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A B S T R A C T

Climate warming that began after the Little Ice Age (LIA) and glacier recession due to this warming are re-
sponsible for exposure of new areas, which previously had been covered with an ice mass in many parts of the
world. Areas newly abandoned by glaciers are sites where primary plant succession and development of soil
cover occur. The main aim of this study was to determine impact of parent material, vegetation cover, and site
wetness on spatial variability of physical and chemical properties of surface soil layers in the oldest parts of
proglacial areas of small and rapidly retreating glaciers such as Kambreen, Bevanbreen, and Coryellbreen, which
are located along the northeastern coast of Sørkappland (SE Spitsbergen). Surface soil samples (up to a depth of
10 cm) were collected from sites, which differed in terms of the parent material of the soil (glaciofluvial deposits,
glacial till), vegetation cover (bare soils, initial tundra vegetation, moss tundra vegetation), and site wetness
(dry, moist, wet). Physical and chemical soil properties such as content of sand, silt, clay, TOC, TN, Si, Al, Ca,
Mg, K, Na, P as well as soil pH and soil EC were determined. The obtained research results indicate that the
studied surface soil layers are characterized by very high spatial variability of physical and chemical properties.
The different parent material of soil (glacial till and glaciofluvial deposits) in the studied proglacial areas affects
particle-size distribution, soil pH, soil EC, and content of TN, Ca, and Na. The surface layer of soils developed
from glacial till has a finer texture, lower mean soil pH and EC, lower mean content of Ca and Na as well as
higher mean content of TN relative to the surface layer of soils formed from glaciofluvial deposits. Vegetation
cover, which is very sparse in the study area, has a very low impact on the variability of the properties of the
studied surface soil layers. A comparison of bare soils with soils covered with initial and moss tundra vegetation
communities indicates that only the more dense and best developed moss tundra vegetation community affects
the higher mean content of TOC and TN in the soil. Site wetness is the most important among the studied three
soil-forming factors affecting the spatial variability of the physical properties (particle-size distribution) and
chemical properties (soil EC, content of TOC, TN, Si, Al, Mg, K, P) of the surface layer of the studied soils. Soils
occurring at dry and moist sites are characterized by very similar physical and chemical properties, while soils
occurring at wet sites exhibit significantly higher mean soil EC and higher mean content of the sand and Si as
well as significantly lower mean content of TOC, TN, silt, clay, Al, Mg, K, and P.
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1. Introduction

Climate warming that began after the Little Ice Age (LIA) and gla-
cier recession due to this warming are responsible for the physical ex-
posure of new areas, which previously had been covered with an ice
mass in many parts of the world (Ziaja, 1999, 2001, 2002, 2004;
Haugland, 2004; He and Tang, 2008; Strauss et al., 2009; Burga et al.,
2010; Kabała and Zapart, 2012). Areas newly abandoned by glaciers are
sites where primary plant succession and development of soil cover
occur (Alexander and Burt, 1996; Burt and Alexander, 1996; Burga
et al., 2010; Kabała and Zapart, 2012; Wietrzyk et al., 2018). These
processes occur in many geographic areas at variable rates. According
to the literature (Winton, 2006; Arndt et al., 2010; Serreze and Barry,
2011; Hansen et al., 2012; Piskozub, 2017; Opała-Owczarek et al.,
2018), the current increase in air temperature and glacier recession (a
result of this increase) are the strongest in the Arctic (so-called Arctic
amplification). Furthermore, the Svalbard archipelago is now one of the
warmest regions of the northern high latitudes (Serreze and Barry,
2011; Przybylak et al., 2014; Piskozub, 2017), and this fact is re-
sponsible for the very high dynamics of its environmental changes in-
cluding deglaciation (e.g. Rachlewicz et al., 2007; Ziaja et al., 2007,
2009; Nuth et al., 2010; Błaszczyk et al., 2013).

Proglacial areas, which in the context of soil development have
become only very recently exposed, are very unique areas allowing to
determine the rate of soil formation due to the physical and chemical
transformation of glacial sediments (most frequently glacial till) and the
accumulation of organic matter due to primary plant succession (He
and Tang, 2008; Wietrzyk et al., 2018). The variable rates of soil de-
velopment and primary plant succession in proglacial areas are related
to the physical and chemical properties of the exposed material (e.g.
mineralogy and petrography, particle-size distribution, content and
availability of nutrients), landforms, climate conditions (at macro-,
meso- and microscales), wetness, and especially the time elapsed after
glacial recession (Frenot et al., 1995; He and Tang, 2008; Kabała and
Zapart, 2009; Burga et al., 2010; Wietrzyk et al., 2018).

Studies on soil development in proglacial areas have been con-
ducted in various parts of the world. Most of the studies were conducted
in the Alps (Righi et al., 1999; Egli et al., 2000, 2001; Burga et al., 2010;
Mavris et al., 2010; Dümig et al., 2011) and also in Alaska (Crocker and
Major, 1955; Crocker and Dickson, 1957; Viereck, 1966; Alexander and
Burt, 1996; Burt and Alexander, 1996). Some studies have also been
conducted in Canada (Tisdale and Fosberg, 1966; Jacobson and Birks,
1980), continental Norway (Haugland, 2004), the Gongga Mts. in China
(He and Tang, 2008; Zhou et al., 2016), Iceland (Vilmundardóttir et al.,
2014, 2015a, 2015b), and the Venezuelan Andes (Mahaney et al.,
2009). Strauss et al. (2009, 2012) and Frenot et al. (1995, 1998) also
conducted pedologic studies in Antarctic proglacial areas.

