
����������
�������

Citation: Gömöryová, E.; Pichler, V.;
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Abstract: Changes of soil properties along elevational gradients were studied in a less accessible
and explored forest-tundra ecotone in the NW part of Central Siberia. Data on soil physical and
chemical properties were collected along three horizontal transects at an elevation of 100–420 m
a.s.l., at two localities differing in the slope angle. At each transect, five soil pits were excavated to a
depth of 0.3–0.4 m. Soil samples were taken from the depths of 0–0.1 m, 0.1–0.2 m, and 0.2–0.3 m.
The results showed a pronounced effect of slope angle on the pattern of soil properties along the
elevational gradient. At the locality with a gentle slope, soils exhibited 2.5 times larger thickness of the
surface organic layer (SOL), higher pH, and Na+ content, and lower C, N, Ald, and Fed concentration
indicating slower pedogenic processes on this site. On the other hand, at the locality with a steeper
slope, soil properties were better differentiated between transects situated along elevational gradient
especially at the depths of 0.1–0.2 and 0.2–0.3 m. However, a clear positive or negative trend with the
altitude was observed only for some soil characteristics, e.g., SOL, C, N, or Ald concentrations on the
Lama location.

Keywords: forest soil; subarctic zone; forest-tundra ecotone; topography; basalts; altitude; slope angle

1. Introduction

Soil plays a key role in the functioning of terrestrial ecosystems. It is essential not only
for biomass production, but also for regulating the environmental interactions (e.g., materi-
als transformation, water purification and supplies, carbon accumulation) and serves as
a biological habitat and a gene reserve for a large variety of organisms. Provision of the
functions depends on soil properties and processes which are controlled by soil forming
factors, including topography. In mountainous areas, elevation, slope aspect, and slope
angle belong to the main topographic features which influence the pattern and trends of soil
properties through the changes in microclimate, snow accumulation, water flow patterns
and local drainage capacity, leaching and redistribution of soil materials and elements
along hill slopes, and the distribution of plant communities [1–3].

A number of studies have addressed the impact of the topographic features on soil
physico-chemical and biological properties from tropical to boreal forests [4–8], but there
are limited data from forest ecosystems at high latitudes above the polar circle. Although
they represent very precious ecosystems, many regions have not been studied yet due to
their inaccessibility. However, soils above the polar circle may exhibit specific properties as
they are strongly influenced by low temperature and the presence of permafrost, and it is
unclear until now how they reflect the changes in topography because previous studies
were performed predominantly in level areas. For example Karelin and Zamolodchikov [9]
found important effects of microrelief, vegetation, and surface organic layer (SOL) on soil
processes in flat Arctic tundra, mediated by moisture, snow accumulation, and thermal insu-
lation. However, additional factors, such as meso- or macrorelief and frequent temperature
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inversions can be crucial in mountain areas [10]. At present, more attention is beginning to
be paid to soils in these artic and subarctic temperature-limited environments because they
are particularly sensitive to climate change and more affected by faster warming compared
to the other latitudes [11]. An increase in air temperature can lead to permafrost melting, an
increase in the depth of the soil active layer, changes in the intensity of decomposition and
weathering processes, and consequently changes of soil physical, chemical, and biological
properties, the vegetation cover, and a shift of the tree line north or upward [12–14].

The Putorana Plateau, which is situated in the NW part of the Central Siberian Table-
land, belongs to the regions sensitive to shifts in atmospheric circulation [15,16]. It repre-
sents a unique territory with a set of subarctic and arctic ecosystems in an isolated mountain
range. Due to this uniqueness, a part of the Putorana Plateau was included in the World
Heritage List by UNESCO as an area of great importance for arctic and subarctic ecosys-
tems conservation [17]. The soil cover in the Putorana Plateau is poorly understood and
data from the forest-tundra ecotone are especially rare. Many soils are specific due to the
specificity of the pedogenesis determined mainly by the combination of the cold conti-
nental climate and the composition of parent material represented by basic and ultrabasic
rocks [18]. Moreover, the Putorana Plateau landscape exhibits typical features characterized
by a combination of table mountains, deep valleys with characteristic slope profiles, and
flat watersheds [10].

