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Land cover and landform-based upscaling of soil organic carbon stocks on the
Brøgger Peninsula, Svalbard
Robin Wojcik , Juri Palmtag , Gustaf Hugelius , Niels Weiss , and Peter Kuhry

Department of Physical Geography, Stockholm University, Stockholm, Sweden

ABSTRACT
In this study we assess the total storage, landscape distribution, and vertical partitioning of soil
organic carbon (SOC) stocks on the Brøgger Peninsula, Svalbard. This type of high Arctic area is
underrepresented in SOC databases for the northern permafrost region. Physico-chemical, ele-
mental, and radiocarbon (14C) dating analyses were carried out on thirty-two soil profiles. Results
were upscaled using both a land cover classification (LCC) and a landform classification (LFC). Both
LCC and LFC approaches provide weighted mean SOC 0–100 cm estimates for the study area of
1.0 ± 0.3 kg C m−2 (95% confidence interval) and indicate that about 68 percent of the total SOC
storage occurs in the upper 30 cm of the soil, and about 10 percent occurs in the surface organic
layer. Furthermore, LCC and LFC upscaling approaches provide similar spatial SOC allocation
estimates and emphasize the dominant role of “vegetated area” (4.2 ± 1.6 kg C m−2) and
“solifluction slopes” (6.7 ± 3.6 kg C m−2) in SOC 0–100 cm storage. LCC and LFC approaches
report different and complementary information on the dominant processes controlling the
spatial and vertical distribution of SOC in the landscape. There is no evidence for any significant
SOC storage in the permafrost layer. We hypothesize, therefore, that the Brøgger Peninsula and
similar areas of the high Arctic will become net carbon sinks, providing negative feedback on
global warming in the future. The surface area that will have vegetation cover and incipient soil
development will expand, whereas only small amounts of organic matter will experience
increased decomposition due to active-layer deepening.
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Introduction

Cold conditions in permafrost soils hamper organic-
matter decomposition by microorganisms, and thereby
contribute to the accumulation of large soil organic car-
bon (SOC) pools. Hugelius et al. (2014) estimated that
northern circumpolar permafrost soils store about
1,300 ± 200 Pg Carbon (C), which represents nearly
twice as much C as currently present in the atmosphere.
As a response to global warming, which is particularly
pronounced at high latitudes (Vaughan et al. 2013), per-
mafrost thaw is expected to lead to the remobilization of
previously frozen soil organic matter (SOM). The result-
ing SOM decomposition that is the result of increased
microbial activity could release large amounts of carbon
dioxide (CO2) and methane (CH4) into the atmosphere
and provide a positive feedback on global warming by
strengthening the greenhouse effect (Schaefer et al. 2014;
Schuur et al. 2015).

The fate of the permafrost SOC pool has been of
growing concern in the recent decade because perma-
frost is expected to considerably degrade under pro-
jected global warming (Chadburn et al. 2017). Yet, the
ability to quantify potential greenhouse-gas release
from thawing permafrost is limited, among other
things, by the uncertainty in distribution and vulner-
ability of the permafrost SOC stocks in certain under-
sampled areas of the northern circumpolar region
(Mishra et al. 2013; Hugelius et al. 2014).

High Arctic (and high Arctic-Alpine) regions are
substantially underrepresented in northern circumpolar
SOC inventories, such as the Northern Circumpolar
Soil Carbon Database (NCSCD; Tarnocai et al. 2009;
Horwath Burnham and Sletten 2010; Hugelius et al.
2014; Palmtag et al. 2015). Furthermore, little work
has been done to investigate SOC upscaling tools spe-
cifically adapted to the high Arctic environment
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(Horwath Burnham and Sletten 2010), where land
cover classification (LCC) upscaling approaches that
are used in more southern permafrost regions might
fail to produce accurate results. Several studies have
particularly highlighted the inability of low-resolution
remote sensing analyses to produce relevant LCC in the
high Arctic (Johansen, Karlsen, and Tømmervik 2012;
Spjelkavik 1995). Furthermore, the relationship
between landforms and SOC distribution in the high
Arctic has been demonstrated in several studies (Landi,
Mermut, and Anderson 2004; Horwath Burnham et al.
2008; Michaelson et al. 2008; Obu et al. 2017; Shelef
et al. 2017; Palmtag et al. 2018). In order to fill gaps in
the NCSCD (Hugelius et al. 2014), this study aims to
provide new pedon data on SOC storage and spatial
distribution on the Brøgger Peninsula (Svalbard), and
to further discuss its potential remobilization under the
conditions of future global warming. Another aim is to
investigate to what extent geomorphological landform
units can be used to upscale SOC estimates in compar-
ison to land cover–based approaches (Hugelius 2012).

Study area

The Brøgger Peninsula is located on Spitsbergen, the
largest island in the Svalbard Archipelago (Figure 1).
The study area is 165 km2 and is bounded eastward by
the Edithbreen and Botnfjellbreen catchments. It borders
Kongsfjorden to the north and Engelskbukta to the south.

The central part of the study area is mountainous,
dominated by a plateau landscape in the northwestern
half and by alpine mountains with steep flanks in the
southeastern half. It encompasses twelve glaciers and
the highest point (Nobilefjellet peak) has an elevation
of 876 m above present sea level (a.p.s.l). Apart from
glaciers, barren steep bedrock outcrops and colluvial
fans, as well as glacial till deposits, prevail in the most
elevated part of the study area. At lower altitudes, frost
heave and gelifluction action result in the formation of
periglacial landforms, such as sorted circle fields on flat
terrain and solifluction slopes on gently sloping terrain.
Sandurs are widespread in floodplains and consist
mostly of glacial till and marine and/or slope materials
reworked by glacial meltwater (Dallmann and Elvevold
2015). Relict raised beaches are typical landforms of the
coastal areas of the Brøgger Peninsula. They were
formed as a result of the regional isostatic uplift follow-
ing deglaciation, and consist mainly of sea-bed
deposits.

