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Abstract: Climate warming, increased precipitation, and permafrost thaw in the Arctic are
accompanied by an increase in the frequency of full or partial drainage of thermokarst lakes.
After lake drainage, highly productive plant communities on nutrient-rich sediments may develop,
thus increasing the influencing greening trends of Arctic tundra. However, the magnitude and extent
of this process remain poorly understood. Here we characterized plant succession and productivity
along a chronosequence of eight drained thermokarst lakes (khasyreys), located in the low-Arctic
tundra of the Western Siberian Lowland (WSL), the largest permafrost peatland in the world. Based on
a combination of satellite imagery, archive mapping, and radiocarbon dating, we distinguished early
(<50 years), mid (50–200 years), and late (200–2000 years) ecosystem stages depending on the age
of drainage. In 48 sites within the different aged khasyreys, we measured plant phytomass and
productivity, satellite-derived NDVImax, species composition, soil chemistry including nutrients,
and plant elementary composition. The annual aboveground net primary productivity of the early
and mid khasyrey ranged from 1134 and 660 g·m−2

·y−1, which is two to nine times higher than that
of the surrounding tundra. Late stages exhibited three to five times lower plant productivity and
these ecosystems were distinctly different from early and mid-stages in terms of peat thickness and
pools of soil nitrogen and potassium. We conclude that the main driving factor of the vegetation
succession in the khasyreys is the accumulation of peat and the permafrost aggradation. The soil
nutrient depletion occurs simultaneously with a decrease in the thickness of the active layer and
an increase in the thickness of the peat. The early and mid khasyreys may provide a substantial
contribution to the observed greening of the WSL low-Arctic tundra.

Keywords: drained thermokarst lake; khasyrey; plant communities; NDVI; soil physical and chemical
properties; western Siberia; low-Arctic tundra

1. Introduction

Ongoing climate changes in the Arctic are leading to longer, warmer growing seasons, greater
nutrient availability and precipitation, enhancing plant productivity and thermokarst activity [1–5].
The effect of increased productivity is known as tundra greening and has been confirmed both
by satellite-derived Normalized Difference Vegetation Index (NDVI) and in-situ research [6,7].
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The greening is not only caused by increased vegetation activity but more importantly by widespread
colonization of previously unvegetated drained lake basins [8]. The opposite effect is associated
with a decrease in the NDVI (i.e., browning) and usually indicates reduced vegetation growth [6].
Greening and browning are observed in various subarctic regions, although trends are strongly
variable and heterogenous over space and time [9]. For example, only 18% of the total area of
the northern West Siberian Lowland (WSL), the largest province of permafrost peatlands in the
world, had statistically significant changes in productivity, with 8.4% increasing (greening) and 9.6%
decreasing (browning) [10,11]. Between 1982 and 2003, against the background of an increase in
terrestrial greening, an increase in browning also occurred, but the two processes are separated in
space [12].

In the low-Arctic tundra of northern WSL, the average annual air and permafrost temperature
and precipitation have increased over the past decades [13–17]. As a result, the active layer thickness
(ALT) (seasonally unfrozen layer of the permafrost) has also increased [18,19]. The changes in climatic
and thermal regimes has led to increased frequency of thermokarst events [20], such as a full or partial
drainage of thermokarst lakes [21,22]. The increase in frequency of thermokarst lake drainage was
noted in different regions of the Arctic, including part of the permafrost zone of Western Siberia, located
in the mid-Arctic tundra [23–26], North eastern Siberia and the Far East [24,27,28], Canada [29–32] and
Alaska [33–36]. In some areas lakes drainage has occurred simultaneously with an increase in the area
of remaining lakes (for example, in Central Yakutia), which is caused by an increase in precipitation [28].
Increasing the lake size has a positive effect on the trend of browning. In the WSL, lake drainage
occurs due to the thawing of the permafrost and the formation of soil subsidences in the valley through
which lake water flows. The soil stability decreases, which causes a deepening of the flow and the
formation of erosion channels, through which the lake water is discharged [21]. The thawed ground
is washed away by a stream, which leads to a decrease in the water table of the lake [37,38]. As a
result, lacustrine sediments become exposed. Pioneer plant species colonize the relatively warm and
nutrient-rich sediments, thus initiating the succession of vegetation and soil [22].

The mineral and peat permafrost soils of the Subarctic accumulate nutrients in the permafrost
layer near the interface with active layer [39,40]. Thermokarst activity and active layer deepening
exert strong control on the availability of nutrients in soils [41–44]. An increase in the average annual
air temperature increases the intensity of organic matter decomposition, thus further enriching the
ecosystem in nutrients [45]. Furthermore, deepening ALT increases potential for export of inorganic
nitrogen (N) from permafrost-influenced soils to the aquatic systems [46,47]. The hydrological export
of carbon and nutrient strongly increases due to collapsing permafrost of upland and polygonal bogs,
due to the leaching of nutrients, previously preserved in permafrost [48,49]. Plants with deep root
systems, such as sedges which are the dominant pioneer species, are particularly sensitive to the
increase in nutrient cycling [50].

The drained basins of thermokarst lakes, called ‘khasyreys’ in the WSL, are influenced by a
superposition of two major factors of tundra greening. The first is a decrease in open water area as
a result of lake drainage, followed by an increase in nutrient input from catchments. The second
factor is nutrient-rich sediments which favor the development of productive plant communities.
The drainage of thermokarst lakes triggers a post-drainage succession. The initial post-drainage
phase is characterized by gradual ground cooling associated with formation of permafrost [51] and
the growth of segregated near-surface ground ice [52]. Permafrost aggradation occurs differently in
different parts of the basin. The temperature of permafrost and ALT increases after the thickening of
snow. In the low-Arctic tundra, the snow cover is thicker in micro-depression and on sites with shrubs.
The coldest soils are located at micro-elevations (the highest point) [53,54]. Ground ice accumulation
at micro-elevations causes vertical movements of the surface. Local thaw subsidence leads a lower
surface elevation. These processes create micro-mosaic of wetter and drier areas in basins [52,55,56].
After several decades, newly formed permafrost is present under frost mounds with peat sediment,
but it is absent under wet marshy meadows [51]. The variation of plant communities within the basin
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will influence the values of NDVI observed from satellites. Therefore, in order to validate the NDVI
data, extensive ground-based observations of post-drainage ecosystems are needed, in accordance
with their microtopographic settings. Furthermore, comparing NDVI trends derived from satellite
remote sensing with the results of ground-based observations will improve our understanding of the
mechanisms of greening and browning processes [7]. This knowledge can be incorporated into model
predictions of ecosystem development under various climate change scenario.