A detailed review of the scientific literature on soil formation and
development in proglacial areas has shown that pedologic studies in
recently deglaciated areas in Spitsbergen (the largest island of the
Svalbard archipelago) were conducted in the Werenskiöldbreen glacier
foreland (Pirożnikow and Górniak, 1992; Kabała and Zapart, 2009,
2012), which is located in southwestern Spitsbergen, and in the Ir-
enebreen glacier foreland in the northwest of the island (Wietrzyk et al.,
2018). Pedologic studies were conducted also in the vicinity of Ny-
Ålesund (East Brøggerbreen glacier foreland) in northwestern Spits-
bergen. However, the study in the East Brøggerbreen glacier foreland
conducted by Nakatsubo et al. (2005) was focused mainly on carbon
circulation, and the study by Kastovska et al. (2005) in the Brøggerb-
reen and Lovénbreen glacier forelands focused on the biodiversity of
various soil microorganisms. Studies on the development of plant and
animal communities in proglacial areas in the Kongsfjorden region (also
northwestern Spitsbergen) were conducted by Hodkinson et al. (2003).
Yet, pedologic studies along the eastern coast of Spitsbergen are com-
pletely unavailable in spite of the fact that retreating glaciers also occur
here and landscape dynamics in this part of Spitsbergen have been very

high in recent years (Ziaja et al., 2007, 2009; Krzewicka and
Maciejowski, 2008). In addition, most of the aforementioned studies
were conducted in the form of a time sequence, i.e. time was the most
important factor responsible for the development of soil cover in pro-
glacial areas. However, detailed data on the impact of parent material,
vegetation cover, and site wetness on the spatial variability of soil cover
in High Arctic proglacial areas remain unavailable. This fact is espe-
cially important in the context of carbon sequestration, which occurs
during the formation of the soil cover in proglacial areas. According to
the literature (e.g. Andrzejewski and Stankowski, 1985; Matthews,
1992; Burga et al., 2010; Dümig et al., 2011; Kabała and Zapart, 2012;
Wietrzyk et al., 2018), a proglacial area is characterized by a very high
diversity of sediments, vegetation cover, and wetness, which in turn
may lead to a very high diversity of soils and sequestered organic
carbon content.

Therefore, the main aim of this study was to determine the impact of
parent material, vegetation cover, and site wetness on the spatial
variability of physical and chemical properties of surface soil layers in
the proglacial areas of small and rapidly retreating glaciers such as
Kambreen, Bevanbreen, and Coryellbreen, which are located along the
northeastern coast of Sørkappland (SE Spitsbergen). This study focused
only on surface soil layer, which were collected from sites exhibiting
different parent material, vegetation cover, and wetness characteristics
due to the following reasons: 1) accumulation of organic carbon and
total nitrogen takes place mainly in the upper part of the soil in such
cold climatic conditions and the very short time elapsed since glacier
retreat (i.e. since 1936); 2) to obtain extensive data to statistical ana-
lysis; 3) large remoteness and isolation of the study area did not allow
to collect so many entire soil profiles for statistical analysis (logistical
reason).

2. Materials and methods

2.1. Study area

The study was conducted along the northeastern Sørkappland coast
in southeastern Spitsbergen (Fig. 1) during the summer of 2016. This
part of the Sørkappland coast was almost completely covered by the
Hambergbreen, Kambreen, Bevanbreen, Coryellbreen, Kanebreen, and
Barbarabreen glaciers until the end of the 19th century (Ziaja et al.,
2007, 2009). The study area is a very narrow coastal lowland (up to
300 m wide), which is limited from the west by the steep slopes of a
range of the following mountains: Daudbjørnfjellet-Mirefjellet-Hedge-
hogfjellet-Tvillingtoppen-Geologtoppen-Kamptoppane; and from the
east by the Barents Sea (Ziaja et al., 2009). The study area is char-
acterized by the prevalence of sedimentary rocks such as sandstone,
siltstone, and shale belonging to the Cretaceous-era Carolinefjellet
Formation; sandstone and shale from the Paleocene (Firkanten For-
mation); shale, mudstone, and siltstone from the late Paleocene (Basi-
lika Formation), as well as unconsolidated glacial and glaciofluvial
deposits (moraines and glaciofluvial fans) from the Holocene
(Birkenmajer et al., 1992; Winsnes et al., 1992; Dallman et al., 1993,
1994; Ziaja et al., 2007). Climate conditions along the northeastern
Sørkappland coast are harsher in comparison with climate conditions
along the western coast of Spitsbergen due to the strong impact of the
cold, coastal East Spitsbergen Current flowing in from the north
(Hisdal, 1985; Maciejowski and Michniewski, 2007; Ziaja et al., 2007;
Piskozub, 2017; Sulikowska et al., 2018). Due to the fact that meteor-
ologic measurements and observations in the study area are very lim-
ited (Maciejowski and Michniewski, 2007; Ziaja et al., 2007;
Sulikowska et al., 2018) and there exists a complete lack of climatologic
data based on long-term measurements, even basic climatologic data
such as mean annual air temperature and precipitation for the studied
area are not currently available. The mean annual air temperature in
the eastern part of the Fuglebergsletta coastal plain along the northern
coast of Hornsund (western coast of Spitsbergen), which is located
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about 40 km from the study area, is −4.2 °C, ranging from −11.3 °C in
January to +4.4 °C in July and total annual precipitation is 450 mm
(Marsz and Styszyńska, 2007; Migała et al., 2008). Development of
vegetation cover along the northeastern coast of Sørkappland is very
weak due to unfavorable environmental conditions and the very recent
deglaciation (i.e. during 20th century) of the area (Ziaja et al., 2007,

2009; Krzewicka and Maciejowski, 2008). Most of the study area con-
sists of a polar desert without any vascular plants and cryptogams.
Continuous vegetation cover occurs only at sites, which are sub-
stantially fertilized by seabird droppings, as it is for example in the
Daudbjørnpynten headland and its vicinity (southernmost part of the
study area). In the study area, 33 species of mosses, over 110 species of

Fig. 1. General (A) and detailed (B) location of the study area (marked by red contours) as well as the detailed location of the sampling sites in the oldest part of
proglacial areas of the Kambreen (C), Bevanbreen (D), and Coryellbreen (E) glaciers. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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lichens, and only about 20 species of vascular plants were found (Ziaja
et al., 2007; Krzewicka and Maciejowski, 2008; Maciejowski et al.,
2018; Stebel et al., 2018).