The bedrock geology of the study area is dominated by
Upper Carboniferous and Permian rocks with quartzite
and interlayered carbonates. Coal seams are present in the
fieldwork area. The surface geomorphology of the
Svalbard Archipelago was largely shaped by ice move-
ment during glaciations in the Pleistocene. The last degla-
ciation occurred stepwise during the late Pleistocene to
early Holocene transition. A glacial minimum is recorded
from 8000 to 7000 BP and two glacial advances are dated

Figure 1. The study area with sampling sites on the Brøgger Peninsula, located in the northwestern part of the Island of Spitsbergen
(Svalbard Archipelago).
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to 2500 BP and 120 BP (Humlum, Instanes, and Sollid
2003). Glaciers today occupy about 30 percent of the
study area. The glacier Austre Brøggerbreen has
a retreat rate of approximately 10–20 m yr−1 (Svendsen
et al. 2002).

The Brøgger Peninsula is located in the high Arctic,
defined as the region north of the 4–6°C mean July
temperature isotherm range (Bliss 1979). Ny-Ålesund
had a mean annual air temperature of −5.8°C, a mean
February (coldest month) temperature of −13.8°C, and
a mean July temperature of 5.2°C for the period
1981–2010 (Norwegian Meteorological Institute 2015).
Mean annual precipitation is 385 ± 11 mm per year
(Førland et al. 2011). Although snow is the most fre-
quent type of precipitation throughout the year, most
precipitation occurs as rainfall in August and
September (Mann et al. 1986; Svendsen et al. 2002).

The permafrost of the Brøgger Peninsula is contin-
uous, and has a temperature of approximately −2.8°C
and a depth of zero annual temperature variation of
5.5 m (1997–2017; Boike et al. 2018). According to
Svendsen et al. (2002), however, the zero annual
ground temperature amplitude is located within
10–15 m depth. The permafrost is about 100 m close
to the sea and up to 500 m in the mountains, but is
typically thinner in unconsolidated sediments and
thicker in rocks (Humlum, Instanes, and Sollid 2003).
Roth and Boike (2001) estimated that the active-layer
depth ranges between 0.9 m and 1.1 m in Bayleva valley
at 30 m a.p.s.l.

Dominant soil types are weakly developed Orthent
and Entisols, mostly Lithic Haplorthels (Soil Survey
Staff 2010). Sites with permafrost within 100 cm of
the soil surface are classified as Gelisols. The soils in
river beds and glacial fluvial floodplains can be classi-
fied as Fluvents and Fluvaquents. Soils are generally
poorly developed and shallow, with limited soil genetic
horizon development, high stone content, as well lim-
ited nutrient availability. Chemical weathering–induced
decarbonation of surface horizons is a widespread
process.

Materials and methods

Field sampling

Soil profiles were collected in the second half of
July 2013, when active-layer depth and biomass devel-
opment are near their maximum. An additional profile
was collected in September 2015.

In total, thirty-two soil profiles were collected along
four 1–2 km landscape transects. The location of the
transects was established after field reconnaissance to

capture all important land cover and landform classes
in the study area. The distance between sampling sites
is constant along each transect, ranging from 100 m to
200 m depending on the degree of land cover and
geomorphological heterogeneity. This semi-random
stratified sampling approach ensures that all important
landscape units are sampled, but avoids subjective
choices of individual sampling locations. Each site was
described and photographed, documenting water-table
depth (if present) and drainage and topographic con-
ditions (slope and aspect). For later classification and
calculation purposes, ground cover (percent of surface
area) of plant taxa, bare ground, and stones were
recorded within a 10 m radius surrounding each pit.

A total of 180 soil samples were collected in 5–15 cm
depth increments. The top soil organic layer (OL,
equivalent to O and OA soil genetic horizons) was
sampled by cutting out blocks of known volume. Two
additional random OL replicates were collected within
a 5 m radius from each profile site to capture local
microtopographic heterogeneity. Samples in shallow
mineral horizons (down to about 30 cm depth) were
collected using a 100 cm3 stainless core cutter inserted
horizontally into exposed soil pits. For sampling at
greater depths, a steel pipe (Ø = 4.2 cm) was hammered
into the ground. No soil genetic horizons were
observed below the top soil organic layer. The profiles
were sampled down to 1 m depth when possible,
although sampling often stopped before that because
of high stone content or because bedrock was reached.
The permafrost table was never reached during the
sampling.

Geochemical analyses

The wet bulk density (WBD, g.cm−3) and dry bulk
density (DBD, g.cm−3) of all samples were determined
using field volume and weight before and after drying
at 75°C for a week (Blake 1965). The DBD was cor-
rected based on the additional small fraction of water
loss when drying subsamples at 105°C for another 24 h.
Coarse fragment fraction (CF, %wt) is the proportion
of the dry weight of the mineral fraction (exceeding
more than 2 mm). Fine fraction bulk density (FFBD, g.
cm−3) of all samples was calculated by subtracting the
volume and weight of the coarse fraction from the total
weight and volume of the sample. The latter was calcu-
lated from a mean coarse fraction bulk density of
a representative subset of twenty-four samples from
various areas and horizons that was measured using
water displacement in a measuring cylinder. The
FFBD was used in SOC content calculations instead of
DBD to prevent SOC overestimation because of the

42 R. WOJCIK ET AL.



higher bulk density of CF (Horwath Burnham and
Sletten 2010). It should be noted that a few outlier
bulk density values could be attributed to compaction
or stone displacement during field sampling. The
organic matter content (OM) and carbonate content
(CC) of all samples were calculated with equations 1
and 2 (Heiri, Lotter, and Lemcke 2001), using the
homogenized sample weight after drying 105°C
(DW105) and the sample weight after combustion at
550°C for 6 h (DW550) and at 950°C for 3 h (DW950).