The sequence of vegetation, carbon fluxes, and the effect of nutrient availability on plant phenology
have been extensively studied in drained lake basins in Canada and Alaska [1,30,57–59]. In the boreal
zone, drained lake basins are common in Central Yakutia, where they are called ‘alases’. Alases occupy
up to 10–15% of the total area of permafrost plains [60–63]. However, due to climatic and geochemical
features, Yakutian alases are very different from the lake drainage basins of the WSL peatlands.
In Western Siberia, khasyrey vegetation was previously studied in the forest-tundra and northern part
of the forest zone [22,64], as well as in the tundra zone of Yamal [65]. However, a combined approach
of landscape microtopography, plant ecology and biogeochemistry in the khasyreys of the southern
part of the WSL tundra zone has never been attempted.

The first purpose of this work is to provide new insights into the vegetation of khasyreys
in the WSL low-Arctic tundra. In particular, we characterize the species composition, ecological
structure, phytomass and productivity of vegetation, elemental composition, and succession of the
species. The second purpose to study the relationship between the vegetation parameters and
the microtopography of khasyreys. The obtained results allow better understanding of the role of
thermokarst lake drainage in plant diversity and biomass in the poorly studied region of permafrost
peatlands of the Eurasian Subarctic via: (i) identifying the drivers of plant succession in khasyreys,
and (ii) quantifying possible contribution of khasyreys to the greening of tundra.

2. Results

2.1. Microtopography and Soil Setting

The microtopography, soil and vegetation parameters are compiled in Table A2 and illustrated
in Figure 1. The microtopography of young khasyreys follows that of the lake bottom and exhibits
gentle slope from the shores to the center. On this slope, there are small mounds and depressions with
an amplitutde of ca. 30 cm, linked to wave ripples of the former lake bottom. Soils are represented
by Fluvisols in the central part and peat shores, and Gleysols, which are encountered in the vicinity
of mineral shores, having sand layers. The ALT is 153 ± 58 cm but locally decreases to 50–80 cm in
sites of peat deposits in the sediments (Table 1). The average litter thickness is 1.3 ± 0.6 cm (Table 1,
Figures 1 and 2). Strong horizontal variation of sediments thickness, humidity of soils and snow depth
lead to laterally uneven aggradation of permafrost. Over the first decade in early khasyreys, the frost
mound are formed in sites containing redeposited peat in the upper part of sediment profile.
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Figure 1. Vegetation and soil of the successional stages of khasyreys. 1—mineral lake sediment; 2—inclusion of redeposited peat in the sediment; 3—peat–mineral
sediment; 4—grass (eutric) peat; 5—moss (dystric) peat; 6—permafrost; 7—sphagnum mosses; 8—top level of shallow ground water; 9—brown and sphagnum moss;
10—sandy layer of sediment.
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These mounds achieve the maximal heights of 0.8–1.2 m after several decades, in mid khasyreys.
At this stage, the heterogeneity of relief and environmental conditions is highly pronounced (Table A2,
Figure 1). In average, the ALT is 114 ± 71 cm (Table 1, Figures 1 and 2). On frozen mounds, the ALT
decreases to 0.5 m whereas in depressions, the ALT remains ≥ 1.5 m. The relative height of mounds is
0.8 to 1.0 m. The most common soils are the Cryosols (with cryoturbation) and Gleysols, whereas the
Fluvisols are developed along streams. The litter thickness is 6.2 ± 4.3 cm (Table 1, Figures 1 and 2).

Table 1. Mean values and standard deviations (M ± sd) of soil and vegetation parameters.

Successional Stages Early Mid Late

NDVImax 0.68 ± 0.03 0.64 ± 0.02 0.54 ± 0.07
ANPP, g·m−2

·y−1 1134 ± 645 660 ± 292 261 ± 77
Litter/peat thickness, cm 1.3 ± 1.7 6.2 ± 4.3 28.5 ± 10.7

ALT, m 1.53 ± 0.58 1.14 ± 0.71 0.69 ± 0.65
Soil density, g·cm−3 (0–30 cm) 1.0 ± 0.3 1.0 ± 0.3 0.1 ± 0.02

pH soil water 6.3 ± 0.7 6.5 ± 0.7 5.1 ± 0.7
Sp. cond. of soil water, µS·cm−1 208 ± 205 171 ± 170 25 ± 5

P-PO4, g·m−2 (0–30 cm) 13.8 ± 8.4 13.3 ± 6.2 4.0 ± 2.2
K labile, g·m−2 (0–30 cm) 20.8 ± 10.1 35.8 ± 18.2 9.6 ± 7.2

N min (0–30 cm) 2.5 ± 1.8 7.4 ± 5.5 5.4 ± 1.6
Cover of herbs, % 61.1 ± 18.0 46.2 ± 22.4 5.0 ± 5.0

Cover of mosses, % 0.7 ± 0.6 50.8 ± 26.0 99.0 ± 2.3

The khasyreys of the late stage exhibit minimal lateral heterogeneity. The peat thickness is
28.5 ± 10.7 cm (Table 1). The permafrost aggradation occurs throughout the entire basin. The ALT never
exceeds 100 cm and equals on average 69 ± 65 cm (Table 1, Table A2; Figures 1 and 2). The Histoisols
and Gleysols dominate, whereas at the frozen mounds the Cryosols are abundant. The mounds of
maximal size (350 × 130 m) and 0.5 to 0.8 m height are present in drained basin La3. The slopes of
mounds are always gentler compared to those of the Mid stages.

