 (Sentinel no
date b). The contour at 450 m a.s.l. represents the equilibrium line altitude and is shown as a yellow dashed line (Noél et al. 2020).
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Fig. 4 Percentage changes in glacier area in glaciated SCs between 1936/38 (Geyman et al. 2022) and 2020.

In the vegetation analysis, there were 4592 observations important to note that the number of SCs represented in
for all the SCs (one observation is one SC in one satellite the data varied as not all SCs were visible on each satellite
image) and, on the basis of these data, the maximum NDVI image (see Supplementary Fig. S4) on account of different
value for each SC for each year was calculated (Fig. 8). It is in paths, rows or cloud cover.
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The Mann-Kendall analysis of the NDVI data showed
that only 21 of 143 SCs had a positive trend
(Supplementary Table S1). Kendall’s tau values for SCs
with trends ranged from 0.3 to 0.4, where 0 is no

Number of observations
[ = SO QY
o N B O

N B OO

0
-20-10 O 10 20 30 40 50 60 70 80 90 100
Glaciers % areal change

Fig. 5 Quantitative distribution of the percentage change in glacier area
between 1939 (Geyman et al. 2022) and 2020.

Remote sensing approach to small catchments

monotonic trend, and 1 is a perfect positive trend. The
remaining SCs showed no trend.

The change in maximum NDVI in the southern SCs
was notable, with the index reaching as high as 0.76-1
(Fig. 7). The spatial distribution of changes in the maxi-
mum NDVI was diverse, and no clear cause of the vari-
ability was evident.

Linkage between morphometry, glacial retreat, and
vegetation growth. No clear relationship was evident when
individual parameters were compared one by one
(Supplementary Fig. S6). The multivariate analysis showed
that, for NDVI changes, with the coefficient of determina-
tion coefficient 2 = 0.86 (Fig. 9a), the mean slope and aspect
majority had the highest impact on the models compared to
other geomorphic parameters. For glaciers (Fig. 9b), mean
elevation and mean slope were the two most important fac-
tors with 72 = 0.77. The model was matched based on the
data presented in Supplementary Table S1.

To analyse the exposure, we used the majority value
for each SC and then tracked changes in vegetation and
glacier recession. Neither the vegetation index nor the
glacial areal changes showed a specific aspectual pattern
within SCs (Fig. 10).

| Lake extent
1936
2011
2016
2017
2018
[12019
[12020

I Glacier
[ ] catchment

g,

Fig. 6 Lake dynamics at selected sites in WIL.
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Fig. 7 The NDVI difference within SCs between the oldest (1979) and the newest (2020) measurements. Exact dates varied depending on image

availability and cloud cover.
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Discussion

In delineating the SCs in the different elevation models,
we encountered several problems. Firstly, the SCs dif-
fered across models due to varying model resolutions,
which determined the level of detail in the watersheds.
Additionally, the landscape has undergone significant
change, namely glacial retreat, revealing numerous
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ice-cored moraines and uneven topography in the lower
parts of SCs. As our research shows, there has been a
clear and consistent glacial recession since 1936, which
has resulted in the exposure of hills and ridges that were
previously obscured by glacial ice. These features of the
terrain can create multiple catchments where there was
previously only one (e.g., Supplementary Fig. S7). Glacier
lake outburst floods—another consequence of glacial
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Fig. 10 Box and whisker plots for the majority (a) aspect and (b) changes in NDVI and glacier changes.

retreat—can shift the mouths of basins. These processes
and events change SC areas. All climatic scenarios indi-
cate that these changes will occur more frequently as a
consequence of accelerated glacial retreat and the thick-
ening of the active layer (Constable et al. 2022).

One of the biggest problems encountered in studies
that use remotely sensed data is the frequent presence of
clouds and shadows in Svalbard imagery (Meyers-Smith
et al. 2020; Karlsen et al. 2024). Cirrus clouds are not
always detected. We used the NDVI to minimize this
effect on our vegetation analysis (Kddb 2005). Combined
with the low angle of sunlight at this high latitude
(>76°N), the mountainous terrain in our study area,
including many sharp ridges and peaks casts shadows
that can affect calculations. These can be manually
addressed (e.g., using the darkest object subtraction
method), but this practice becomes less feasible when a
large number of catchments is analysed over a long time
period (with different flight angles and paths producing
different shadowing).

From 1936 to 2010, glaciers in southern Svalbard
decreased in area by 800 km? (Geyman et al. 2022), and
we observed a loss of 70 km? in the area of small glaciers
analysed in this study. Svalbard’s equilibrium line is
located at ca. 450 m a.s.1. (Noél et al. 2020) and almost no
SC glaciers in WJL are at this height; in some cases, only
the topmost parts are at this height (Fig. 3). This will lead
to further glacial recession in the area. An elevation study
carried out on small (<30 km?) land-terminating moun-
tain glaciers showed that elevation change in WJL varied
from —1.4 to —1 m each year, which is among the highest
values in Svalbard (Matecki 2022). Even though glacial
retreat is slower with land-terminating glaciers (Kavan,
Tallentire et al. 2022), a similar pace is predicted to result
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in the complete loss of ice cover in south-west Svalbard in
the early 22nd century (Matecki 2022), where 16% of
the total number of glaciers in the area have already van-
ished. The very last ice could be buried and preserved
within moraine-like material (Luckman et al. 2015;
Kavan, Tallentire et al. 2022). This provides us with an
opportunity to observe the shift from glaciated to non-gla-
ciated catchments and to track catchments’ responses to
reductions in ice.

The NDSI index was also intended to help us quantity
the extent of snow cover within a given catchment area.
However, the prevalence of high cloud cover made the
data available for this purpose insufficient. It was often
impossible to capture the melting of snow between full
and residual snow cover within the catchments because
no new data were collected at the time of transition.
Consequently, this analysis was discontinued.