OM ¼ DW105 � DW550

DW105
(1)

CC ¼ DW550 � DW950

DW105
(2)

A subset of seventy-two homogenized and freeze-dried
subsamples were analyzed using an EA 1110 Elemental
Analyzer (CE Instruments, Milan, Italy) at the
University of Vienna, Austria, Department of
Chemical Ecology and Ecosystem Research, to deter-
mine the elemental carbon (%C) and total nitrogen (%
TN) content as well as the stable isotopic composition
of δ13C and δ15N. The δ13C and δ15N were measured to
characterize the advancement of SOM decomposition.
These samples were selected from profiles in various
land cover and landform types, as well as from different
soil depths, to capture the diversity of soils in the study
area. Subsamples were treated with 10 percent HCl
prior the elemental analysis to remove carbonates and
prevent organic C overestimation. The detection limit
was 0.5 µmol for C and 1 µmol for N. A third-order
polynomial regression (R2 = 0.95) between %C and OM
was used to estimate the %C for the remaining samples:

%C ¼ 0:0008� OMð Þ3 þ 0:0034 � OMð Þ2
þ 0:347 � OMð Þ (3)

Student’s t test was used to assess for differences in
mean FFBD, OM, CC, %C, C/N ratio, δ13C, and
δ15N between the topsoil organic layer and the mineral
horizons. Pearson’s correlation coefficient was used to
characterize the correlation between the FFBD, OM, %
C, C/N ratio, δ13C, and δ15N with depth, and was
considered significant if p < 0.01. All statistical analyses
were performed using Microsoft Excel.

Four samples were processed by accelerator mass
spectrometry (AMS) in the Poznan Radiocarbon
Laboratory (Poland) for 14C dating. The radiocarbon
dates were then calibrated using the Oxcal v4.3 soft-
ware based on the INTCAL13 calibration data set

(Ramsey 2009; Reimer et al. 2013) and are expressed
as calendar years before present (cal yr BP). Living
roots were removed prior to analysis. These samples
were selected for their high OM values in the mineral
horizon, which may indicate the presence of buried
SOM. No visible contamination with macroscopic
coal particles was observed.

Land cover and landform classifications

Figure 2 shows examples of sampling sites from major
land cover and landform units in Brøgger Peninsula.
The boundary of the study area was delineated using
the Hydrology Toolbox of ArcGIS on the ASTER
G-DEM Version 2. The results of field inventories
were then upscaled using both LCC and landform
(LFC) classification schemes. The LCC was composed
of eight classes and was mostly build using a Landsat 5
TM satellite image. An additional Landsat 8 OLI/TIRS
satellite image was used to determine land cover classes
in the area of the Landsat 5 TM image classified as
shadows (12 percent of the study area). The Landsat 5
TM and Landsat 8 OLI/TIRS images were acquired in
the second half of July in both 2006 and 2014, respec-
tively, and both have a 30 × 30 m resolution (US
Geological Survey 2015).

In the LCC, the dominant vegetation type “shrub
moss tundra” is typically located in plains, from coastal
areas up to 70 m a.p.s.l (Spjelkavik 1995), and is domi-
nated by dwarfshrubs (Dryas, Salix polaris), forbs
(Saxifraga oppositifolia), graminoids (Deschampsia
alpina), mosses (Dicranum angustum, Tomentypnum
nitens), and lichens (Cetrariella delisei, Cetraria nivalis;
Elvebakk 1994). Note that in this study, the term shrub
does not refer to shrub species but to the dwarfism of
the moss tundra found in Brøgger Peninsula compared
to other Arctic regions at lower latitudes. The land cover
classes “sparse shrub moss tundra,” “patchy shrub moss
tundra,” and “dense shrub moss tundra” had similar
species composition but were distinguished by the frac-
tion of land surface occupied by vegetation: 5–25%,
25–75%, and 75–95%, respectively (Figure 2). The
remaining fraction of the ground surface not covered
by vegetation was bare ground and stones. The land
cover type “fen tundra” is typically found in flat and
wet lowlands where waterlogged conditions in early
summer as well as increased nutrient status by geese
droppings promote the development of several centi-
meter-thick layers of black peaty material. Fen tundra
vegetation is dense (covering more than 95 percent of
the ground surface in the class) and is dominated by
grass (D. alpina), mosses (e.g., Scorpidium cossonii), and
aquatic algae (Spjelkavik 1995; Johansen and
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Tømmervik 2014). The land cover classes “sparse shrub
moss tundra,” “patchy shrub moss tundra,” “dense
shrub moss tundra,” and “fen tundra” were mapped
using the following range of SAVI values: 0–0.1,
0.1–0.21, 0.21–0.35, and 0.35–0.8 (Qi et al. 1994). The
land cover of the class “bare glacial fluvial sediment”
consists of sediments deposited by glacial meltwater in
a floodplain environment. These deposits consist of
from coarse- to medium-grain sand as well as poorly
sorted and bedded gravel, with numerous cobbles,
boulders, and lenses of till. The class “bare glacial fluvial
sediment” was mapped by performing a supervised clas-
sification using maximum likelihood classification
(Campbell and Randolph 2011) on the bands 1, 2, and
4 of the Landsat TM image, where the training areas

were manually digitized with the help of high-resolution
aerial images of the Norwegian Polar Institute. The
vegetation of the land cover class “shallow open water”
is poorly developed and composed of some sedges and
grasses (Soegaard and Nordstroem 1999). This land
cover class was manually digitized using all the bands
of the Landsat TM image as well as the aerial images of
the Norwegian Polar Institute. Shadow areas and the
class “glacier” were mapped using the normalized dif-
ference snow index on the Landsat 5 TM image
(Salomonson and Appel 2004). The land cover class
“barren gravel” is generally found in wind-exposed,
poorly drained mountainous areas or marine terraces
(Elvebakk 1985), and has very sparse vegetation (less
than 5 percent of the surface), with forbs

Figure 2. Typical land cover and landform classes on the Brøgger Peninsula (Svalbard). Land cover classes: the term “vegetated area”
is used to group all vegetated land cover classes together: fen tundra (a), dense shrub moss tundra (b), patchy shrub moss tundra,
and sparse shrub moss tundra (c). The fraction of the land surface covered with vegetation is within the range 95–100 percent for
fen tundra, 75–95 percent for dense shrub moss tundra, 25–75 percent for patchy shrub moss tundra, and 5–25 percent for sparse
shrub moss tundra. The fraction of the land surface covered by vegetation is less than 5 percent for the land cover classes: bare
glacial fluvial sediment (d), barren gravel (e and f), and shallow open water. Landform classes: both solifluction lobes and solifluction
sheets are grouped under “solifluction slopes” (a and b), sandur (d), patterned ground (e), and colluvial fans (f).
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(S. oppositifolia), dry herbs, mosses, and epilithic, crus-
taceous lichens (Elvebakk 1994; Yoshitake et al. 2011).