The median values of soil fertility parameters vary systematically between stages (Table 1, Figure 2).
The pH of the soil solutions of the root layer is slightly acidic, amounting to (mean± standard deviation)
6.3 ± 0.7 and 6.5 ± 0.7 in the early and mid, respectively. In the late khasyreys, the soil waters become
very acidic (pH = 5.1 ± 0.7). The Specific conductivity, which integrally characterizes the availability
of mineral nutrition elements, in the early and mid khasyreys is 208 ± 205 and 171 ± 170 µS·cm−1,
respectively. In the late khasyreys, this parameter strongly decreases to 25 ± 5 µS·cm−1. The pools of
labile phosphorus in the 0–30 cm layer are the largest in the soils of the early and mid khasyreys and
strongly decrease during the late stage (13.8± 8.4, 13.3± 6.2 and 4.0± 2.2 g·m−2, respectively). The labile
potassium (K) pool is the largest in the khasyreys of the mid stage at 35.8 ± 18 g·m−2, and it decreases
to 20.8 ± 10.1 g·m−2 in the early stage. The difference between these stages is statistically significant
(p = 0.0215). The minimum pool of labile K is in the soils of the late stage (9.6 ± 7.2 g·m−2). The mineral
nitrogen exhibits the largest pool in soils of the mid stage (7.4 ± 5.5 g·m−2), whereas a minimal pool of
Nmineral is observed in soils of the early successional stage of khasyreys (2.5 ± 1.8 g·m−2). In soils of
the late stage, the N pool is 5.4 ± 1.6 g·m−2. Therefore, the ecotopes of the mid successional stage of
khasyreys exhibit the highest fertility.

According to non-parametric H-criterion Kruskal Wallis for un-paired data (at p < 0.05),
all parameters of soils and vegetation are different between succession stages (Table A3A). A pairwise
comparison of stages revealed most significant differences in all parameters between Early and Late
stages (Table A3B). The early and mid-stages are different in terms of litter/peat thickness (p = 0.001),
Nmin (p = 0.0255) and Klabile (p = 0.0215); the pools of nutrients are higher at the mid stage. The mid
and late stage are different by their peat thickness (p = 0.003), soil density (p = 0.001), pH soil water
(p = 0.003), Sp. cond. (p = 0.008), P-PO4 (p = 0.004), and Klabile (p = 0.002). Analysis of microtopography
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and soil types demonstrates that all three stages are sizably different, especially the early and late stage,
which do not show similarity in none of the considered parameters.

Figure 2. Analytical properties in a soil layer of 0–30 cm through three successive stages of
khasyreys. (a)—peat thickness; (b)—soil water pH; (c)—specific electrical conductivity; (d)—soil
density; (e)—mineral forms of nitrogen (N-NO3

− + N-NH4
+); (f)—labile phosphorus pool in 0–30 cm

layer; (g)—labile potassium pool in the 0–30 cm layer.

2.2. Plant Communities and Successional Stages of Drained Lakes

The early successional stage is represented by plant communities with a dense herb layer and
very sparse moss layer (Figure 3; Table A2). The dominant species are sedges, grasses, and in a lesser
degree, cotton grasses (Figures 1 and 4). All of them are common for floodplain meadows. Most plant
species are hydrophilic (hydromesophytes and subhydrophytes) and flood tolerant (helophytes).
These mesotrophic and mesoeutrophic species require high fertility.

In plant communities of the mid-successional stage, the cover of herb layer decreases, and the cover
of moss layer increases in comparison with the ecosystems of the early stage (Figure 1). The composition
of species is close to that in the communities of the early stage. However, the relative abundance of
species which require soil trophicity decreases and they become less mesoeutrophs, more mesotrophs
and even mesooligotrophs (Table A2). On the frost mounds with thicker litter (6–11 cm), the species
which are common for tundra communities are abundant (Betula nana, Vaccinium uliginosum, Dicranum
elongatum and others, see Figure 5a). The structure of plant communities of the mid successional stage
varies among different ecotopes. On the flat bottom areas, the hydrophilic species (hydromesophytes
and subhydrophytes) prevail, like in the early-stage communities (Figure 5b,c). However, on the
frost mounds, there is high proportion of mesophytes—species, which avoid flooding: reedgrass,
horsetail, or willows (Figure 5d). Sphagnum mosses of small abundance appear on some wet areas
(Figure 6). Over the vegetation succession in wet ecotopes, the abundance of Carex aquatilis increases in
the transition from the early to the mid stage, and the abundance of C. rostrata decreases.



Plants 2020, 9, 867 7 of 41

Figure 3. The plant communities of the Early (EA), Mid (MI) and Late (LA) successional stages.

Figure 4. The vegetation of the early khasyreys: (a)—Arctophila fulva; (b)—Arctophila fulva and
Tephroseris palustris around the pond; (c)—community on the sandbanks near the shore; (d)—complex
vegetation cover of the early khasyrey (green—sedge; white—cotton grass).

In the khasyreys of the late successional stage, the plant communities are represented by typical
tundra species. The total cover of the dwarf shrub-herb layer varies greatly. On the flat bottom
areas, herbs (sedges and cotton grasses) form a sparse layer with a small admixture of dwarf shrubs.
On the frost mounds, dwarf shrubs (Ledum palustre, Betula nana) form dense thickets (Figure 7a).
The moss-lichen layer is continuous. Among the mosses, sphagnum prevail (dominated by Sphagnum
balticum), both on the fens (Figure 7b,c) and on the frost mounds (Figure 1). Only on the highest and
widest mounds, lichens prevail over the sphagnum. Late-stage plant communities differ from early-
and mid-stage communities by the ratio of ecological groups of species in terms of soil trophicity. In the
plant communities of the late successional stage, the dominant species are mesooligotrophs, whereas
the share of mesotrophs decreases. Mesoeutrophic and mesotrophic sedge and cotton grass species



Plants 2020, 9, 867 8 of 41

(as at the early and mid-stage) are abundant only locally on the shores of residual ponds with deep
ALT (>1.5 m) (Figure 7d). In terms of soil moisture, the structure of the late-stage plant communities
varies in different ecotopes. Hydrophilic species (hydromesophytes and subhydrophytes) prevail on
the flat bottom areas (fens), while mesophytes and hydromesophytes dominate on the frost mounds.

Figure 5. The vegetation of the mid khasyreys: (a)—complex vegetation of frost mounds (birch-brown
moss community) and hollows (sedge brown moss community); (b)—horsetail-brown moss community
(c)—sedge and reedgrass community on a slope to permafrost subsidence; (d)—reed-willow community
and residual pond.