Altitudinal gradients belong to the most powerful set-ups for testing the climate
influences on soil properties and a prediction of the effects of climate change on forest soils.
The Putorana Plateau landscape with steep slopes offers a superb opportunity for the study
of soil properties in this context, as well as in view of the current lack of information on soils
in such remote locations and hostile environments. To predict how the soils in the subarctic
region will respond to climate change, it is necessary to fill-in gaps regarding information
on their current state and how they change in relation to topography features. Therefore, the
main objective of this study was to evaluate the insufficiently explored effect of elevation
on forest soil properties in the subarctic zone using the example of the Putorana Plateau,
and to establish the degree of similarity in the pattern of soil-property changes with depth
at different altitudes. Our hypothesis was that due to a lower temperature and shorter
vegetation season, the changes with elevation will be less pronounced than in the temperate
or boreal zones because of a slower intensity of organic matter decomposition and parent
rock weathering processes. As the study sites differ in slope gradient, we expected that this
would be reflected in the pattern of changes along the altitudinal gradient.

2. Materials and Methods
2.1. Study Site

The study site was located in the Putorana Plateau, which is situated in the SW part of
the Taimyr Municipal District of the Krasnoyarsk Territory, between 89◦ and 101◦ E, and
67◦ and 70◦ N, almost completely located north of the Arctic Circle (Figure 1). The plateau
is composed of numerous basaltic or andesite strata of clinkers that formed flat-surfaced
mountains with elevation averaging 900–1200 m a.s.l. The erosion of edges of these layers
resulted in alternation of flat terracelike surfaces and steep rocky slopes featuring trappean
structure of slopes with several levels. For the western part of the plateau, deep narrow
lake depressions of tectonic origin with steep rocky slopes are typical [15].

Total precipitation in the western part of the Putorana Plateau ranges from 300–400 mm
in the foothills to 1200–1600 m at the top [10]. The average depth of snow cover increases
from 60–80 cm to 100–150 cm, and the duration of snow cover increases from 200–240 to
280–300 days. A cold climate leads to the presence of continuous permafrost table at the
depth of 1–3 m and a development of cryogenic processes [10].
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Figure 1. Position of the sample locations in Russia: the lakes Lama and Keta (Krasnoyarsk region).

The vegetation of the region is characterized by a mountain tundra in the higher part,
while the more sheltered valleys have coniferous forests composed mainly of Larix gmelinii
and Picea obovata with an admixture of Larix sibirica in the west. Upper timberline is formed
by larch with an admixture of Betula tortuosa and elevates from 200–400 m a.s.l. in the NW
to 700–800 m in the SE [19].

The soil cover of the Putorana Plateau is poorly understood. According to available
data [10,18], soil cover is thin and rocky. The largest areas are occupied by cryometamorphic
soils (granuzems) and organic accumulative soils along with abrazems [18].

2.2. Soil Sampling and Analysis

Study plots were selected at two localities in the vicinity of the lakes Lama and Keta
(here locality Lama, Keta) located about 250–320 km above the Arctic Circle and about
150 km deep inside the NW part of the Putorana Plateau. The basic description of sample
plots sites is presented in Table 1. The plots do not differ either in the parent material,
climate, or tree biomass.

Table 1. Basic characteristics of the research localities. Mean annual temperature (MAT) and mean
annual precipitation total (MAP) were calculated from the CRU TS Monthly High-Resolution Gridded
Multivariate Climate Dataset v. 4 [20].