All eight classes of the LFC were digitized from legend
units used in a geomorphological map of this area (Joly
1969; Figure 2). The class “solifluction slopes” of the
landform classification refers to periglacial sediment
affected by solifluction. In Brøgger Peninsula, it occurs
on gently sloping terrain on valley bottoms and hill toes
(Dallmann and Elvevold 2015). Gelifluction mass wasting
and cryoturbation can potentially cause the burial of
SOC-rich surface horizons (Bockheim and Tarnocai).
“Sandurs” landforms are formed by the deposition of
secondary glacigenic sediments or slope deposits
reworked by meltwater outwash in proglacial terrains
(Dallmann and Elvevold 2015). Unlike the similar class
“bare glacial fluvial sediment” of the LCC, the landform
class “sandurs” encompasses both current and ancient
glacial fluvial plains. The landform class “colluvial fans”
refers to unconsolidated rock-slope debris material
deposited at the base of cliffs by rock fall or landslide
processes, and consists of unsorted angular mainly
coarse-grained materials. “Raised beaches” are near-
shore areas elevated above sea level during interglacial
periods because of the regional isostatic uplift of the
Earth’s crust. This type of landform often occurs as
a series of ridges parallel to the shore and consist of
marine-rounded gravel deposits (Forman and Miller
1984; Dallmann and Elvevold 2015). In the LFC, the
class “patterned ground” groups periglacial landforms
such as sorted circles, sorted stripes, and frost boils
(Humlum, Instanes, and Sollid 2003; Dallmann and
Elvevold 2015). Sorted circles are more extensively
described in Hallet and Prestrud (1986). “Moraines” are
accumulations of primary glacigenic unconsolidated
deposits at glacial margins.

LCC and LFC accuracy was tested with 100 randomly
distributed ground-truthing points, using high-resolution
(40– 50 cm) aerial imageries (Norwegian Polar Institute
2015). Results were reported in an error matrix, which
enabled the calculation of overall classification accuracy
and Kappa index (Foody 2002; Campbell and Randolph
2011). Kappa index values of 1 indicate correct classifica-
tion, whereas values close to −1 indicate a high degree of
randomness in the classification.

In addition, a profile-based ground-truthing analysis
was carried out, comparing the location of each profile
in the LCC and LFC with their original field
classification.

Soil organic carbon calculations and upscaling

The SOC content (kg C m−2) of each collected sam-
ple was calculated based on fine fraction bulk density

(FFBD, g.cm−3), the organic carbon content (%C,
%wt), the coarse fragment fraction (CF >2 mm,
%wt), and sample thickness (T, cm):

SOCC kg Cm�2
� � ¼ FFBD�%C � 1� CFð Þ � T

� 10 (4)

For OL replicates, mean properties (FFBD, %C, CF,
and T) were used to calculate a single mean SOC
value for the OL in each profile (Hugelius et al. 2010).
In rare cases (n = 4), the SOC content of missing
samples was estimated using the mean values of the
samples directly below and above. As well, the SOC
content of a few samples was corrected based on the
estimated fraction of boulders that were too large to be
collected during the fieldwork based on in situ visual
estimates and photographs.

The SOC mass of all collected samples per profile
was added up to determine the total SOC content (kg
C m−2) of each profile. The SOC content of each
profile was corrected for the fraction of larger stones
visible at the surface (within a 10 m radius of the
profile site), which we assumed has no soil develop-
ment and 0 kg C m−2. Mean SOC storage per profile
was also calculated separately for OL and mineral
layers as well as for the reference depths 0–30 cm
(SOC 0–30 cm) and 0–100 cm (SOC 0–100 cm). TN
content was calculated using the same method to
a depth of 100 cm.

For upscaling purposes, all profiles were grouped
into LC and LF classes based on field observations.
Mean SOC storage and depth for each land cover and
landform class and their different soil horizons were
calculated using the arithmetic mean of profiles
within the same class. Standard deviation was further
used to characterize the range of SOC and depth
values for each class and its soil horizons (arithmetic
mean ±SD). Permanent snow patches, glaciers, stones,
and bedrock were not sampled and are assumed to
have 0 kg C m−2 SOC storage. The total SOC storage
of each class in the LCC and LFC was calculated by
extrapolating the mean SOC content across their areal
coverage (estimated using equal-area projection).
Landscape mean SOC storage for the entire study
area was calculated using the mean SOC storage in
each class, weighed by its proportional coverage in
the study area. The fraction of the total SOC mass
occurring in 0–30 cm, 0–100 cm, and OL or mineral
horizons was calculated by dividing the total SOC
mass of these horizons by the total SOC mass of the
study area.

Following the same method, the TN content of the
study area was calculated using land cover and land-
form upscaling approaches to a depth of 100 cm. To
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address uncertainties in the upscaling, 95 percent con-
fidence intervals (weighted mean ± 95 percent CI) were
calculated for the total study area in LCC and LFC, as
well as for the “vegetated area,” which considers all
vegetated land cover classes together. These 95 percent
CI were calculated following Thompson (1992) using
equation 5, where t is the upper a/2 (t ≈ 1.96), ai is the
fraction of the whole study area occupied by the class i,
SDi is the standard deviation of the class i, and ni is the
number of replicates in the class i.