2.2. Field and laboratory methods

Field studies were conducted during summer 2016. During the
fieldwork, surface soil samples (up to a depth of 10 cm) were collected
in plastic bags from sites located in the oldest parts of proglacial areas
across the Kambreen, Bevanbreen, and Coryellbreen glaciers, which
were left behind by glaciers after 1936 (Ziaja et al., 2007, 2009). Soil
samples were collected from sites, which differed in terms of the parent
material of the soil (glaciofluvial deposits, glacial till), vegetation cover
(bare soils, initial tundra vegetation, moss tundra vegetation), and site
wetness (dry, moist, wet) (Table 1). Soils developed from glaciofluvial
deposits were collected from glaciofluvial fans (35 soil samples) and
soils developed from glacial till were collected from glacial moraine
ridges (21 soil samples). Sites differing in vegetation cover and wetness
were determined by detailed visual inspection. Sites exhibiting com-
plete lack of vegetation were classified as bare soils. Sites covered with
very sparsely distributed vascular plants were classified as initial tundra
vegetation and sites covered with mosses were classified as moss tundra
vegetation. Number of soil samples collected from sites exhibiting lack
of vegetation (bare soil), covered with initial tundra vegetation, and
moss tundra vegetation were 24, 23, and 9, respectively. Site wetness
(soil water status) were described in the field according to
Schoeneberger et al. (2002). Excessively drained sites located on
convex landforms and exhibiting no impact of flowing and/or standing
water during growing season on surface soil layers were classified as
dry sites (Fig. 2A–B). Moderately well drained and well drained sites
located on flat or slightly concave landforms and exhibiting moderate
wetness of surface soil layers during growing season were classified as
moist sites (Fig. 2C–D). Very poorly drained and poorly drained sites
located in the vicinity of streams or lakes (but not flooded) and ex-
hibiting clear impact of water on surface soil layers during growing
season were classified as wet sites (Fig. 2E–F). Number of soil samples
collected from dry sites, moist sites, and wet sites were 12, 28, and 16,
respectively.

In the laboratory, all the soil samples were air dried, gently crushed,
and sieved through a 2 mm stainless steel sieve. All the laboratory
analyses were done on fine earth material (particles < 2 mm) with the
exception of particle-size distribution analysis, which was done on fine
earth material below 1 mm. The content of total organic carbon (TOC)
and total nitrogen (TN) was determined (in triplicate and then aver-
aged) using a Vario Micro Cube CHN elemental analyzer. Content of
TOC in calcareous samples was determined by the subtraction of carbon

content originating from carbonates from total carbon content de-
termined via the CHN elemental analyzer. The content of carbonates (in
duplicate and then averaged) was determined by means of a calcimeter
(Loeppert and Suarez, 1996). Particle-size distribution was determined
by laser diffraction via the use of a Malvern Mastersizer 3000 instru-
ment after a 3-minute ultrasound dispersion of the sample. Soil pH was
measured in deionized water (1:2.5 w/v ratio) using a glass electrode
(Thomas, 1996). Content of Si, Al, Ca, Mg, K, Na, and P in soil material
was determined by Inductively Coupled Plasma – Emission Spectro-
metry (ICP-ES) after digestion of the samples using lithium metaborate/
tetraborate and dilute nitric acid at Bureau Veritas (Vancouver, BC,
Canada). The electrical conductivity (EC) of soil water extracts (1:2.5
w/v ratio) was measured using a multi-parameter measuring device
(WTW Multi 350i) after 24 h of balancing time.

Interpolation maps presenting the spatial distribution of the content
of TOC, TN, the sand, silt, clay as well as soil pH and soil EC were
created using ESRI ArcMap 10.5 and the IDW inverse distance
weighting method (Lu and Wong, 2008) in the Interpolation Tool with
the 3rd power function modifying distance weights and 2.5 m output
cell size for resulting raster maps.

Environmental data (i.e. content of TOC, TN, sand, silt, clay, Si, Al,
Ca, Mg, K, Na, P as well as soil pH and soil EC) were correlated with
tundra vegetation communities (1 – bare soils, 2 – initial tundra ve-
getation, 3 – moss tundra vegetation) using Spearman's rank correlation
coefficient (level of significance at p < 0.05). Differences in soil
properties between sites with various parent material (glaciofluvial
deposits vs. glacial till) were evaluated using the U Mann-Whitney test
(level of significance at p < 0.05) and differences in soil properties
between sites with various vegetation cover (bare soil vs. initial tundra
vegetation community vs. moss tundra vegetation community), and
wetness (dry vs. moist vs. wet) were evaluated via one-way ANOVA and
the Tukey post-hoc HSD test (level of significance at p < 0.05) after
lognormal transformation of data. All calculations were done using
Statistica 12 software.

3. Results

3.1. Particle-size distribution

Fig. 3 shows the content and spatial distribution of the sand, silt,
and clay particles in the studied surface soil layers in the oldest part of
proglacial areas of the Kambreen, Bevanbreen, and Coryellbreen gla-
ciers. Sand content in all the studied soils ranged from 13% to 73% with
a mean content of 41% whereas the content of the silt ranged between
20% and 68% with a mean value of 46% (Table 2). Clay content ranged
from 6% to 22% with a mean value of 13% (Table 2). The soil texture of

Table 1
Characteristics of the study sites.

Tundra vegetation community Parent material Landform Wetness Sample No.a

Bare soil Glaciofluvial deposits Glaciofluvial fan Dry Kam 7–9, Kam 15, Co 1
Bare soil Glaciofluvial deposits Glaciofluvial fan Moist Kam 2, Kam 14A, Bev 2, Bev 9
Bare soil Glaciofluvial deposits Glaciofluvial fan Wet Bev 6, Bev 10–13, Bev 17, Co 3–4, Co 7, Co 13, Co 15
Bare soil Glacial till Moraine ridge Dry Kam 16
Bare soil Glacial till Moraine ridge Moist Co 6, Co 9A, Co 10
Initial tundra Glaciofluvial deposits Glaciofluvial fan Dry Kam 5, Kam 10
Initial tundra Glaciofluvial deposits Glaciofluvial fan Moist Kam 3, Kam 13, Kam 18–19
Initial tundra Glaciofluvial deposits Glaciofluvial fan Wet Bev 14, Co 14
Initial tundra Glacial till Moraine ridge Dry Kam 11–12, Co 0, Co 11
Initial tundra Glacial till Moraine ridge Moist Kam 17, Kam 20–21, Bev 1, Bev 3–5, Co 5, Co 12
Initial tundra Glacial till Moraine ridge Wet Bev 16, Co 8
Moss tundra Glaciofluvial deposits Glaciofluvial fan Moist Kam 1, Kam 4A, Kam 4B, Kam 6, Kam 14B, Co 2
Moss tundra Glaciofluvial deposits Glaciofluvial fan Wet Bev 7
Moss tundra Glacial till Moraine ridge Moist Co 9B, Co 9C

a Samples Kam 1–21 originated from proglacial area of the Kambreen glacier; samples Bev 1–17 originated from proglacial area of the Bevanbreen glacier; samples
Co 0–15 originated from proglacial area of the Coryellbreen glacier.
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the studied surface soil layers was classified according to the USDA soil
texture classification as silt loam, loam or sandy loam.