Locality MAT
(◦C)

MAP
(mm)

Geological
Substrate

Active Layer Depth
(m)

Tree Biomass
(t/ha)

Lama −9.4 435.3 Basalt >0.4 m 52.2

Keta −10.1 456.7 Basalt <0.3 m 52.3

Soil sampling was performed in August 2018 (Lama) and July 2019 (Keta) along three
horizontal transects (elevational zones), each about 250–300 m long (Table 2). The transects
are placed on the footslopes (lower transect), in the middle of the forested slope parts
(middle transect), and immediately below the upper tree limit (upper transect), and follow
the contour lines at the elevations of about 130 m, 250 m, and 420 m a.s.l. in the vicinity
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of Lama, and 100 m, 260 m, and 340 m a.s.l. near Keta. Nevertheless, altitude within the
transects varied in the range of 4–53 m to fulfill the same conditions for plots regarding
the vegetation (stands with the dominance of spruce). This was also the reason why the
aspect of the lower transect at the Keta locality differed from the other sampling sites;
it was not possible to find spruce stands with the same aspect as in the middle and upper
slope position.

Table 2. Basic characteristics of the transects at the research localities (mean values and range of
variation of altitude, aspect and slope angle).

Locality Coordinates Altitude
(m)

Aspect
(◦)

Slope Angle
(◦)

Lama Transect 1 N 69◦29′03.00′′ E 91◦25′34.14′′ 419
(400–441)

126
(110–150)

33
(30–46)

Transect 2 N 69◦28′54.66′′ E 91◦25′56.16′′ 249
(216–269)

112
(70–130)

35
(19–47)

Transect 3 N 69◦28′42.30′′ E 91◦26′44.04′′ 129
(111–149)

102
(80–120)

9
(6–13)

Keta Transect 1 N 68◦44′40.70′′ E 91◦31′52.70′′ 338
(320–351)

203
(190–208)

9
(6–14)

Transect 2 N 68◦44′48.18′′ E 91◦32′08.34′′ 260
(252–269)

184
(170–198)

16
(8–20)

Transect 3 N 68◦45′17.30′′ E 91◦29′35.70′′ 104
(102–106)

342
(330–350)

2
(2–4)

The localities Lama and Keta differed in slope angle with distinctly higher steepness
at Lama. Slope angle varied substantially within the studied localities in the range of 6–46◦

at Lama and 2–20◦ at Keta. Generally, the lower parts of the slopes exhibited smaller slope
angle while slope steepness increased above 100 m a.s.l.

At each transect, five soil pits approx. 50–60 m apart from each other were excavated
to the depth of 0.3–0.4 m. Site conditions (terrain, ecological, and forest stand character-
istics) and morphological properties of soils including the thickness of surface organic
layer (including litter and organic matter in varying stages of decomposition but without
weathered mineral particles), presence of horizons, and soil skeleton content were recorded.
Soil samples were taken from depths of 0–0.1 m, 0.1–0.2 m, and 0.2–0.3 m, and transported
to laboratories for further analyses. Altogether, 45 samples were taken at the locality Lama
(3 transects, 5 soil pits at each transect, and 3 samples from different soil depths). In the
same manner, 45 samples were taken at the locality Keta.

As shown in Table 1, the depth of the active layer was smaller at the Keta locality and
permafrost was observed already within the 30 cm soil layer in several places, while at
the Lama locality the active layer was deeper and we did not notice a frozen layer within
0–0.4 m of the soil during the pit opening.

Illustrations of soil profiles from the transects at the Lama and Keta localities are shown
in Figure 2. Soils of the middle transect at the Lama locality exhibited extremely low bulk
density; nevertheless, it was not possible to take samples for the bulk density estimation
because of a high skeleton content. Soil thixotropy was observed in the field at both
localities, at the middle transect of Lama and the upper transect of Keta. All soils exhibited
high skeleton content above 50% (up to 80%) to the depth of 0.3 m of the soil profile. The
density and depth of rooting was much higher at the Lama than at the Keta locality.
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Figure 2. Soils of the upper, middle, and lower transects at the locality Lama (a) and Keta (b).

Soil samples were air-dried and sieved (<2 mm) prior to the analyses. The basic
physico-chemical properties of the soil samples were determined according to standard
methods used in soil science. All soil analyses were performed in the laboratories of
the V. N. Sukachev Institute of Forest of the Siberian Branch of the Russian Academy of
Sciences in Krasnoyarsk, Russia.