CI ¼ t �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðai � SDiÞ

ni

s
(5)

Results

Land cover classification upscaling

The overall LCC accuracy is 78 percent with a Kappa
index of agreement of 0.71. If all vegetated classes are
merged together, the overall classification accuracy and
Kappa index of agreement increases to 84 percent and
0.78, respectively. This is in concordance with the pro-
file-based ground-truthing analysis, which indicated
that only 13 percent of the profiles in the LCC were
misclassified.

The landscape-level weighed mean SOC 0–100 cm
storage for the study area is 1.0 ± 0.3 kg C m−2, if all
classes are considered, and 1.3 ± 0.4 kg C m−2, if
excluding the class “glacier.” The top 30 cm of the
soil stores 66 percent of the total SOC and has
a weighed mean SOC 0–30 cm storage of 0.6 ± 0.3 kg
C m−2. The OL (weighed mean depth of 1.4 ± 2.2 cm)
and mineral horizons have a weighed mean SOC sto-
rage of 0.1 ± 0.04 and 0.9 ± 0.2 kg C m−2, respectively,
which corresponds to 10 percent and 90 percent of the
total SOC 0–100 cm storage in the study area. Figures 3
and 4 show the LCC of the study area and the SOC
partitioning based on land-cover class and soil horizon
criteria. Mean SOC storage for each land-cover class
and soil horizon are presented in Table 1. The most
widespread land-cover classes in the study area are
“barren gravel” (49%) and “glacier” (29%), with 0.4 kg
C m−2 and 0.0 kg C m−2, respectively.

The term “vegetated area” groups all vegetated land-
cover classes together (“fen tundra,” “dense shrub moss
tundra,” “patchy shrub moss tundra,” and “sparse shrub
moss tundra”). Although it extends across only 18 percent
of the study area, the amalgamated class “vegetated area”
accounts for 80 percent of the total SOC 0–100 cm storage
with a weighed mean of 4.2 ± 1.6 kg C m−2. “Vegetated
area” is also the class with the greatest average soil depth
(68.2 ± 29.0 cm). We estimate that 10 percent of the SOC

Figure 3. Land cover classification of the Brøgger Peninsula (Svalbard).
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in “vegetated area” is stored in the OL (weighed mean
depth of 2.5 ± 2.6 cm) and 66 percent is stored in the top
30 cm.

The weighed mean TN 0–100 cm storage for the entire
study area is 0.2 ± 0.2 kg N m−2 and for the “vegetated
area” 0.6 ± 0.7 kg N m−2. As expected, the TN 0–100 cm
storage values are higher in densely vegetated classes than
in poorly vegetated classes, with values ranging from
1.4 ± 0.8 kg N m−2 in “dense shrub moss tundra” to
0.4 ± 0.2 kg N m−2 in “sparse shrub moss tundra”
(Table 1).

Landform classification upscaling

The LFC has an overall classification accuracy of 74 per-
cent and a Kappa index of agreement of 0.69. The
profile-based ground-truthing analysis indicates similar
results, with 20 percent of the profiles being misclassi-
fied in the LFC.

With the LFC upscaling, the landscape-level
weighed mean SOC 0–100 cm storage is
1.0 ± 0.3 kg C m−2, if all classes included, and
1.5 ± 0.4 kg C m−2, if excluding the class “glaciers.”
The top 30 cm contain on average 70 percent of the
total SOC, with a weighed mean SOC 0–30 cm
storage of 0.7 ± 0.3 kg C m−2. The OL stores only
10 percent of the total SOC, with a weighed mean
SOC of 0.1 ± 0.1 kg C m−2.

Table 2 presents the mean SOC storage for each land-
form class and their different soil horizons. The classes
“glaciers” (covering 31%) and “colluvial fans” (19%), with
very low SOC 0–100 cm values, are dominant in the
central part of the study area (Figures 5 and 6).

The class “solifluction slopes” in the LFC holds the
largest part (75%) of the total SOC storage, although it
only covers 12 percent of the study area. It has a mean

SOC storage of 5.0 ± 3.9 in 0–30 cm and 6.7 ± 3.6 kg
C m−2 in 0–100 cm. The class “solifluction slopes” has
a mean profile depth of 76.4 ± 24.6 cm and 76 percent of
its SOC is stored in the top 30 cm. We estimated that
8 percent of the SOC in the class “solifluction slopes” is
stored in the OL, which has a mean depth of 3.2 ± 3.0 cm.

Overall, the weighed mean TN 0–100 cm is
0.2 ± 0.2 kg N m−2, with the highest values of
1.1 ± 0.8 kg N m−2 found in the “solifluction slopes”
class (Table 2).

Geochemical analyses

Table 3 presents a statistical summary of the geo-
chemical and elemental analyses. The student’s
t tests indicated that FFBD, OM, and %C of the
OL and the mineral subsoil are significantly differ-
ent (p < 0.05). While the FFBD has a positive
correlation (p < 0.01, R2 = 0.05) with depth, both
OM content (p < 0.01, R2 = 0.16) and %C (p < 0.01,
R2 = 0.10) correlate negatively with depth.

CC measurements indicate a particularly high
mean carbonate content of 8.1 percent ± 9.5 percent
(n = 180 samples). The mean CC is statistically sig-
nificantly different (p < 0.001) between the OL (3.8%
± 4.9%) and mineral horizons (9.8% ± 10.3%).

C/N ratios of OL (16.8 ± 4.4) and mineral horizon
(17.6 ± 8.0) samples have no statistically significant
difference. As well, no statistically significant differ-
ences were found between δ15N of OL (−0.6 ± 1.4)
and the mineral horizon (−1.1 ± 4.8) samples. On the
contrary, the δ13C was significantly different (p < 0.1)
in the OL (−24.6 ± 5.7) and mineral horizons
(−23.3 ± 6.3). Neither C/N ratios (p > 0.01,
R2 = 0.02), δ15N, nor δ13C (p > 0.01, R2 = 0.05) showed
any correlation with depth (Figure 7).