The surface layers of soils formed from glaciofluvial deposits con-
tained a significantly higher mean content of the sand and lower mean
content of the silt and clay in comparison with surface soil layers
formed from glacial till (46% vs. 33%, 43% vs. 51%, 11% vs. 16%,
respectively) (Table 3).

The surface layers of bare soils exhibited a higher mean content of
the sand and lower mean content of the silt and clay than soils covered
with initial and moss tundra vegetation communities (Table 4). How-
ever, the differences in the mean content of the sand, silt, and clay were
significant only in the case of soils covered with the initial tundra ve-
getation community in relation to bare soils (Table 4).

Surface soil layers occurring at wet sites were characterized by the
highest mean content of the sand and the lowest mean content of the
silt and clay whereas soils present at moist sites showed the highest
mean content of the silt and clay and the lowest mean content of the
sand (Table 5). The mean content of the sand, silt, and clay in soils
located at dry sites was not significantly different from the mean con-
tent of the particles in soils occurring at moist sites (Table 5).

3.2. Total organic carbon (TOC), total nitrogen (TN), and C/N ratio

The content and spatial distribution of TOC and TN as well as the C/
N ratio for the studied surface soil layers in the oldest part of proglacial
areas of the Kambreen, Bevanbreen, and Coryellbreen glaciers are
shown in Fig. 4. The TOC content in the studied soils ranged between
0.71% and 2.68% with a mean value of 1.15%, while the TN content
ranged from 0.07% to 0.19% with a mean value of 0.10% (Table 2). The

mean C/N ratio for the studied surface soil layers equaled 12 and
ranged from 8 to 15 (Table 2).

Mean TOC content was only slightly and not significantly higher in
the surface layers of soils developed from glacial till in comparison with
the surface layers of soils formed from glaciofluvial deposits (Table 3).
However, mean TN content was significantly higher in soils developed
from glacial till than in soils formed from glaciofluvial deposits
(Table 3). The mean C/N ratio for soils developed from glaciofluvial
deposits was only slightly and not significantly higher (i.e. 12 vs. 11)
when compared with soils formed from glacial till (Table 3).

The difference in the mean content of TOC and TN was only sig-
nificant between soils occurring under moss tundra vegetation and bare
soils (Table 4), which had the lowest mean content of TOC and TN
(0.99% and 0.09%, respectively) whereas soils covered with moss
tundra vegetation showed the highest mean content of TOC and TN
(1.53% and 0.12%, respectively) (Table 4). The mean C/N ratio for the
surface layers of bare soils was 11, while for soils covered with initial as
well as moss tundra vegetation the mean C/N ratio was 12, but the
obtained differences were not statistically significant (Table 4).

The mean content of TOC and TN was the highest in soils occurring
at moist sites (1.26% and 0.10%, respectively) and almost the same
(statistically not significant) in soils obtained from dry and wet sites
(1.00% and 0.09%, respectively vs. 0.98% and 0.09%, respectively)
(Table 5). The mean C/N ratio for the surface layer of soils occurring at
dry and moist sites was 12, while for soils obtained from wet sites the
mean C/N ratio was 11; the differences were not statistically significant
(Table 5).

Fig. 2. Examples of general view and upper part of soil profile at dry site (A, B), moist site (C, D), and wet site (E, F) in the oldest part of proglacial areas of the
Kambreen, Bevanbreen, and Coryellbreen glaciers.
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3.3. Chemical properties of the studied soils

3.3.1. Soil pH and electrical conductivity (EC)
Fig. 5 shows soil pH and electrical conductivity (EC) values as well

as their spatial variability in the studied surface soil layers of the oldest
part of proglacial areas of the Kambreen, Bevanbreen, and Coryellbreen
glaciers. Soil pH ranged from 3.77 to 7.01 with a mean value of 5.02,
while EC ranged from 55 to 563 μS cm−1 with a mean value of 225 μS
cm−1 (Table 2).

Surface layers of soils formed from glaciofluvial deposits had a
significantly higher mean pH (5.15 vs. 4.70) and EC (265 μS cm−1 vs.
144 μS cm−1) than soils developed from glacial till (Table 3).

Bare soils and soils covered with initial and moss tundra vegetation
communities did not significantly differ in pH and EC (Table 4).
However, soils covered with a moss tundra vegetation community ex-
hibited the highest mean soil pH (5.18), while soils under an initial
tundra vegetation community showed the lowest mean pH (4.88). Bare
soils had the highest mean EC (258 μS cm−1) and soils covered with an

Fig. 3. Content and spatial distribution of sand, silt, and clay in the studied surface soil layers of the oldest part of proglacial area of the Kambreen (A, B, C),
Bevanbreen (D, E, F), and Coryellbreen (G, H, I) glaciers.
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initial tundra vegetation community had the lowest mean EC (168 μS
cm−1) (Table 4).

Surface layers of soils occurring at dry sites showed the highest
mean pH (5.16), while soils from wet sites exhibited the lowest mean
pH (4.81). The mean pH of soils occurring at moist sites was 5.01
(Table 5). However, all the differences in mean pH between soils from
dry, moist, and wet sites were not statistically significant (Table 5).
Soils obtained from wet sites showed the highest mean EC (293 μS
cm−1), while soils obtained from dry sites were characterized by the
lowest EC (179 μS cm−1). The mean EC in soils from moist sites was
188 μS cm−1 (Table 5). However, any differences in mean EC were only
significant between soils occurring at wet sites and dry sites (Table 5).

3.3.2. Geochemistry
The mean, minimum, and maximum values of the main element

content for the studied surface soil layers are listed in Table 2. The
studied soils were composed mainly of Si (60.46% to 73.94% with a
mean content of 66.91%), Al (11.51% to 16.98% with a mean content
of 14.33%), and Fe (4.17% to 9.03% with a mean content of 5.95%)
(Table 2). The content of K (1.91% to 2.79% with a mean value of
2.34%), Na (0.89% to 1.73% with a mean value of 1.37%), Mg (0.67%
to 1.50% with a mean value of 1.11%), Ca (0.11% to 0.67% with a
mean value of 0.28%), and P (0.08% to 0.14% with a mean value of
0.11%) was substantially lower than the content of Si, Al, and Fe
(Tables 2 and S2).