Soil texture was determined by the pipette (sedimentation) method after the removal
of organic compounds with hydrogen peroxide (H2O2) and clay dispersion. Three soil
textural fractions were determined: sand (2–0.06 mm), silt (0.06–0.002 mm), and clay
(<0.002 mm) fractions. Soil pH was measured in a water suspension of air-dried soil at
a soil-to-solution ratio of 1:2.5 by the Testo 206 pH instrument (Testo SE & Co. KGaA,
Lenzkirch, Germany). Concentrations of C and N were determined by dry combustion
method using a CN analyzer (Vario Isotope Cube, Elementar Analysis Systems GmbH,
Hanau, Germany). Exchangeable Na, K, Ca, and Mg were measured in the extract of 0.1 M
barium chloride (BaCl2) by inductively coupled plasma-optical emission spectrometer
(ICP-OES Agilent 5100, Santa Clara, CA, USA). Free Fe (oxalate- and dithionite extractable
iron; Feo, Fed) and Al (oxalate- and dithionite extractable aluminum; Alo, Ald) contained
in the fine earth fraction were extracted using 0.2 M ammonium oxalate and sodium
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dithionite–citrate solutes [21]. Dithionite-citrate extraction represents both crystalline and
poorly crystalline Fe oxides. Oxalate-extractable Fe and Al represent poorly crystalline
aluminosilicates, ferrihydrite, and Al and Fe in organic complexes.

2.3. Statistical Analyses

Statistical evaluation of results was performed using the Statistica 10 software. A
three-way analysis of variance (ANOVA) and Tukey pair-wise tests were accomplished to
test the differences in soil properties. The effects of locality, altitudinal level, and soil depth
were considered fixed. As interactions were frequently significant, therefore, separate
one-way ANOVAs testing differences among horizontal transects were performed for each
locality. Principal component analysis (PCA) was applied separately for each depth and
locality to identify the differences in soil properties between transects and to examine the
contribution of soil properties to the overall variation using the software CANOCO 5 [22].

3. Results
3.1. Differences in Soil Properties between Localities and Different Soil Layers

Variation of soil properties among sites, transects, and soil layers was tested using
three-way analysis of variance (Table 3). In general, localities differed in almost all soil
characteristics except silt content. The same applies to differences in most soil properties
among transects at different slope positions and soil layers at different depths.

Table 3. Three-way analysis of variance of soil properties (F-test values and corresponding signifi-
cance levels).

Source of Variation
Variable

SOL 1 pH/H2O Sand Silt Clay C

DF F F F F F F

locality 1 34.57 *** 134.71 *** 7.52 ** 3.58 ns 24.87 *** 69.43 ***
transect 2 3.87 * 3.32 * 18.2 *** 14.03 *** 18.9 *** 8.68 ***

Locality * transect 2 0.51 ns 1.02 ns 2.34 ns 1.02 ns 10.61 *** 13.22 ***
depth 2 23.61 *** 1.09 ns 0.43 ns 9.63 *** 40.64 ***

Locality * depth 2 1.27 ns 1.23 ns 1.44 ns 0.24 ns 6.13 **
Transect * depth 4 0.18 ns 0.25 ns 0.49 ns 1.09 ns 0.52 ns

Locality * transect * depth 4 0.81 ns 0.76 ns 0.58 ns 1.91 ns 1.04 ns
error 72

N C/N Na K Mg Ca

DF F F F F F F

locality 1 69.68 *** 3.63 ns 17.49 *** 3.28 ns 10.15 ** 12.30 ***
transect 2 11.73 *** 1.52 ns 0.03 ns 10.34 *** 3.99 * 1.41 ns

Locality * transect 2 18 *** 7.41 ** 0.48 ns 6.59 ** 5.56 ** 8.96 ***
depth 2 34.77 *** 3.73 * 0.05 ns 5.94 ** 0.21 ns 2.24 ns

Locality * depth 2 5.14 ** 0.05 ns 0.08 ns 5.27 ** 0.14 ns 0.64 ns
Transect * depth 4 0.68 ns 0.62 ns 0.18 ns 2.62 * 0.27 ns 0.74 ns

Locality * transect * depth 4 1.58 ns 0.14 ns 0.04 ns 5.01 ** 0.12 ns 0.48 ns
error 72