Figure 6. Patches of sphagnum mosses in horsetail-sedge (a) and sedge-comarum communities (b).
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Figure 7. The vegetation of the late khasyreys: (a)—frost mound with a dominance of ledum and lichen,
and the thawed pond with Eriophorum spp.; (b)—standing fen with Carex limosa, Carex chordorrhiza and
Sphagnum obtusum; (c)—flowing fen with Carex chordorrhiza, Sphagnum obtusum, Calliergon stramineum
and Warnstorfia exannulata; (d)—shore of residual pond with Carex rostrasta and Eriophorum medium.

The phytoindication of ecotopes confirm these results on plant communities (Figure A1). In relation
to the soil moisture, the ecotopes of the flat bottom areas are very close at all successional stages and
correspond to wet conditions. However, on the frost mounds, which occur in areas of the mid and
late stages, the soil moisture of ecotopes is lower. In relation to the soil trophicity, the ecotopes of the
early and mid-stages are richer in nutrients than the ecotopes of the late stage, both the flat areas and
the frost mounds. The ecotopes of the early stage are slightly richer than those of the mid stage; both
correspond to mesotrophic conditions. On the frost mounds of the mid stage with relatively thicker
litter, the soil richness is lower and comparable to that of the late stage. Late stage ecotopes are the
most depleted in nutrients and correspond to meso-oligotrophic conditions; only on the shores of
residual ponds with greater ALT (>1.5m) the conditions are mesotrophic.

2.3. Biological Productivity of the Vegetation in Khasyreys

The biological productivity of studied khasyreys were highly variable and decreased over one
order of magnitude from Early to Late stages (Table 1). According to the H-criterion of Kruskal
Wallis, the ANPP and NDVImax were significantly different between the three stages (Table A3B)
with p = 0.0005 and 0.0001, respectively. Only in one case, during comparison of Early and Mid stage,
the Mann-Whitney U-test did not reveal significant differences in the ANPP. However, a pairwise
comparison of different stages according to the NDVImax always demonstrated significant differences
between stages (p ≤ 0.003, Table A3B). Such inconsistency in behavior of ANPP and NDVImax may be
due to their non-functional relationship, that can be approximated by an exponential dependence with
R2 = 0.62 (Figure 8a).
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Figure 8. Relationship between the NDVImax and the ANPP (a) and litter: peat thickness ratio (b) of
all sites studied. The NDVImax measured using EO Browser for the year of field work.

The ANPP of vegetation of early and mid-successional stages demonstrates a very high productivity
(Figure 9). The average ANPP and NDVImax of early stage plant communities are 1134 ± 645 g·m−2

·y−1

and 0.68 ± 0.03, respectively (Table 1). These are the largest values among the three stages. The ANPP
values of these stages (660–1134 g·m−2

·y−1) are much higher than those of the WSL low-Arctic tundra
(109 g·m−2

·y−1, see Figure 9). The differences in the productivity of meadows composed of different
hydrophilic species are largely determined by the fertility of soils of the corresponding ecotopes.
The greatest values of plant productivity are recorded in meadows with a predominance of Arctophila
fulva, confined to sites with highly fertile soils. The average productivity for these meadows was
1753 ± 824 g·m−2

·y−1, and the highest value was 2538 g·m−2
·y−1. The maximal value of productivity

for the meadows dominated by Carex aquatilis was 2499 g·m−2
·y−1, close to the maximum of arctophilic

meadows. This unique value was noted within the residual pond shore near a collapsing polygonal
bog, which is known to provide an additional amount of nutrients (i.e., Loiko et al. [66]). In contrast,
the minimal value (454 g·m−2

·y−1) was obtained in the sedge meadow located on a sandbank.

Figure 9. The variability of the aboveground net primary productivity and NDVImax (median,
percentiles, minima and maxima) in khasyrey plant communities: a, b, c—early, mid and late
stage successions of plant communities, respectively; d—plant communities of low-Arctic tundra
(ANPP are taken from Bazilevich [67,68]); e—polygonal bogs; f, g, h, i, j—plant communities
dominated by Arctophila fulva, Calamagrostis langsdorffi, Carex aquatilis, Carex rostrate, Equisetum fluviatile;
k—sedge-cotton grass-sphagnum fen.

The differences in the ANPP among successions are governed by identity of species in plant
communities, notably the degree of moss cover. For example, the ANPP of mid-succession of the
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arctophilic meadow decreased to 381 g m−2
·y−1 due to an increase in brown moss cover (up to 65%)

in the riparian zone of the stream (Table A2). The average ANPP and NDVImax of mid stage plant
communities are 660 ± 292 g·m−2

·y−1 and 0.64 ± 0.02, respectively (Table 1). The maximum value of the
productivity of meadow with Calamagrostis langsdorffii (1438 g·m−2

·y−1) was measured at the top of the
frost mound in a community with <1% of moss cover. The minimum value of 223 g·m−2

·y−1 occurred
in the wet meadow of thermokarst subsidence, where the herb layer was not so dense (15–20%), and
the moss cover was high (80–90%).

Plant communities of the late successional stage were characterized by minimal ANPP and
NDVImax, which was significantly (p < 0.002) lower than that in the communities of the early and
mid-stages and was close to the productivity of typical phytocoenoses of the low-Arctic tundra
(Figure 9). The average productivity of the herbs, without mosses, in the sedge-cotton grass-sphagnum
fen was 79 ± 22 g·m−2

·y−1. The average total ANPP and NDVImax of late stage plant communities
is 261 ± 77 g·m−2

·y−1 and 0.54 ± 0.07, respectively (Table 1). Such low values are linked to thick
peat layer (Figure 8b), which prevents vascular plants from absorbing nutrients from the underlying
lake sediment.

For several ecosystems, the vertical distribution of the live root mass was measured within the
0–30 cm soil layer, with a spatial resolution of 5 cm (Figure A3). The pattern of distribution is affected
by the age of the drainage, soil moisture, and the ALT. The ratio of aboveground and underground
phytomass of the studied meadows (Figure 10) show that three communities, where aboveground
phytomass is higher than underground are formed on the most fertile soils of early successional
stage (Figure 10a,b,f). For the plant communities of the mid stage, an excess of underground over
aboveground phytomass is revealed. The highest ratio of the underground to aboveground biomass is
observed in the horsetail (Equisetum fluviatile) meadow (Figure 10e), which occupy the ecotope with
the lowest soil fertility.