The chemical composition of the surface layers of soils developed
from glaciofluvial deposits was very similar to the chemical composi-
tion of surface layers of soils formed from glacial till (Table 3). All
obtained differences between mean content of Si, Al, Fe, Mg, K, and P in
soils developed from glaciofluvial deposits and glacial till were not
statistically significant. Only differences between the mean content of
Ca and Na in surface layers of soils formed from glaciofluvial deposits
(0.30% and 1.42%, respectively) and glacial till (0.22% and 1.28%,
respectively) were statistically significant (Table 3).

Bare soils contained the highest mean content of Si and lowest mean
content of Al, Fe, Mg, Na, K, and P whereas soils found under moss
tundra vegetation exhibited the lowest mean content of Si and highest
mean content of Al, Fe, Mg, Ca, Na, K, and P (Table 4). However, ob-
tained differences in the mean content of all the studied elements were
not significant between bare soils and soils covered with initial and
moss tundra vegetation (Table 4).

The chemical composition of surface soil layers occurring at dry and
moist sites was almost the same and differences in the mean content of
the determined elements between these sites were not significant

Table 2
Mean, minimum, and maximum values of physical and chemical properties of
all the studied surface soil layers (n= 56).

Property Mean Minimum Maximum

pH 5.02 3.77 7.01
EC (μS/cm) 225 55 563
TOC (%) 1.15 0.71 2.68
TN (%) 0.10 0.07 0.19
C/N 12 8 15
Sand (%) 41 13 73
Silt (%) 46 20 68
Clay (%) 13 6 22
Si (%) 66.91 60.46 73.94
Al (%) 14.33 11.51 16.98
Fe (%) 5.95 4.17 9.03
Mg (%) 1.11 0.67 1.50
Ca (%) 0.28 0.11 0.67
Na (%) 1.37 0.89 1.73
K (%) 2.34 1.91 2.79
P (%) 0.11 0.08 0.14

Table 3
Mean values of physical and chemical properties of surface layers of soils de-
veloped from fluvioglacial deposits and glacial till. Values in parentheses are
standard errors. For a given line, mean values with different letters significantly
differ at p < 0.05 based on the U Mann-Whitney test.

Property Glaciofluvial deposits (n= 35) Glacial till (n= 21)

pH 5.15 (0.13) a 4.70 (0.10) b
EC (μS/cm) 265 (23.30) a 144 (16.13) b
TOC (%) 1.11 (0.07) a 1.14 (0.08) a
TN (%) 0.09 (0.00) a 0.10 (0.01) b
C/N 12 (0.24) a 11 (0.32) a
Sand (%) 46 (2.69) a 33 (2.50) b
Silt (%) 43 (2.15) a 51 (1.78) b
Clay (%) 11 (0.64) a 16 (0.92) b
Si (%) 66.72 (0.65) a 67.64 (0.72) a
Al (%) 14.35 (0.28) a 14.13 (0.28) a
Fe (%) 6.03 (0.19) a 5.60 (0.20) a
Mg (%) 1.14 (0.04) a 1.02 (0.04) a
Ca (%) 0.30 (0.02) a 0.22 (0.02) b
Na (%) 1.42 (0.04) a 1.28 (0.05) b
K (%) 2.32 (0.04) a 2.35 (0.05) a
P (%) 0.11 (0.00) a 0.11 (0.00) a

Table 4
Mean values of physical and chemical properties of surface layers of bare soils,
soils under initial, and moss tundra vegetation. Values in parentheses are
standard errors. For a given line, mean values with different letters significantly
differ at p < 0.05 based on the post hoc Tukey HSD test.

Property Bare soil (n= 24) Initial tundra (n= 23) Moss tundra (n= 9)

pH 5.01 (0.17) a 4.88 (0.14) a 5.18 (0.19) a
EC (μS/cm) 258 (33.24) a 168 (16.74) a 235 (30.10) a
TOC (%) 0.99 (0.03) a 1.11 (0.04) a 1.53 (0.26) ab
TN (%) 0.09 (0.00) a 0.10 (0.00) a 0.12 (0.01) ab
C/N 11 (0.22) a 12 (0.28) a 12 (0.77) a
Sand (%) 48 (3.08) a 35 (3.02) ab 38 (4.43) a
Silt (%) 41 (2.39) a 50 (2.24) ab 50 (3.00) a
Clay (%) 11 (0.83) a 15 (0.96) ab 12 (1.58) a
Si (%) 68.00 (0.77) a 66.51 (0.68) a 65.48 (1.33) a
Al (%) 13.82 (0.31) a 14.60 (0.28) a 14.83 (0.63) a
Fe (%) 5.80 (0.25) a 5.93 (0.18) a 5.97 (0.34) a
Mg (%) 1.05 (0.04) a 1.12 (0.05) a 1.20 (0.09) a
Ca (%) 0.27 (0.02) a 0.26 (0.02) a 0.32 (0.03) a
Na (%) 1.34 (0.05) a 1.37 (0.05) a 1.49 (0.07) a
K (%) 2.26 (0.05) a 2.39 (0.04) a 2.41 (0.09) a
P (%) 0.11 (0.00) a 0.11 (0.00) a 0.12 (0.01) a

Table 5
Mean values of physical and chemical properties of surface layers of soils ob-
tained from dry, moist, and wet sites. Values in parentheses are standard errors.
For a given line, mean values with different letters significantly differ at
p < 0.05 based on the post hoc Tukey HSD test.

Property Dry (n= 12) Moist (n= 28) Wet (n= 16)

pH 5.16 (0.16) a 5.01 (0.13) a 4.81 (0.23) a
EC (μS/cm) 179 (37.11) a 188 (18.49) a 293 (36.46) ab
TOC (%) 1.00 (0.04) a 1.26 (0.09) a 0.98 (0.04) ab
TN (%) 0.09 (0.00) a 0.10 (0.01) a 0.09 (0.00) ab
C/N 12 (0.41) a 12 (0.31) a 11 (0.28) a
Sand (%) 39 (4.14) a 35 (2.60) a 53 (3.39) ab
Silt (%) 48 (2.88) a 51 (1.86) a 37 (2.76) b
Clay (%) 13 (1.45) a 14 (0.91) a 10 (0.74) ab
Si (%) 65.96 (0.90) a 66.06 (0.58) a 69.42 (0.96) b
Al (%) 14.84 (0.36) a 14.68 (0.26) a 13.21 (0.36) b
Fe (%) 6.21 (0.28) a 6.00 (0.17) a 5.43 (0.31) a
Mg (%) 1.18 (0.06) a 1.15 (0.05) a 0.95 (0.05) b
Ca (%) 0.28 (0.03) a 0.27 (0.02) a 0.26 (0.03) a
Na (%) 1.45 (0.07) a 1.39 (0.05) a 1.28 (0.05) a
K (%) 2.42 (0.06) a 2.38 (0.04) a 2.19 (0.06) b
P (%) 0.12 (0.00) a 0.12 (0.00) a 0.10 (0.00) b
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(Table 5). Soils at wet sites were characterized by a significantly higher
mean content of Si and a significantly lower mean content of Al, Mg, K,
and P in comparison with soils obtained from dry and moist sites
(Table 5).