P Alo Ald Feo Fed

DF F F F F F

locality 1 27.28 *** 82.50 *** 49.08 *** 42.49 *** 63.51 ***
transect 2 0.07 ns 47.25 *** 33.95 *** 17.88 *** 20.72 ***

Locality * transect 2 6.53 ** 22.88 *** 11.33 *** 17.73 *** 12.21 ***
depth 2 26.29 *** 7.24 ** 6.99 ** 9.35 *** 2.21 ns

Locality * depth 2 5.12 ** 5.00 ** 1.12 ns 0.22 ns 1.23 ns
Transect * depth 4 0.38 ns 1.89 ns 0.38 ns 0.31 ns 0.13 ns

Locality * transect * depth 4 1.73 ns 3.41 * 1.62 ns 1.54 ns 0.53 ns
error 72

1 DF (error) = 29. *** p < 0.001, ** p < 0.01, * p < 0.05, ns non-significant. SOL–surface organic layer.
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A basic overview of the investigated soil variables is given in Table 4. Most soil
properties differed significantly both between localities and between soil layers. Generally,
soils at Lama exhibited smaller thickness of the SOL, higher acidity, C, and N content, and a
higher concentration of different forms of aluminum (Alo, Ald) and iron (Feo, Fed) compared
to soils at Keta. In particular, the statistically significant difference in SOL thickness was
approx. 2.5-fold, exceeding standard deviation at either site. Also, the significantly lowest
clay content and C content at 0.2–0.3 m depth, and Fed concentration at 0.1–0.3 m occurred at
Keta, where—in contrast to Lama—shallow permafrost table was detected. As the mineral
soil is largely affected by energy and material flows, the combined influence of its upper
and lower boundary formed by SOL and permafrost, respectively, had a great potential
to affect observed soil properties indicative of soil weathering rate through insulation
(SOL) and upward cooling (permafrost). In particular, Tukey pairwise-test showed that
the largest significant difference in the content of clay, C, and reactive pedogenic Fe and
Al minerals, mainly responsible for C binding and stabilization, developed in soil layers
adjacent to the two boundaries. On the other hand, the generally high C/N ratio (>15)
irrespective of locality and soil depth was typical of considerable presence of particulate
organic matter [23]. There was a slight tendency of lower Ca and higher Na concentration
at Keta; nevertheless, the variability within each locality was higher than between localities.
In the case of soil texture, there was a tendency of higher proportion of sand fraction on one
side and lower proportion of silt and clay fraction on the other side at Keta in comparison
to Lama.

Table 4. Soil properties at two localities and of different soil layers (mean values, standard deviations,
and Tukey pairwise test; means with the same letters do not differ significantly).

Variable

Lama Keta

0–0.1 m 0.1–0.2 m 0.2–0.3 m 0–0.1 m 0.1–0.2 m 0.2–0.3 m

n = 15 n = 15 n = 15 n = 15 n = 15 n = 15

SOL (cm) 5.80 ± 3.26b 14.87 ± 5.58a
Sand (%) 50.91 ± 11.99a 47.45 ± 19.23a 52.00 ± 21.95a 52.65 ± 15.05a 60.33 ± 15.69a 62.46 ± 16.77a
Silt (%) 36.79 ± 10.45a 42.98 ± 16.52a 38.34 ± 16.86a 37.88 ± 14.01a 32.98 ± 14.00a 31.68 ± 15.07a

Clay (%) 12.30 ± 3.73a 9.57 ± 4.07ab 9.65 ± 6.77ab 9.46 ± 2.84ab 6.69 ± 2.20ab 5.86 ± 1.89b
pH 5.26 ± 0.26d 5.58 ± 0.25d 5.90 ± 0.22c 6.08 ± 0.40bc 6.36 ± 0.31ab 6.50 ± 0.32a