Figure 10. The ratio of aboveground (grey) and underground (black) phytomass (g·m−2). The meadows
dominated by: (a–c)—Arctophila fulva (sites tz18–28, tz18–47, and tz18–24, respectively); (d)—Carex
rostrata (tz18–46); (e)—Equisetum fluviatile (tz18–51); (f–i)—Calamagrostis langsdorffii (tz18–27, tz18–50,
tz18–52, and tz18–53, respectively).
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2.4. PCA of Soil Trophicity and Vegetation Productivity

The PCA of the full dataset yielded two possible factors contributing to the observed variations
in trophic soil parameters and vegetation productivity (i.e., 45% and 23%, respectively, Figure 11a).
The first factor controlled all parameters, except mineral nitrogen, whereas the second factor was
defined by ANPP, NDVImax, Klabile, P-PO4, and Nmineral. Factor 1 is most strongly correlated with
soil density (R = −0.90), pHw (R = −0.82), peat thickness (R = 0.87) and NDVImax (R = –0.72).
A medium-strength negative correlation was found between the ANPP and factor 1 (R = −0.37).
Factor 2 has a strong negative relationship with nutrient pools in the soil, especially with N mineral
(R = −0.79). Factor 2 has a positive correlation with ANPP (R = 0.67) and NDVImax (R = 0.47).
The correlation matrix showed that most of the considered parameters determining soil fertility were
mutually correlated (Appendix B, Table A4). Moreover, the ANPP has a pronounced correlation with
the peat thickness (R = −0.52), and the NDVImax correlates well with soil density (R = 0.60).

The distribution of all studied sites in the space of two factors (Figure 11b) demonstrates that late
stage forms a cluster along the positive values of factor 1. Most of the points in the early and mid
stages are associated with negative values of factor 2 and not clustered.

Figure 11. Results of the PCA treatment of the soil trophic parameters and vegetation productivity:
(a)—the relationship between the input parameters and 2 possible factors (ANPP—aboveground
net primary production; NDVImax—average maximum NDVI value for 2016–2019; ALT active
layer thickness; pHw—pH of soil water; S.C.—specific electrical conductivity; SDens—soil density;
P-lab—labile phosphorus; K-lab potassium; Nmin—mineral compounds of nitrogen; PeatT—peat
thickness), (b)—studied sites of three successional stages of the khasyreys in relation to possible factors
(stages: Ea—early; Mi—mid; La—late).

2.5. The Elemental Composition of the Dominant Plant Species of Khasyreys

Chemical analyses of the aboveground mass of dominant plant species demonstrate that plant
species are grouped according to successional stages (Table A5). Among the major elements, the
lowest values are measured for Na, which strongly distinguishes khasyrey plants from previously
studied macrophytes of forest-tundra and tundra lakes, where Na concentrations are much higher [69].
The highest Mg concentrations are observed in Calamagrostis langsdorffii at the sites of the mid stage,
where they exceed the concentrations at the sites of the early stage. The minimal value of Mg
concentration is noted in Carex aquatilis. The highest N concentrations and the minimal C:N ratios
are characteristic of plants at the early stage. There is no distinct pattern in the distribution of P and
Si among successional stages. The concentration of K is higher in plants of the early stage. Calcium
concentrations are also highest in Calamagrostis langsdorffii growing on toeslope of the mid khasyrey.
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Aluminium concentrations are low in plants of the sites of the early and mid-stages, but they increase
in sphagnum mosses of the late stage. Manganese concentrations are highest in Carex aquatilis at the
mid stage. Iron concentrations are highest in sphagnum mosses, which may be due to the deposition
of Fe(III) amorphous hydroxides on the surface of these photosynthesizing mosses in response to a rise
in pH and O2 [69]. The ash content is the highest in Calamagrostis langsdorffii, notably at the toeslope of
frost mound of mid khasyrey (2.8 ± 0.1%). The maximum values of pools of labile K and P-PO4 are
confined to this site (Table A2).

The availability of nutrients in the ecosystem is reflected by their total pool in soil and vegetation.
In this work, the chemical composition of the roots was not measured; therefore, the total pool was
estimated only for the aboveground phytomass. The ratio of the P pools (phytomass + soil, per one
taken a pool in late ecosystems) in the ecosystems of three stages of 7.3 (1st stage): 2.8 (2nd stage):
1 (3rd stage) reflects a much stronger decrease of P, compared to the ratio of N (3.0 (1st stage): 1.8 (2nd
stage): 1 (3rd stage)) and K (2.8 (1st stage): 4.8 (2nd stage): 1 (3rd stage).

3. Discussion

3.1. Drivers of Plant Succession in Khasyreys

Development of vegetation is primarily controlled by the spatial heterogeneity of the lake
sediments and the relief of the bottom. The most important factors are: (1) the heterogeneity of the
physical properties of the substrate, (2) concentrations of mineral nutrients elements and particle-size
distribution of the sediment, (3) soil moisture, and (4) duration of flooding. In addition, the permafrost
aggradation leads to a differentiation of the microtopography, which, in turn, determines the distribution
of the vegetation in the khasyreys.

Soil fertility is higher in early and mid-stages which favors the formation of plant communities
dominated by Arctophila fulva, Carex aquatilis and Carex rostrata [42]. The colonization of Arctophila
fulva in the lake basin, just after drainage, is due to the ability of this species to spread rapidly, with
perennial creeping roots, thus producing large phytomass. This species withstands summer water
flooding of 20–40 cm during the growing season. However, when the depth of flooding decreases,
Carex sp. efficiently compete with A. fulva. A slow increase in the abundance of C. aquatilis in plant
communities of overgrowing lake basins is also noted for the Northern Arctic plain of Alaska [57,70].

The microtopography associated with permafrost aggradation in khasyreys is closely linked to soil
conditions (Figure 1). Already at the early stage, small (several dozens of centimeters) frost mounds
colonized by willow are formed. These mounds are most likely raised in winter due to the formation of
local ice lenses within the peat layers of lake sediments. In winter, growing willow bushes accumulate
snow, which leads to the permafrost thawing and subsidence. This further leads to secondary pond
formation, in which willows die due to over-wetting (Figure A4). Over the course of 10 years, willow
bushes transition from the primary overgrowth of the khasyrey bottom to dying out due to flooding.
Another important factor contributing to the aggradation of permafrost and the change in soils and
vegetation over time is the accumulation of newly produced plant litter and its gradual transformation
into a peat horizon (Figures 1 and A5). Under the thick litter, permafrost is usually preserved for a
longer time, which can later lead to the formation of an elongated frost mound along the shore ledge.
After decreased frequency and duration of spring flooding, the grassy litter of Arctophila fulva remains
on site of its accumulation and turns into a peat litter.