4. Discussion

Climate warming, which began in some regions in the 19th century
and in other regions in the 20th century (i.e. after LIA), is responsible

for many changes in the Arctic environment including glacier recession
(shortening and thinning of glaciers), primary succession of vegetation
in areas newly left behind by glaciers, deepening of the active layer of
permafrost, soil formation, and substantial transformation of relief in
proglacial areas (e.g. Matthews, 1992; Ziaja, 2001, 2005; Elberling
et al., 2004; Rachlewicz et al., 2007; Moreau et al., 2008; Kabała and
Zapart, 2012; Błaszczyk et al., 2013; Wietrzyk et al., 2018). These
changes are the main reason for studies in the proglacial areas of gla-
ciers in the High Arctic. However, most (if not all) pedologic studies in

Fig. 4. Content and spatial distribution of TOC and TN as well as C/N ratio in the studied surface soil layers of the oldest part of proglacial area of the Kambreen (A, B,
C), Bevanbreen (D, E, F), and Coryellbreen (G, H, I) glaciers.
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proglacial areas have been conducted using the chronosequence
method (e.g. Hodkinson et al., 2003; Yoshitake et al., 2011; Kabała and
Zapart, 2012; Wietrzyk et al., 2018). On the other hand, according to
the literature (e.g. Andrzejewski and Stankowski, 1985; Matthews,
1992; Larsen et al., 2006; Moreau et al., 2008; Kabała and Zapart, 2012;
Wietrzyk et al., 2018), a proglacial area is characterized by a very high
diversity of the natural environment including sediments, vegetation
cover, and wetness, which in turn may lead to a very high variability of
the physical and chemical properties of soils and especially the content
of sequestered organic carbon.

4.1. Impact of parent material on the variability of soil properties

The proglacial area of glaciers is characterized by very high varia-
bility of deposits connected with the activity of the glacier, ablation
(melting) waters, and wind (Andrzejewski and Stankowski, 1985;
Matthews, 1992; Larsen et al., 2006; Moreau et al., 2008; Kabała and
Zapart, 2012). A large area in the glacier foreland is usually occupied
by moraines formed of glacial till as well as outwash plains formed of
glaciofluvial deposits (Andrzejewski and Stankowski, 1985; Matthews,
1992; Moreau et al., 2008; Kabała and Zapart, 2012), which subse-
quently serve as the parent material for developing soils. The studied
surface layers of soils developed from glaciofluvial deposits and glacial
till in the oldest parts of proglacial areas of three small glaciers rapidly
retreating throughout the 20th century (Kambreen, Bevanbreen, Cor-
yellbreen), which are located along the northeastern coast of
Sørkappland (SE Spitsbergen), are characterized by significant differ-
ences in particle-size distribution in relation to the parent material
(Table 3). Surface layers of soils developed from glaciofluvial deposits
have a significantly higher mean content of the sand and lower mean
content of the silt and clay than surface layers of soils formed from
glacial till (Table 3). This is related to different morphogenetic pro-
cesses, which drive the accumulation of deposits (glaciofluvial deposits
– transport and accumulation by ablation waters; glacial till – transport
and accumulation by the glacier). In addition, the textural differences of
the studied surface soil layers may be a result of aeolian processes
(deflation and accumulation of fine soil particles), which are very active
in scarcely vegetated proglacial areas (Matthews, 1992). Thus, any in-
terpretation of the results of the particle-size distribution of soils ob-
tained from chronosequence studies should be considered with care, as
differences in the content of the sand, silt, and clay may be connected
with different parent material of the soil and/or aeolian processes and
not entirely with soil weathering and soil-forming processes (Matthews,
1992; He and Tang, 2008; Kabała and Zapart, 2009, 2012; Dümig et al.,
2011).

The particle-size distribution of the soil parent material has a clear
impact on the rate of the primary succession of plants, plant growth,
and in effect soil development (Matthews, 1992; Opała-Owczarek et al.,
2018). On the one hand, glacial till exhibiting a finer texture is more
favorable for the succession and growth of plants as well as soil de-
velopment than the coarser textured glaciofluvial deposits due to higher
water capacity and longer accumulation of water in glacial till (see also
below) (Matthews, 1992). Therefore, soils formed from glacial till have
a higher mean content of TOC and TN (however, only the mean content
of TN is significantly higher) than soils developed from glaciofluvial
deposits (Table 3). On the other hand, the finer texture of soils devel-
oped from glacial till is also responsible for its higher susceptibility to
cryoturbation (i.e. soil mixing related to cycling freezing and thawing of
the soil) and formation of patterned grounds (Klimowicz and Uziak,
1996; Bockheim et al., 2015; Szymański et al., 2015). This is most likely
additional reason (besides harsh climatic conditions and short time
elapsed since glacier retreat) for weak development of vegetation cover

in the proglacial areas, because cryoturbation and instability of the soil
surface hamper plant succession on such sites (Klimowicz and Uziak,
1996; Bölter, 2011; Szymański et al., 2015, 2016). Furthermore, cryo-
turbation, which leads to segregation of soil particles and formation of
patterned grounds (e.g. Washburn, 1956; Ugolini et al., 2006;
Szymański et al., 2015), may be responsible for variability of soil tex-
ture in the proglacial areas.