C (%) 8.34 ± 3.47a 4.81 ± 2.70b 2.68 ± 1.49bcd 3.64 ± 2.17bc 1.63 ± 1.94cd 1.19 ± 0.70d
N (%) 0.46 ± 0.22a 0.28 ± 0.16b 0.16 ± 0.10bc 0.20 ± 0.11bc 0.10 ± 0.06c 0.07 ± 0.03c
C/N 18.76 ± 4.02a 17.62 ± 3.49a 17.14 ± 2.28a 17.89 ± 1.94a 16.61 ± 1.52a 15.85 ± 2.58a

Na (mg/kg) 11.32 ± 7.23b 14.68 ± 10.18ab 14.10 ± 12.24ab 52.53 ± 63.52ab 48.20 ± 55.21ab 55.30 ± 52.49a
K (mg/kg) 30.72 ± 24.19a 15.82 ± 6.32a 16.22 ± 4.92a 24.97 ± 9.92a 24.27 ± 8.94a 55.28 ± 117.9a
Mg (g/kg) 0.73 ± 0.30a 0.67 ± 0.29a 0.67 ± 0.27a 0.54 ± 0.17a 0.54 ± 0.17a 0.55 ± 0.19a
Ca (g/kg) 6.42 ± 2.74a 5.42 ± 1.91ab 5.42 ± 1.91ab 4.79 ± 1.34ab 4.40 ± 0.95b 4.47 ± 0.81b
P (mg/kg) 29.38 ± 9.74a 16.88 ± 6.55b 12.48 ± 4.95b 16.42 ± 8.07b 10.57 ± 4.73b 10.19 ± 5.91b
Alo (g/kg) 10.38 ± 4.41a 10.70 ± 4.91a 9.84 ± 4.63a 7.80 ± 5.89ab 5.13 ± 2.77b 3.24 ± 1.81b
Ald (g/kg) 6.67 ± 3.56a 6.55 ± 4.30a 4.81 ± 3.36ab 4.19 ± 2.62ab 2.57 ± 1.21b 2.05 ± 1.38b
Feo (g/kg) 13.08 ± 5.23a 12.14 ± 5.35a 10.03 ± 4.79ab 9.50 ± 2.83ab 7.52 ± 2.02b 5.88 ± 2.06b
Fed (g/kg) 16.35 ± 5.13ab 17.21 ± 8.17a 15.30 ± 6.76ab 11.16 ± 5.05bc 8.73 ± 3.04c 7.69 ± 2.48c

Generally, soil pH increased with increasing depth, while the opposite tendency was
observed for C and N concentration. The top 0.1 m of soils exhibited, generally, higher
amount of clay, P, Ca, and most of Al and Fe forms in comparison to the deeper layers.
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3.2. Soil Properties at Plots along the Altitudinal Gradients

Unidirectional altitudinal trends in soil properties were quite rare and were limited to
the locality Lama. Thickness of the soil organic layer decreased, while dithionite-extractable
aluminum content increased with elevation at Lama. The contents of organic carbon and
nitrogen were the lowest on the lower transect, especially in deeper soil layers (below
0.1 m). On the other hand, the middle transect quite frequently deviated from the upper
and lower slope positions; again, this applies primarily to the locality Lama. The proportion
of sand was minimal, while the content of clay, concentration of Alo, Feo and Fed was
highest in the middle transect almost in all soil layers. At Keta, a consistent pattern was
observed only for Alo content, which again peaked on the middle slope position (Figure 3).
The findings support previous ANOVA results in showing that the terrain morphology
engenders considerable variability in soil properties that are important indices of soil
weathering, mainly clay, pedogenic Fe and Al, and C content.

Figures 4 and 5 illustrate similarities or dissimilarities of sampling points at different
transects as well as the relations between soil properties for different sites and soil depths.
The results indicate that plots at the lowest transect, especially at Lama, were generally
more similar in soil properties than on other transects where a bigger variability in soil
properties between sampling sites was observed. At Lama, samples from different transects
were better separated in the depths of 0.1–0.2 and 0.2–0.3 m, while in the top layer soil
properties samples from the upper and middle transects partially overlapped. Although
some trends can be observed at Keta, e.g., a separation between the middle and the lower
transect at the depth of 0.2–0.3 m, the groups representing different slope positions mostly
overlap in all depths. The results hint at likely mixing of soil material at footslope positions
though erosion and solifluction, resulting in smaller differences in soil properties among
plots below steep slopes at Lama. The thick SOL and permafrost table at Keta does now
allow for the development of pronounced differences in soil properties and patterns. Their
emergence at Lama led to discernible interactions and associations between pedogenic Fe
and Al on the one hand, and C content on the other hand. This trend also emerged from a
more detailed inspection of the principal components.