Figure 4. Proportion of area and vertical SOC allocation in each land cover class of the Brøgger Peninsula (Svalbard).
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Four samples collected from soil profiles in the vege-
tated area affected by solifluction were submitted for
radiocarbon dating (Table 4). The calibrated ages for the
samples in profiles NA T1-1 (2,079 ± 131) and NA T1-4
(5,190 ± 136) have dates corresponding to the Late to
Middle Holocene period, whereas samples from profiles
NA T2-2 (30,566 ± 1,180) and NA T2-1 (30,865 ± 1,140)
are dated to the Late Pleistocene period.

Discussion

Comparison of SOC estimates with previous studies

Yoshitake et al. (2011) estimated that the Bayelva catch-
ment (Figure 1) had a mean SOC 0–100 cm of 4.3 kg
C m−2. In our study this area is dominated by the land
cover classes “vegetated area” (weighed mean SOC
0–100 cm storage of 4.2 ± 1.6 kg C m−2) and “bare

Figure 5. Landform classification of the Brøgger Peninsula (Svalbard), adapted from Joly (1969).

Figure 6. Proportion of area and vertical SOC allocation in each landform class of the Brøgger Peninsula (Svalbard).
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fluvial glacial sediment” (mean SOC 0–100 cm storage
of 0.3 ± 0.1 kg C m−2). Based on geomorphology, the
LFC classes “solifluction slopes” and “sandurs” are
dominant in this area and have a mean SOC
0–100 cm storage of 6.7 ± 3.6 and 2.0 ± 2.4 kg C m−2.
Yoshitake et al. (2011) further provided a SOC
0–100 cm storage estimate of 0.4 kg C m−2 for the
vegetation type equivalent to our class “barren gravel”
(SOC 0–100 cm of 0.4 ± 0.4 kg C m−2). The results of
our study show similar vertical SOC allocation patterns
for the different classes. Yoshitake et al. (2011) found
that a higher proportion of SOC is stored in the top
10 cm in the early successional-stage bare ground than
in the developed lowland vegetated areas on the
Bayelva catchment.

Similar SOC estimates to those obtained for this
study have also been reported by Fuchs, Kuhry, and
Hugelius (2015) in the alpine permafrost environment
of Tarfala valley (northwestern Sweden). Mean SOC
0–100 cm storage was 4.6 ± 1.2 for vegetated areas

and 0.9 ± 0.2 kg C m−2 for the whole study area. Our
results are also supported by a mountainous high Arctic
tundra site in northeast Greenland (Palmtag et al.
2018), with an estimated mean SOC storage for the
0–100 cm soil depth of 4.8 kg C m−2, by using land-
form-based upscaling.

The vegetation units Polar Semi-Desert and Polar
Desert of the Arctic Vegetation Classification intro-
duced by Bliss (1979) can be considered as equivalent
to the land cover classes “vegetated area” and “barren
gravel” in our study, respectively. Horwath Burnham
and Sletten (2010) provided mean SOC 0–100 cm
values of 7.9 and 2.2 kg C m−2 for Polar Semi-Desert
and Polar Desert in the Thule region (northwest
Greenland). These estimates are slightly higher than
the mean SOC 0–100 cm for the entire high Arctic
region, as presented by Miller, Kendall, and Oechel
(1983) for Polar Semi-Desert (7.2 kg C m−2) and
Polar Desert (0.09 kg C m−2). Bliss and Matveyeva
(1992) estimated that the high Arctic region has

Table 3. Statistical summary of geochemical and elemental analyses.

All Samples
(mean ± SD)

Top Soil
Organic Layer
(mean ± SD)

Mineral
Horizons

(mean ± SD)

Significant Difference between
Organic and Mineral Samples

(Student’s t test)
Correlation with Increasing Depth (Pearson’s
Correlation, Strong Correlation if p < 0.01)

FFBD (g.cm−3) 0.9 ± 0.6 0.3 ± 0.2 1.2 ± 0.5 Yes (p < 0.05) Correlation (p = 0.00; R2 = 0.05)
OM (%) 12.7% ± 17.2% 32.7% ± 17.8% 5.2% ± 8.9% Yes (p < 0.05) Correlation (p = 0.00; R2 = 0.16)
CC (%) 8.1% ± 9.5% 3.8% ± 4.9% 9.8% ± 10.3% Yes (p < 0.05) Correlation (p = 0.00; R2 = 0.11)
Elemental %C 5.6% ± 7.6% 9.0% ± 5.5% 4.3% ± 7.9% Yes (p < 0.05) Correlation (p = 0.01; R2 = 0.10)
C/N ratio (–) 17.4 ± 7.2 16.8 ± 4.4 17.6 ± 8.0 No (p > 0.05) No correlation (p = 0.21)
δ13C (‰) −23.7 ± 6.2 −24.6 ± 5.7 −23.3 ± 6.3 Yes (p < 0.05) No correlation (p = 0.05)
δ15N (‰) −0.9 ± 4.1 −0.6 ± 1.4 −1.1 ± 4.8 No (p > 0.05) No correlation (p = 0.55)

Figure 7. Results of the geochemical analyses of soil samples of the Brøgger Peninsula. The fine fraction bulk density (a) was plotted
using all of the 180 samples collected. The percentage of organic carbon (b), the C/N weight ratio (c), and the isotopic composition
of δ13C were plotted using the seventy-two samples analyzed, using an Elemental Analyzer.
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a mean SOC 0–100 cm storage of 1.2 kg C m−2, based
on weighed means for the vegetation units implemen-
ted by Miller, Kendall, and Oechel (1983).