The studied soils developed from glaciofluvial deposits are char-
acterized by much higher mean pH (5.15) and EC (265 μS cm−1) than
soils formed from glacial till (pH = 4.70, EC = 144 μS cm−1) (Table 3).
These large differences may be related to significantly higher mean
content of Ca (impact on pH) and Na (impact on EC) in soils developed
from glaciofluvial deposits versus soils formed from glacial till
(Table 3). However, the much higher mean content of Ca and Na in the
surface layer of soils developed from glaciofluvial deposits may be a
side effect of seawater and/or sea spray on the studied soils, because
outwash plains formed from glaciofluvial deposits are located at lower
elevations and closer to the Barents Sea coast than moraines and may
not be entirely related to the origin of the parent material of the studied
soils. For instance, Bockheim and Ugolini (1990), Beyer et al. (2000),
and Bockheim et al. (2015) have previously reported that salinization is
one of the main soil forming process in the coastal part of Antarctica
and such environment may be generally comparable with the en-
vironment of northeastern coast of Sørkappland (SE Spitsbergen).

Other studied properties of the surface layers of soils developed
from glaciofluvial deposits and glacial till do not show significant dif-
ferences in relation to the parent material (Table 3) indicating that the
variability of these properties is related to factors other than the parent
material of the studied soil.

4.2. Impact of vegetation cover on the variability of soil properties

Climate warming-related recession of glaciers leads to the exposure
of new areas, in which primary succession of vegetation occurs at a
variable rate and to a variable extent (Matthews, 1992; Hodkinson
et al., 2003; He and Tang, 2008; Burga et al., 2010; Wietrzyk et al.,
2018). This is related primarily to local environmental conditions such
as climate (at a macro-, meso-, and microscale), physical and chemical
properties of newly exposed material, relief and morphogenetic pro-
cesses, stability of the ground, wetness as well as time elapsed after
glacier retreat (Matthews, 1992; Pirożnikow and Górniak, 1992; Burga
et al., 2010; Wietrzyk et al., 2018).

The studied oldest part of the proglacial areas of the Kambreen,
Bevanbreen, and Coryellbreen glaciers is characterized by very sparse
vegetation in comparison with glacier forelands located along the
western coast of Spitsbergen (e.g. Wietrzyk et al., 2018). This is pri-
marily connected with much harsher climate conditions along the
eastern Spitsbergen coast due to the effects of cold sea currents flowing
in from the north (East Spitsbergen Current) (Hisdal, 1985; Maciejowski
and Michniewski, 2007; Ziaja et al., 2007; Piskozub, 2017; Sulikowska
et al., 2018) as well as the phyto-geographic isolation of the study area
(Fig. 1). Cryoturbation and instability of the soil surface are also re-
sponsible for hindrance of plant succession in the proglacial area
(Klimowicz and Uziak, 1996; Bölter, 2011; Szymański et al., 2015,
2016). In addition, the studied proglacial areas of the Kambreen, Bev-
anbreen, and Coryellbreen glaciers are characterized by occurrence of
gravelly or stony desert pavement on soil surface at many sites, which is
a common feature of polar deserts (Ugolini and Bockheim, 2008;
Bockheim et al., 2015). The occurrence of desert pavement has negative
impact on plant colonization due to its very high permeability and low
ability to water accumulation. Generally, the sparse vegetation in the
study area is the main reason for the quite low content of organic

Fig. 5. Soil pH and electrical conductivity (EC) as well as their spatial variability in the studied surface soil layers of the oldest part of proglacial area of the Kambreen
(A, B), Bevanbreen (C, D), and Coryellbreen (E, F) glaciers.
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carbon and the very low content of total nitrogen in the studied soils
(Table S1). However, sites covered with initial and moss tundra vege-
tation communities exhibit a higher mean content of TOC and TN than
bare soils, but only soils covered with moss tundra vegetation show a
significantly higher mean content of TOC and TN in comparison with
bare soils (Table 4). This is most likely connected with the fact that only
moss tundra vegetation forms a quite continuous and dense cover in the
studied area, which supplies a significantly higher content of organic
matter than the sparsely growing plants forming the initial tundra ve-
getation community (Fig. 6). The quite high mean content of TOC in
bare soils may be related to the occurrence of fine fragments of coal in
the parent material of the studied soils, as sandstone and shale from the
Paleocene containing coal seams have been detected in the study area
(Firkanten Formation) (Birkenmajer et al., 1992; Winsnes et al., 1992;
Dallman et al., 1993, 1994) and potentially the occurrence of a very
thin, initial biological soil crust (BSC). Positive and statistically sig-
nificant Spearman's rank correlation coefficients between the content of
TOC and TN and tundra vegetation communities indicate that even very
sparse vegetation cover has a clear impact on the accumulation of or-
ganic matter in the studied soils (Table 6).

Initial and moss tundra vegetation communities occur at sites with
soils exhibiting a lower mean content of the sand and higher mean
content of the silt and clay indicating that fine-textured soils occurring
in proglacial areas are more favorable for plant colonization than
coarse-textured soils due to higher water capacity and longer accu-
mulation of water in the former. These results may be also related to
accumulation of wind-blown fine particles at sites covered with vege-
tation (Matthews, 1992). This finding is also supported by the obtained
negative and significant Spearman's rank correlation coefficients be-
tween tundra vegetation communities and content of the sand as well as
positive and significant correlation coefficients between tundra vege-
tation communities and content of the silt as well as content of Al
(reflecting content of phyllosilicates) (Table 6). This is in agreement
with results obtained previously by Opała-Owczarek et al. (2018) who
noted that the growth of Saxifraga oppositifolia in the Hornsund area
(SW Spitsbergen) was negatively and significantly correlated with the
content of the sand and positively and significantly correlated with the
content of the silt and clay in the soil.

In addition, primary succession of vegetation in the studied oldest
part of proglacial areas is positively and significantly correlated with
the content of P in the soil (Table 6). This is consistent with work by
Madan et al. (2007), Zmudczynska-Skarbek et al. (2013),
Wojciechowska et al. (2015), and Szymański et al. (2016) who also
reported a clear positive relationship between the content of

phosphorus and growth and development of vegetation in the High
Arctic, because phosphorus is one of the most important nutrients for
plants, and it is very limited in this region.

In summary, the very sparse vegetation cover developed in the
studied oldest part of proglacial areas of the Kambreen, Bevanbreen,
and Coryellbreen glaciers plays a minor role in explaining the varia-
bility of the analyzed properties of soils, and these results are further
comparable with results obtained by Frenot et al. (1995) in the pro-
glacial area of the Ampère Glacier on the Kerguelen Islands (Sub-Ant-
arctic region).