At Lama, the first principal component generally reflects both elevation and soil
texture, especially the contrast between sand content on one side and silt/clay content
on the other side; this is especially apparent in lower soil layers. PCA diagrams also
demonstrated close association of soil organic matter (as reflected in soil C and N content)
with pedogenic Fe and Al. At Keta, the general picture is much more blurred: the contrast
between sand and silt/clay still remains visible, although it is neither associated with
any principal axis nor with elevation. Chemical soil properties also do not show any
interpretable pattern.

At Lama, soils at the lower transect exhibited higher organic layer thickness and
higher sand proportion, K content and C/N ratio mostly in all depths. For the middle
transect, higher amounts of base cations except K and finer texture fractions were found;
nevertheless, one of the plots deviates from it. Soils at the upper line exhibited higher Fe
and Ald concentration and skeleton content as well. At Keta, point clouds representing the
transects mostly overlapped and no clear trend in soil properties at transects was observed.
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4. Discussion

Soils in the forest-tundra ecotones situated in mountainous areas, including the
Putorana Plateau, above the polar circle are less explored because of their limited ac-
cessibility by land transport. To the best of our knowledge this is the first study also
focusing on a deeper interior of the Putorana Plateau, containing the area in the vicinity
of the Keta Lake. The reported values of soil characteristics in our study correspond with
those observed in the studies of Senkov [18], Norin [24], or Karpenko [25] from the plateau
margins. In general, soils are mostly sandy loam with higher skeleton content, slightly
to moderately acidic, exhibiting higher amount of amorphous mineral compounds. The
permafrost table occurred within 0.3 m soil depth only at the Keta Lake.

The distinct effect of differences in climate along an elevational gradient on soil
properties has been documented in many studies e.g., [26–29]. Generally, with increasing
altitude, a decrease in temperature and an increase in precipitation are observed. Changed
climate affects the composition and the biomass of the vegetation, and both they are
reflected in the alteration of soil properties and soil taxa. Common trends reported in these
studies included changes in soil organic matter, C/N ratio, increase in soil acidity and
cation-exchange capacity, and a decrease in base saturation. Oxyhydroxides, imogolite-
type materials, or clay content were also found to be strongly related to elevation [30].
Analyses of soil properties at the Putorana Plateau confirmed these trends only partially,
e.g., in the case of C and N content, while no clear trend was observed for pH and base
cation contents except K concentration, and an opposite trend was found, e.g., for SOL
thickness. The surface organic layer plays an important role in ecosystem processes, as it is
not only a source of nutrients but distinctly affects the hydrological processes and thermal
regime of soils [31,32]. The thickness of SOL was shown to be correlated, among other
factors, also with topography-related factors such as elevation, upslope drainage area, and
direct radiation [32]. An increase of SOL with elevation is often observed because of a
lower temperature, leading to slower decomposition of organic matter arriving on the soil
surface [27,33]. However, the effect of elevation can be weakened by the orientation of the
hillslopes affecting the microclimate or by the steepness of the slope influencing the rates of
surface-water runoff and erosion-accumulation processes [34]. The latter factor seems to be
the driver causing a negative correlation of SOL with altitude. Gentle bases and increased
steepness of the slopes with elevation, being a typical feature of the Putorana Plateau, as
well as cryogenic processes can influence the movement of soil materials downward on the
slopes and result in an accumulation of organic plant residues on the footslopes.