The change in annual total rainfall in Svalbard is +200
mm/year, and snowfall -60 mm/year, with rainfall com-
prising as much as 24% of total precipitation (Rawlins &
Karmalkar 2024). The increase in rainfall will influence
the intensity and size of mass movements (rock and soil),
reinforced by the slope values (Supplementary Fig. S5f;
Haeberli & Drenkhan 2022), as shown in a study of the
McKenzie delta (Burn & Kokelj 2009). The ground stabil-
ity is also linked to the active layer thickness. In the years
2000-2019, the active layer was ca. 0.9 m thick in south-
ern Svalbard (Rawlins & Karmalkar 2024) or between 0.5
and 2m (Nicu etal. 2024). Measurements in Bratteggdalen
showed values from 1.5 up to 3.5/4 m (Kasprzak &
Szymanowski 2023). Svalbard is predicted to have no
permafrost by 2080-2099 (Rawlins & Karmalkar 2024).
In WJL, 301 thaw slumps and 281 thermo-erosion gullies
were detected, located mainly in the western and
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northern parts of WJL (Nicu et al. 2024). This trend may
activate other geomorphic processes that may affect
hydrography and vegetation.

The development of glacial lakes in Svalbard is directly
linked to the end of the Little Ice Age (D’Andrea et al.
2012; Farnsworth et al. 2020; Wieczorek et al. 2023), as
space forms between the moraine and the glacier front as
the glacier melts. Many of the glacial lakes observed in
the most recent time period of this study had not yet
formed and were not observed in other studies dating to
just a few years earlier (Rachlewicz et al. 2007; Matecki
2016; Geyman et al. 2022; Wieczorek et al. 2023). Post-
glacial lakes are often formed on a moraine substrate that
is mostly very arid and composed of unconsolidated
material, with organic and chemical compounds derived
mainly from glacial and slope meltwater (Modenutti et al.
2018). In non-glaciated valleys (such as Revvatnet in
Revdalen), lakes are enriched with sediment and organic
matter (Ruman et al. 2021). Vegetation thrives around
them (e.g., Wotoszyn & Kasprzak 2023) compared to val-
leys where such water bodies are absent. The lakes also
serve as sediment retention basins and play a crucial role
in paraglacial processes (Kavan, Wieczorek et al. 2022;
Dudek et al. 2023). During increased drainage of glacial
lakes at the peak of the ablation season or extreme events
such as glacial lake outburst floods, the runoft zone can
be transformed (Dudek et al. 2023), new drainage areas
can be created from proglacial zones (Wieczorek et al.
2024), and vegetation in the runoff zone can be covered
by sediments or removed completely (Wotoszyn et al.
2022). This evolution in the proglacial landscape
exemplifies dynamic changes in the High Arctic.

The vegetation response to anthropogenic climate
change has been of scientific interest for over 30 years
(Crawford et al. 1993). Changes in Arctic vegetation are
heavily influenced by local conditions, with temperature
as a primary driver of shrubification (Garcia Criado et al.
2025). Our study revealed an increase in the NDVI index
for only 22 catchments. More research is needed to make
detailed conclusions about the impact of climate change
on vegetation.

NDVI is widely used in polar regions and is useful for
long time series, but it has limitations. First, images are
not usable in a regular pattern, as the number of available
images increases with the addition of new satellites.
Moreover, the environment is captured in the exact atmo-
spheric and hydrological conditions reflected in vegetation
at a particular moment. NDVI is sensitive to highly diverse
topography, which decreases the detection of sparse veg-
etation (Fretwell et al. 2011; Bayle et al. 2021) and of
patchy vegetation on bare ground with surface water
present on the surface (Berner et al. 2020). Multitemporal
analyses are possible thanks to long Landsat time series of
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terrestrial ecosystems, but they are affected by sensor and
data changes (Berner et al. 2023). The oldest Landsat
images tend to yield lower NDVI values, which can result
in a false positive trend over time (Berner et al. 2020;
Berner et al. 2023). In one study, the NDVI obtained from
the Landsat 8 OLI sensor was 0.0165 higher than that
obtained from the Landsat 7 ETM+ sensor, corresponding
to a mean difference of +4.86% relative to Landsat 7
ETM+ (Roy et al. 2016). Although the analysis of vegeta-
tion based solely on spectral responses that are proxies for
photosynthesis cannot be considered as detailed research,
it can indicate general trends in large-scale studies when
fieldwork is difficult or impossible. In our study, NDVI
values increased over time, but the vegetation advance
was slow, perhaps limited by the paucity of nutrients in
the ground. Higher index values, as observed in more
recent, higher resolution images, can be effects of mosses
and algae (Zmarz et al. 2023).

Conclusion

By 2100, a significant shift in our study area in south-
west Svalbard is likely, as it changes from glaciated terrain
to an environment that is more favourable for vegetation
growth and mass movements of soil and rock. SCs will
experience a marked decrease in glacial meltwater, an
expansion of vegetation, and an interplay between vege-
tation advance and intensified mass movement. The
number of lakes within SC is the most variable environ-
mental feature and is expected to remain so during the
transition from glaciated to non-glaciated conditions. This
is especially true for lakes located near moraines and
glaciers. Climatic factors exert the primary influence on
the rate of deglaciation and vegetation development, but
these are reinforced by topographic factors such as slope,
aspect and elevation. Our research indicates that identify-
ing areas most susceptible to climate change can be
achieved by considering this combination of factors. SCs
offer significant potential for detailed, holistic environ-
mental analysis, facilitated by their small size, which
allows for effective field research.
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