Hugelius et al. (2014) provided a mean SOC storage
for Svalbard, ranging from 0.1 to 20 kg C m−2 for
depths of 0–3 m in the Northern Circumpolar Soil
Carbon Database (NCSCD). Just recently, Weiss et al.
(2017) provided a new regional estimate for
Spitsbergen, amounting to a weighed mean SOC
0–100 cm storage of approximately 5.3 ± 5.5 kg
C m−2, which includes the vegetated areas, bare
grounds, and stone surfaces, as well as the glaciated
parts of the island. Using profile-based upscaling in
large-scale SOC inventories for the high Arctic tends
to overestimate the mean SOC storage, because sam-
pling is often biased toward vegetated areas and neglect
the most carbon-poor classes. Palmtag et al. (2015) and
Fuchs, Kuhry, and Hugelius (2015) emphasize the
importance of including all land cover classes for
weighed landscape upscaling to provide more realistic
SOC estimates, especially in highly heterogeneous high
Arctic and Arctic-Alpine regions. To facilitate the com-
parability of results between studies, however, it is
relevant to also provide weighed mean SOC storage
estimates for exposed ground area, excluding glaciers
and water. If the class “glacier” is excluded (about
30 percent of the study area), the weighed mean SOC
0–100 cm storage of our study area is 1.3 ± 0.4 kg
C m−2 in the LCC and 1.5 ± 0.4 kg C m−2 in the LFC.

Land cover and landform classifications for SOC
upscaling

The LCC- and LFC-based SOC upscaling both pro-
vided SOC 0–100 cm storage estimates of 1.0 ± 0.3 kg
C m−2. The classes “vegetated area” of the LCC and
“solifluction slopes” of the LFC have the highest mean
SOC 0–100 cm storages of 4.2 ± 1.6 and 6.7 ± 3.6 kg
C m−2, respectively. They store 80 percent and 75 per-
cent of the total SOC 0–100 cm in the study area,

although they only cover 18 percent and 12 percent of
the study area (Figure 8). Therefore, the accuracy of the
landscape SOC inventory largely depends on the SOC
estimate for these classes.

LCC and LFC approaches report complementary
information on the different dominant processes con-
trolling the spatial and vertical distribution of SOC in
the landscape. The use of LCCs for SOC upscaling is
based on the observation that plant primary production
is the paramount process controlling SOC enrichment
in soils. Our results corroborate this observation by
showing a clear positive correlation between SOC sto-
rage and the fraction of land surface occupied by vege-
tation: “sparse shrub moss tundra” has a mean SOC
0–100 cm of 2.9 ± 2.1, “patchy shrub moss tundra” is
3.7 ± 2.7, “dense shrub moss tundra” is 5.9 ± 1.2, and
“fen tundra” is 15.6 kg C m−2. LCC-based SOC upscal-
ing methods have been widely used in the lowland
permafrost environments of the low Arctic (e.g.,
Kuhry et al. 2002; Hugelius et al. 2011; Hugelius 2012;
Siewert et al. 2015). Yet, LCC-based SOC upscaling
becomes less relevant in high Arctic regions such as
the Brøgger Peninsula, where the vegetation cover is
too poorly developed and diversified to be adequately
captured by low-resolution satellite images alone
(Raynolds, Walker, and Maier 2006; Mora et al. 2015).

Besides plant cover, using landform units as a spatial
support to predict the distribution of SOC is relevant in
high Arctic terrains because it can be used to character-
ize the origin, removal, and deposition as well as the
physical and chemical alteration of sediments and SOM
(Palmtag et al. 2018). Recently deglaciated morainic
environments are typically barren or associated with
early successional vegetation/soil stages, and therefore
hold little amount of SOM (Bradley, Singarayer, and
Anesio 2014). Glacial fluvial landforms sustain more
developed yet more heterogeneous ecosystems than
moraines because of the formation of dynamic braided
drainage patterns by erosional hydrological distur-
bances (Moreau et al. 2008; Wojcik et al. 2019).
Periglacial processes play a central role in controlling

Table 4. Radiocarbon dating results.

Site
Soil Depth

(cm) Site Description Age (yr BP)
Calibrated Age
(cal. Yr BP)

Probability of Calibrated
Age Range

Geological
Epoch

NA T1-1 11–17 Patchy shrub moss tundra, solifluction and
mudboil features

1,805 ± 30 2,079 ± 131 83.0% Late Holocene

NA T1-4 21–24.5 Patchy shrub moss tundra, solifluction
features on an old moraine

4,570 ± 35 5,190 ± 136 44.4% Middle Holocene

NA T2-1 90–95 Patchy shrub moss tundra, solifluction
features

25,730 ± 210 30,566 ± 1,180 95.4% Pleistocene

NA T2-2 25–31 Dense shrub moss tundra, solifluction
features on an old moraine

26,100 ± 230 30,865 ± 1,140 95.4% Pleistocene
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the spatial and vertical distribution of SOM (e.g., via
cryoturbation) and their importance for predicting
SOC storage in Arctic regions has been emphasized in
previous studies (Palmtag et al. 2015; Obu et al. 2017;
Weiss et al. 2017). As well, slope-controlled geomor-
phological processes have previously successfully been
used to predict the spatial distribution of SOC in
a variety of terrains (e.g., Moorman et al. 2004;
Schwanghart and Jarmer 2011), with the highest SOM
content typically found at slope toes because of the
preservation of buried SOM (Yoo et al. 2006; Berhe
et al. 2008; Hancock, Murphy, and Evans 2010;
Palmtag et al. 2018). Continuous mass wasting land-
forms such as solifluction and soil-creep processes asso-
ciated with periglacial processes have been found
particularly prone to the accumulation of thick SOM
deposits at hill toes (Lewkowicz and Clarke 1998; Obu
et al. 2017; Shelef et al. 2017). In accordance with these

observations, the LFC-based SOC upscaling empha-
sized the important SOC storage of “solifluction slopes”
in our study. We further found that the mean soil depth
in solifluction slopes (76.4 ± 24.6 cm) is higher than the
landscape weighed mean (44.3 ± 35.9 cm), reflecting
the processes of soil vertical accretion and SOM accu-
mulation. Alternatively, some slope-controlled land-
forms are too steep to support the establishment of
vegetation such as “colluvial fans,” which have little
supply of SOM and therefore a poor SOC storage.