The colonization of sphagnum mosses at a late successional stage enhances the accumulation of
peat and increases the thickness of organogenic horizons (Figure 1). A decrease in the active layer
thickness suppresses the growth of willow bushes and graminoids, which are replaced by dwarf
shrubs and mosses. This further decreases the snow accumulation in winter and consequently leads
to less thawing. Ultimately, perhaps after a couple of thousand years, a polygonal bog will form in
the khasyreys. This is consistent with the fact that the soil waters of the late khasyreys have pH and
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specific conductivity similar to those previously obtained [71] in the fen of the frozen polygonal bogs
of the Taz tundra.

The PCA results demonstrate that the plant productivity is mostly controlled by the peat thickness
(Figure 11). We consider the peat accumulation as a process that controls the changes in all other
parameters used in the PCA model (except for Nmineral pool). In this case, a decrease in the Sp. cond.
and the pool of labile P and K in the course of succession can be explained by the disconnection of
rooting zone from nutrient-rich lake sediments occurring during the peat thickening. The ANPP via
Factor 1 is positively correlated with labile P and K. However, via factor 2, the ANPP is negatively
correlated to pools of the mineral N and, to a lesser extent, to labile P and K. This rather unexpected
result can be explained by the rapid uptake of nutrients from part of the soils by actively growing
biomass. This means that the productivity of individual ecosystems can be limited by nutrient
availability. At the same time, the nitrogen pool in soils of the late successional stages is high, although
the productivity of these ecosystems is low. This apparent contradiction can be explained as follows.
The ratio of the N content in the aboveground phytomass (Nplant) to the N mineral content in the
0–30 cm soil layer (Nsoil) is equal to an average of 5.7 for the site of the early successional stage,
1.1 for the site of the mid stage, and 0.5 for the site of the late stage. In other words, at the early
and mid-successional stage, the plants strongly uptake the pool of N (Nplant:Nsoil > 1), whereas at
the late stage, the soil N pool is not completely exhausted (Nplant:Nsoil < 1). The N:P ratio in the
phytomass of WSL khasyrey ecosystems ranges from 3.7 to 12.2. The threshold of N vs. P limitation
(N:P < 13.5, [72]) suggests that the plant communities are N-limited rather than P-limited. Overall,
although the evolution of nutrient pools differs between elements, their total content in the ecosystem
systematically decreases from the first to the late stage of khasyrey development, which reflects an
increase in the oligotrophicity of the ecosystem.

3.2. Possible Contribution of Khasyreys to the Greening of the Tundra

Results of this study strongly confirm the recent observations that the emergence of highly
productive ecosystems of khasyreys can provide a significant contribution to the greening of the
tundra [5,8]. The plant communities of the early and mid-successional stages are well distinguished
by their respective NDVI values (Figure 9; Table A3B). The NDVI of the first two stages is higher
than that of both the phytocoenoses of the late successional stage and the surrounding polygonal
tundra. This is consistent with our observations that, at the early successional stage, the productivity
of plant communities is slightly higher than that at the mid successional stage. Among all tundra
ecosystems, only the willow and reed grass communities growing in small ravines are comparable
in their productivity to communities of the early khasyreys. According to the NDVI values, the
ecosystems of the late khasyreys are also drastically different from the background tundra (Figure 9).
We suggest that such a low productivity of communities at the late successional stage of khasyrey is
due to thick peat layer, protecting nutrient-rich lake sediment from plant roots as demonstrated by a
strong negative correlation between the NDVI and peat thickness (r2 = 0.71, see Figure 8b). This is
consistent with observations in the Seward Peninsula lake basins where significant negative correlation
(r2 = 0.63) between these parameters was reported [73].

Results obtained in this study allow better understanding of possible reasons of the WSL greening.
In the northern part of the Pur-Taz interfluve, the proportion of “greened” ecosystems reaches one
of the highest values in the cryolithozone of Western Siberia [10,11]. Miles and Esau [10] note that
they did not have enough auxiliary data to reveal the nature of the trend for an increase in NDVI
between 65◦ and 70◦ N latitude. It is known that various disturbances in the tundra, including
thermokarst, can increase the vegetation productivity and therefore the NDVI [8,74]. Thus, our data
allow identifying one component of the landscape—khasyreys—which can contribute to this increase
in the NDVI. Miles and Esau [10] found that the effect of greening is characteristic of 8.4% of the WSL.
It turns out that the greatest contribution to this effect is provided by khasyreys of the early and mid-
successional stages, whose area is 5% [75].
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3.3. Comparison with Other Regions and Ecosystems and Overall Significance of WSL Khasyreys

The basins of drained thermokarst lakes are common for the Subarctic plains of Northern Eurasia.
The most typical and widely abundant are the alases of Central Yakutia [60–63]. While the alases are
also formed in the continuous permafrost zone, the peat accumulation rate is low, and the thickness
of peat in the alas ecosystems of wet and mid meadows does not exceed 10–15 cm [61], compared to
the 20–40 cm in the khasyreys of the Pur-Taz interfluve studied in this work. This is probably due
to the more arid climate of Yakutia, where the potential evaporation in summer is 4–10 times higher
than the amount of precipitation [76]. This greatly limits the paludification and peat formation and
contributes to the long and stable existence of meadows, some of which turn into lakes during wet
years [63,77]. The composition of plant species in the drained lake basins of the northern territories
(forest-tundra, tundra) differs significantly from that of the alases in Central Yakutia (forest zone,
middle taiga subzone). This difference is caused by drier climates and the much higher soil salinity of
alases [61,78].

It is interesting that a similar succession scenario was suggested for the discontinuous permafrost
zone of Western Siberia [22,64] and NE part of European tundra [19,79]. However, due to the position
of lake basins in forest and forest-tundra biomes, the final successional stages of the discontinuous and
sporadic permafrost zone are different from those observed in the tundra zone. For example, for the
khasyreys of northern taiga of the WSL (permafrost-free khasyreys), the ridge-hollow bog complex is
considered as the final stage of succession [22,64].