The surface organic layer exhibits a low thermal conductivity, and as such may act
as a thermal insulator of the soil from the air, playing an important role in the protection
of permafrost layer from melting [35]. Baughman et al. [32] found that the presence of a
SOL more than 7 cm thick reduced mean temperature at the top of the mineral soil during
the vegetation period by 8 ◦C, maintaining thinner active layers above the permafrost. A
decrease in soil temperature by about 0.35 ◦C and 0.5 ◦C per 1-cm-increase in the thickness
of SOL was also observed in the studies performed by [36] and [37], respectively. The
insulation effect of SOL was also detected at our study plots when the soils at Keta exhibited
a higher SOL thickness along with a smaller thickness of the active layer than at Lama. We
suggest that just the steepness and consequently SOL thickness led to distinct differences
in soil properties between Lama and Keta localities. Lower temperature inhibits not only
the decomposition of plant residues but also slows down the chemical weathering of
basalts [38,39]. Soils at Keta exhibited a lower amount of C and N, acidity, and Fed and
Ald concentration, but higher Na+ concentration indicating slower pedogenesis and lower
degree of soil development. The slower pedogenesis is probably the reason why no clear
differentiation and trends in soil properties between transects was observed at Keta. Thus, a
smaller average slope angle and thick SOL at Keta produced conditions similar to relatively
flat forest-tundra, where pedogenic Fe and Al hydroxides showed pronounced small-scale
spatial patterns that were neither spatially correlated with SOC stocks nor with any of the
other soil properties [40].
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A different situation was found along the elevational gradient at the locality Lama.
Soils at the lower transect clearly differed from the others especially in characteristics
related to the organic matter. Higher K concentration in the top 0–0.1 m soil layer at
the lower transect reflects a higher mass of SOL. Potassium, unlike Ca or Mg cations, is
very easily leached from plant residues [41]. During the active period, the downward
penetrating fluids containing K+ can interact with organic matter and secondary minerals
in the upper soil horizons and enrich top horizons [42]. The higher amounts of crystallized
Al and Fe observed at higher transects indicate a higher degree of weathering and therefore
supposedly higher temperature, which was unexpected. According to Norin [24], soils in
the Putorana Plateau are characterized by temperature below the freezing point during
8–9 months in a year and the pedogenic processes take place mainly on slopes during
warmer periods. We suppose that soils at the middle or upper transects can be more
easily warmed by thinner SOL, enabling better access of the heat into the soil. Moreover,
strong thermal inversion along the slopes proximate to the lakes are known to occur; this
phenomenon can also modify the intensity of soil processes along the slopes [43].

Surprisingly, some soil properties exhibited the highest values at the middle transect,
especially below the depth of 0.1 m, as observed for instance in the case of Ca, Mg, Na,
Alo, or the content of finer texture fractions. During the description of soil profiles in the
field, we identified a low bulk density and thixotropy indicating the presence of volcanic
glass in several soil profiles at the middle transect. The presence of thixotropic soils in
the subalpine belt of the Putorana Plateau was also pointed out by Senkov [18]. In the
Putorana region, tuffs form small layers or bodies between single basaltic lava flows [44].
Their weathered fractions can be relocated by mass movements and solifluction, as well as
cryogenic processes, and contribute to the heterogeneity of soil properties along the slopes.

5. Conclusions

Our study, performed in the forest-tundra ecotone of the Putorana Plateau, did not
confirm a general trend of the changes of soil properties along the altitudinal gradient
occurring at lower latitudes for most measured soil characteristics. As shown above, slope
angle and accumulation of surface organic layer play an important role in the differentiation
of soil properties and soil development. In addition, frequent thermal inversion situations
in the lake valleys, reported in literature, may counter some expected trends. In general,
soils on the steeper slope with thinner surface organic layer exhibited a higher degree of
weathering than on the gentle slope, and soil properties were better differentiated along
the elevational gradient there, especially at depths below 0.1 m.

Understanding the spatial distribution of soil characteristics as influenced by landscape
features is critical for assessing the effect of climate change on soil and the application of
models. Soil data from the less explored regions behind the polar circle of Central Siberia
bring new information about soil properties especially missing in mountainous areas of
subarctic regions, and indicate the need to consider the slope angle and thickness of soil
organic layer in spatial models.
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