The long-term geomorphological processes relative
to the burial and accumulation of SOM are essential to
correctly predict SOC storage, but can hardly be cap-
tured by satellite image–based LCCs (Obu et al. 2017).
The use of LFCs for SOC upscaling purposes is primar-
ily limited by the scarcity of geomorphological maps.
Nevertheless, where available, they can be used to com-
pare SOC estimates as it reports a complementary

Figure 8. Proportion of area and total SOC 0–100 cm storage for land cover (a) and landform (b) classes on the Brøgger Peninsula
(Svalbard).
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perspective on SOC distribution patterns compared to
those obtained through satellite imagery–derived land-
cover schemes.

Geochemical characteristics and future dynamics of
SOM

Compared to lower latitude areas of the northern circum-
polar permafrost region, the Brøgger Peninsula stores
little SOC. The combination of stony ground, short grow-
ing season, and nutrient scarcity enables only discontin-
uous vegetation and soil development. Both LCC- and
LFC-based SOC upscaling approaches indicate shallow
soils where the largest part of the total SOC mass is
found in the top 30 cm (~70%) and in mineral horizons
(~90%). Themain reasons for this are the bedrock close to
the surface and the occurrence of large stones, limiting
soil depth to amean of 44.3 ± 35.9 cm. SOC storage shows
a negative correlation with soil depth.

We dated four samples that showed C-enrichment
deeper down in the soil profiles. Based on the
Pleistocene dates of two soil samples with unusually
high OM content values, we assume that these local
C-enrichments are caused by fine-dust coal contamina-
tion, rather than burial of SOM. During the Late
Pleistocene, the study area was completely glaciated.
Similarly, Nakatsubo et al. (2008) reported that radio-
carbon age discrepancies between a seashell (11,080 yr
BP) and SOM (22,380 yr BP) in one and the same
profile (at 44 cm depth) in the Bayelva catchment
were most likely the result of the contamination with
coal particles. Nakatsubo et al. (2008) also suggested
that cryoturbation may be the cause of the reversed
14C ages that were observed in the shallow horizons
of their soil profiles (less than 42.5 cm). We consider it
likely that our two C-enriched mineral subsoil samples
with Late to Middle Holocene ages could be the result
of burial through slope processes or cryoturbation
(Ping et al. 1998).

The absence of correlation between C/N and
δ13C and δ15N with depth indicates relatively homo-
geneous and advanced stages of SOM decomposition in
the different soil horizons (Ping et al. 1998; Hugelius
et al. 2012). Nakatsubo et al. (2005) reported similar C/
N values ranging from seventeen in the vegetated low-
land of the Bayelva catchment up to eighty in the most
recently deglaciated areas (about 1 km from the Austre
Brøggerbreen ice front). Fuchs, Kuhry, and Hugelius
(2015) also found similar C/N ratio means of
23.3 ± 11.4 and 14.6 ± 4.05 and δ13C means of
−26.8 ± 1.0 and −25.6 ± 1.0, respectively, for the OL
and mineral horizons of soils in the mountain perma-
frost environment of Tarfala Valley (northern Sweden).

However, it should be noted that C/N ratio values also
depend on vegetation composition, and therefore com-
parison of values should be interpreted with care (Ping
et al. 1998).

None of our soil profiles reached down to the per-
mafrost table. However, most of the SOC is presumably
stored in the active layer, down to depths ranging from
0.9 m to 1.1 m in the Bayelva catchment (Roth and
Boike 2001) and only a very small to negligible amount
in the permafrost. Based on active-layer depths and
SOC stocks, we suggest that projected temperature
increases and subsequent deepening of the active layer
will not result in the remobilization of large amounts of
previously frozen SOC in the Brøgger Peninsula and
similar high Arctic environments. Instead, we expect
that the little C loss from thawing permafrost will be
outweighed by the ecosystem C uptake from increasing
plant primary productivity and soil development as
a result of the lengthening of the growing season and
wetting of the high Arctic (Sharp et al. 2013; Lupascu
et al. 2014). The Brøgger Peninsula and similar high
Arctic environments are likely to become net ecosystem
C sinks and provide negative feedback on future global
warming.

Conclusions

The present study provides new data on the total sto-
rage as well as spatial and vertical distribution of SOC
in the Brøgger Peninsula, a high Arctic mountainous
area located in the Svalbard Archipelago.

This study also aims to investigate the benefits of using
landform geomorphological units for SOC upscaling in
comparison to satellite-based land-cover approaches.
Land-cover and landform upscaling approaches provided
comparable SOC stocks and spatial distribution estimates
and emphasized the importance of “vegetated areas” and
“solifluction slope” landforms for SOC storage. Our study
shows that the LFC-based SOC upscaling approach
reports a complementary perspective to the satellite-
based LCC approach because it provides essential infor-
mation on the geomorphological processes controlling
the accumulation and burial of SOC. Together, both
LCC and LFC approaches allow us to fully comprehend
the processes controlling SOC distribution in the land-
scape. We suggest that future work should focus on
investigating the value of using LFC to predict the SOC
distribution in high Arctic and Arctic-Alpine regions.

The Brøgger Peninsula stores little SOC compared to
most lower latitude permafrost regions.Most SOC is stored
at shallow depth in the active layer and only limited evi-
dence of SOM burial through cryoturbation was found.
The C/N ratios further reflected an advanced stage of SOM
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decomposition in the different soil horizons. Based on
these findings, we expect that future global warming and
subsequent degradation of permafrost will result in the
remobilization of only small amounts of C. Instead, it is
more likely that the Brøgger Peninsula and similar ecosys-
tems of the high Arctic become carbon sinks in the future
as the result of increasing biomass production and soil
development.

Large areas of the high Arctic and high Arctic-Alpine
regions remain underrepresented in SOC databases such as
the NCSCD (Hugelius et al. 2014), with limited amounts of
sampled soil pedons. This study emphasizes that more
quantitative SOC storage estimates will be required in the
future to better predict the response of the high Arctic SOC
pool to climate warming.
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