The drained lake basins in the Arctic are not always subjected to colonization (overgrowth) by
herbs. In the Old Crow Flats (Yucon, Alaska), the drained lake basins become covered with willow
thickets [30]. In the northern taiga of the north of European Russia, the role of the willow in plant
communities is also significant [19,79]. In contrast, in the Northern Arctic plain of Alaska, as well as on
the Pur-Taz interfluve, hydrophilic grasses, including Dupontia fisheri and Arctophila fulva, together
with Eriophorum scheuchzeri, predominate in the early stages of succession [58,60]. In the artificially
drained Lake Illisarvik, within the Mackenzie Delta region (western Arctic coast, Canada) 40 years later,
willows and birches occupied about a third of the area of the drained basin [80]. In general, the willow
cover is higher in the khasyreys of the forest zone, compared to the khasyreys of the low-Arctic tundra.

The plant communities of the early and mid-successional stages of khasyreys have much in
common in terms of species composition and structure with floodplain communities. Indeed, similar
phytocoenoses have been described in the floodplain of the Ob River and the low reaches of the Pur,
Taz, and Nadym rivers [81]. Moist ecotopes occupy the meadows of Arctophila fulva, which are replaced
by sedge meadows in the elevated parts of the relief (Carex aquatilis, Carex acuta), whereas wet areas
with sandy sediments are overgrown with horsetail (Equisetum fluviatile). Meadows of sedge and
reed grass (Calamagrostis langsdorffii) are confined to the floodplain areas of the middle level, which
are flooded for a shorter period, and meadows of reed grass, with mesophytic herbs, are formed at
local micro-elevations. The thickets of willows (Salix lapponum, S. lanata, and S. phylicifolia) occupy
meso-elevations. The areas of the ancient floodplain are characterized by an increase in the cover of
moss in phytocoenoses [81].

4. Materials and Methods

4.1. Study Site

The study area is located in the northern part of the Pur-Taz interfluve (West Siberian plain,
Russia), near the town of Tazovsky, in the continuous permafrost zone (67.35–67.43◦ N, 78.60–78.73◦ E)
(Figure 12). The climate is humid semi-continental with mean annual temperature of –9.1 ◦C and
annual precipitation of 360 mm. Abundant thermokarst lakes have developed on the third lake-alluvial
terrace of the Taz River (30–40 m above the sea level). Sediments of the terrace consist of silty sandy
loam, loam, and, less often, clay and sand. Lakes and khasyreys are distributed within the flat residual
surfaces of the terrace. The khasyreys cover from 8.5% to 19.6% of the study area, whereas the



Plants 2020, 9, 867 16 of 41

lake coverage ranges from 4.8% to 7.6% [75]. Many of these khasyreys have been drained relatively
recently, fewer than 100 years ago and constitute about 5% of the overall area [38]. The hydrochemical
parameters of the lakes were studied by Serikova et al. [82].

The study area belongs to the WSL low-Arctic tundra. The ecosystems are represented by
lichen-dwarf shrub tussock tundra on Cryosols (soil names to the World Reference Base for Soil
Resources (WRB) [83]). Polygonal bogs and thermokarst lakes are confined to the wide depressions of
the relief (Figure 13a). The bog soils are Dystric Cryic Histosols [84,85]. Thermokarst lakes are shallow,
with a depth of 1 to 2 m. The bottom of the lake is flat, but there is usually a slope either towards the
center of the basin or towards one of the edges. Since a large part of the studied area is waterlogged
(up to 34%, according to Golubyatnikov et al. [75]), large lakes wash away the peat deposits of the
adjacent bogs, which leads to an enrichment of the lake sediment with redeposited peat [86]. As a
result, the share of peat in sediment increases towards the center of the lake. A shallow zone of coarse
grain sand sediment forms along the mineral shore. Sometimes a sandbank is present near the shore,
covering the peat sediments.

1 
 

 

Figure 12. Map of the research area in the northern part of the Pur-Taz interfluve (northern WSL).
The studied khasyreys different stages are shown (Ea—Early, Mi—Mid, La—Late).

4.2. Dating the Drainage of the Studied Khasyreys

The drainage time was estimated using topographic survey materials from the late 1940s
(Figure 14a), Landsat 4–8 satellite images of different years (Figure 14b), and complemented by
radiocarbon dating of peat in khasyreys. The radiocarbon age of peat was determined by the liquid
scintillation method using a Quantulus 1220 radiometer (Wallac, Turku, Finland) in the laboratory of
the Tomsk Collective Use Center (Russian Academy of Sciences). Calibration of radiocarbon age was
performed by the CALIB REV-7.10 program (Seattle, WA, USA).
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Three studied early stage basins (Ea), namely Ea1, Ea2 and Ea3, started to drain quite actively over
past 15 to 20 years. The drainage of Ea2 and Ea3 basins is still active and the majority of both basins are
still covered by water. The permafrost has not yet formed in the basins, there is no cryogenic mound,
and the thickness if organic layer is a few cm. The micro-relief has gentle slope to the center and coastal
ripples. Figure 14b demonstrates gradual decrease of the lake water area from the Landsat 3–7 data.

The drained parts of the Mi1 and Mi2 basins (Mi—middle stage) are already present in the Landsat
images taken 40 years ago, but on the topographical maps (completed at the end of 1940s), they were
entirely covered by water. Therefore, their drainage must have occurred between 1950 and 1980,
i.e., ≥50 y.a. These basins exhibit the appearance of cryogenic mounds, with maximal altitude difference
of 1 m from the mound basement. More importantly, these basins already have moss-grass layers,
those thickness exceeds 10 cm in wet depressions. Gramineous plants are not extensively developed
and the role of mosses is higher than in the early stages.