4.3. Variability of soil properties in relation to site wetness

Proglacial areas are characterized by a high variability of wetness,
which is primarily related to the variability of relief as well as texture,
content of rock fragments, and hydraulic properties (permeability) of
newly exposed deposits (Matthews, 1992; Moreau et al., 2008; Burga
et al., 2010; Dümig et al., 2011). Sites located at higher elevations of
moraines and exposed to the wind as well as characterized by lower
snow accumulation during winter exhibit low wetness, whereas sites
located in concave landforms (depressions) are frequently much more
wet due to accumulation of water at such sites, thicker snow cover, and
shelter against wind effects (Matthews, 1992; Dümig et al., 2011). In
addition, the variability of soil wetness is connected with the distance of
a particular site from proglacial streams and lakes (Matthews, 1992).

The results obtained in this study indicate that the chemical prop-
erties of surface soil layers such as EC, content of TOC, TN, Si, Al, Mg, K,
and P vary significantly in relation to site wetness (Table 5). Soils oc-
curring at wet sites are characterized by highest mean EC values (293
μS cm−1), which indicates that at such sites an accumulation of water
containing higher concentrations of ions occurs. This may also indicate
a higher chemical weathering rate of minerals (dissolution) at such
sites, because according to Wilson (2004), Egli et al. (2015), and Zhou
et al. (2016), soil moisture (water in soil) is a very important agent
responsible for mineral weathering. Differences in EC between soils
located at dry, moist, and wet sites may be also connected with the
close vicinity of the study area to the Barents Sea coast and the effects of
seawater on soils located in depressions. However, a higher chemical
weathering rate at wet sites is supported by the lowest mean content of
Al, Mg, K, and P in soils occurring at wet sites and highest mean content
of Si at such sites. All of the above mentioned differences between soils
from wet sites versus moist sites and dry sites are statistically significant
with the exception of EC, which remains significantly different only
between wet and dry sites (Table 5). This interpretation is in line with

Fig. 6. Examples of the studied bare soils (A), soils under initial tundra vegetation (B), and soils covered with moss tundra vegetation (C). Note character and density
of vegetation cover.

Table 6
Spearman's rank correlation coefficients between physical and chemical soil properties and degree of vegetation cover development (i.e. bare soils, initial tundra
vegetation, and moss tundra vegetation).

pH EC TOC TN C/N Sand Silt Clay Si Al Fe Mg Ca Na K P

0.08 −0.11 0.32* 0.33* 0.25 −0.35* 0.38* 0.21 −0.26 0.29* 0.11 0.21 0.13 0.21 0.24 0.29*

* significant at p < 0.05

W. Szymański, et al. Catena 183 (2019) 104209

11



results obtained by Mavris et al. (2011) from the proglacial area of the
Morteratsch glacier in the Swiss Alps who were able to show that
chemical weathering and clay mineral transformation as well as neo-
formation may occur at a very early stage of soil formation after glacier
retreat. However, an alternative explanation of differences in chemical
composition between wet sites and dry as well as moist sites may be
more intensive eluviation and/or pervection (i.e. translocation) of fine
soil particles down the soil profile, and related to these processes de-
pletion of surface soil layers in Al, Mg, K, and P. These processes were
described in proglacial areas by Matthews (1992), Frenot et al. (1995),
and Kabała and Zapart (2012) as well as by Bockheim et al. (2015), and
may be supported in our own study by a significantly lower mean
content of the silt and clay as well as higher mean content of the sand in
the surface layer of soils occurring at wet sites relative to dry and moist
sites (Table 5).

According to Bockheim et al. (2015), one of the main soil forming
process in polar areas is permanent or periodic water saturation of soil,
which leads to reduction and subsequent eluviation/removal of iron
and manganese oxides from the soil (so-called gleization according to
Bockheim et al., 2015). This process may be responsible for the highest
content of Fe in the studied surface soil layers occurring at dry sites and
the lowest content of Fe in surface soil layers located at wet sites
(Table 5). However, the obtained differences in the mean content of Fe
in soils occurring at dry, moist, and wet sites in the studied proglacial
areas are not significant (Table 5). This may indicate that reduction of
Fe takes place but is not very advanced due to low activity of soil mi-
croorganisms in such harsh climatic conditions and/or too short time
elapsed since deglaciation to clearly observe impact of the gleization on
chemical properties of the studied surface soil layers.

Surprisingly, soils occurring at wet sites contain the lowest mean
amount of TOC and TN (0.98% and 0.09%, respectively), while soils
from moist sites are characterized by the highest mean content of TOC
and TN (1.26% and 0.10%, respectively) (Table 5). This shows that sites
with a moderate content of moisture are the most favorable sites for
plant succession and vegetation cover development in the study area.
Plants at dry sites most likely suffer from water shortages whereas
plants at wet sites suffer from the occurrence of either periodic or
permanent anaerobic conditions. In addition, wet sites frequently occur
in the close vicinity of proglacial streams and such sites are char-
acterized by high instability due to erosion in some places or periodic
deposition of sediments in other places restricting plant succession and
vegetation cover development (Matthews, 1992; Moreau et al., 2008).

5. Conclusions

The oldest part of proglacial areas of the Kambreen, Bevanbreen,
and Coryellbreen glaciers along the northeastern coast of Sørkappland
(SE Spitsbergen) is characterized by very high spatial variability of
physical and chemical properties of surface soil layers. The presence of
different parent material of the soil (glacial till and glaciofluvial de-
posits) in the studied oldest part of proglacial areas affects particle-size
distribution, soil pH, soil EC, and content of TN, Ca and Na. The surface
layer of soils developed from glacial till exhibits a finer texture, lower
mean soil pH and EC, lower mean content of Ca and Na as well as
higher mean content of TN in comparison with the surface layer of soils
formed from glaciofluvial deposits. Vegetation cover, which is very
sparse in the study area, produces a very small effect on the variability
of the properties of the studied surface soil layers. A comparison of bare
soils with soils covered with initial and moss tundra vegetation com-
munities indicates that only the more dense and best developed moss
tundra vegetation community affects the higher mean content of TOC
and TN in the soil. Site wetness is the most important of the studied
three soil-forming factors affecting the spatial variability of the physical
properties (particle-size distribution) and chemical properties (soil EC,
content of TOC, TN, Si, Al, Mg, K, P) of the surface layer of the studied
soils. Soils occurring at dry and moist sites are characterized by very

similar physical and chemical properties, but soils occurring at wet sites
exhibit a significantly higher mean soil EC and mean content of the
sand and Si as well as a significantly lower mean content of TOC, TN,
the silt, clay, Al, Mg, K, and P.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.catena.2019.104209.
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