Figure 13. Landscape and NDVI values in northern part of the Pur-Taz interfluve. (a) Tundra and
polygonal frozen bog; (b, c, d) the early khasyrey; (e) mid khasyrey; (f) late khasyrey; (g) and (h) NDVI
values from modified Copernicus Sentinel data ((g)—08.22.2018 and (h)—20.07.2019), processed by the
EO Browser (abbreviations for succession stages see Figure 12).
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Finally, the basins of the late (La) stage La1, La2 and La3 do not have lakes on the topographical
map (Figure 14a). Field observations confirmed their attribution to the late stage due to well-developed
Sphagnum cover and thick peat layer as well as low ALT. These basins are old (300 to 2000 y.o.), but not
ancient (2000 to 5000 y.o.) because they do not have typical polygonal structures. To further validate
these observations, we used 14C dating of the lowest part of peat cores, sampled in the middle of the
basin, at the contact between peat and lake sediment. The beginning of peat formation in La1, La2 and
La3 was 1083 ± 92 calBP, 303 ± 137 calBP, and 1761 ± 81 calBP.
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Based on the time of lake drainage and field classifications [56,87], we divided all the studied
khasyreys and their plant communities into three succession stages (Figure 13). These three stages are
consistent with classes of basin ages as proposed by Hinkel et al. [87]. The Early stage corresponds to
the first 50 years after drainage. The sites are characterized by the deepest ALT, typically between
1–1.5 m greater than that in the surrounding tundra ecosystems. The soils are represented by khasyrey
sediments, with the first signs of aerobic development (oxidized layers, with an accumulation of plant
litter). The Early stage corresponds to the Young class of Hinkel et al. [87]. The second (Mid) stage
corresponds to a time of 50 to 200 years after drainage, or Medium class [87]. At this stage, organic soil
horizons are accumulating, and the permafrost aggradation is well pronounced. The third (Late) stage
corresponds to 200–2000 years after drainage, or the Old class of [87]. The ecotopes are characterized
by an accumulation of the Fibric horizon on the soil surface. At this stage, the ALT in most parts of the
basin is similar to that in the surrounding tundra ecosystems. The basins of the fourth, Ancient class
(>2000 years old, [87], were not studied in this work).

4.3. Vegetation Properties

Using drone and satellite imagery, we identified 16 ecosystems in eight khasyreys representing
the three different age classes. For a detailed characterization of the phytocoenotic diversity, each of
16 ecosystems was studied in two–four replicates (42 sites in total). At all study sites, we quantified
the vegetation biomass and diversity and estimated the ecological conditions of the habitats, such as
the soil moisture and degree of soil enrichment in nutrients. For this, we used indicator values of the
plants, developed for the tundra and taiga vegetation zones of Western Siberia [88]. These values were
also used to attribute the plant species to various ecological groups (listed in Appendix A: Figure A1;
and Appendix B: Table A1).

The diversity of the ecosystems is primarily linked to different soil and topography conditions,
which are, in turn, defined by the timing of the drainage. The characterization of vegetation included
a list of the species, with their relative abundance, which was performed on 10 × 10 m plots or
within natural contours (10–100 m2) in the case of small-sized plant communities. The productivity
parameters of the plant communities were measured at several sites, representing each stage of the
khasyrey succession. The aboveground biomass pool was determined only for ecosystems without
shrubs. To estimate the site productivity, we harvested the above-ground biomass of the herb layer
in 3 representative subplots of 0.25 m2 and recalculated the obtained values to 1 m2. The annual
aboveground net primary productivity (ANPP, g m−2 year−1) was quantified as the sum of the dry
weight of graminoids (Poaceae, Cyperaceae) and non-graminoid herbs (detailed description is provided
in Axmanová et al. [89]). The measurement of the belowground biomass was performed by sequential
collection of soil monoliths of 5 × 5 × 5 cm in 3 replicates from the surface, down to a depth of 30 cm,
with a sampling step of 5 cm. For all aspects of the sample collection and handling, we followed the
standard procedures, as described in Peregon et al. [90].

Field measurements of plant phytomass and productivity were compared with NDVI values
which are used as a proxy for productivity [91]. Following common methods, we calculated NDVImax
from all available Sentinel-2A imagery of the study area within the timeframe of when field work
was conducted (Figure 13g,h). NDVImax represents the maximum NDVI values within a growing
season [9–11,74,92]. The maximal values were selected based on all available images during the entire
vegetation period of 2018 when the fieldwork was conducted. For this, we used a Feature Info Service
chart software instrument. The cloud coverage was estimated using a relevant function in the EO
browser and visually validated in the regime’s True color. We used the image was taken on 23 July
2018, which demonstrated the highest NDVI values, consistent with the time of our fieldwork (end of
July to beginning of August). This corresponded to the highest field-based ANPP. The NDVImax
were extracted from selected images using the Feature Info Service chart and Mark point. For this,
we uploaded the GPS-based locations of each site in the .kml format. Thus obtained NDVI data
corresponded to the pixel size of 10 m.
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4.4. Biogeochemical Properties and Microtopography

Microtopographic evolution was studied by visual assessment in the field [93]. The altitude
differences between mound and depression within the khasyreys were measured with total station
Nikon Nivo 3.C (Nikon-Trimble, Tokyo, Japan). Soil profiles were studied using the shovel excavation
method if the soil was not flooded. The soil flooded with water was sampled by a peat corer.
Morphological description of the soil was performed in the field [93]. And the soil profiles were
diagnosed by WRB [83]. Information on the diagnosed references soil groups is given in Table A2 and
Figure A2. The ALT was measured using a probe 1.5 m long (Eijkelkamp, Giesbeek, The Netherlands).
The soil density required to calculate the pool of elements was determined by a cutting ring method.

The trophic status of ecotopes was determined at 28 sites (typically 3–4 sites per khasyrey).
The pH and specific electrical conductivity (Sp. cond.) of the soil water, sampled at the depth of the
root layer, were measured in the field using Multi 3510 IDS portable instruments (WTW, Weilheim,
Germany), following standard techniques [84,85]. The measurements were made in gravitational
water-saturated soils, after digging a pit with a depth of 20 cm from the surface, which was filled by
suprapermafrost water.

The potassium, nitrogen, and phosphorus (K, N, P) concentration and pool in soils were determined.
For this, the soils were sampled in the rooting zone (0–30 cm) and separated into layers according to the
soil horizons. The concentration of labile potassium, phosphorus, and nitrogen in soils was determined
using standard methods [94]. The labile phosphorus fraction (P-PO4) was extracted from the soil
samples using 0.2 M HCl. Extracted phosphorus was determined using a blue phosphorus-molybdenum
complex on a UNICO 2100 spectrophotometer (Dayton, NJ, USA). In the same extract, potassium
was also measured using an atomic absorption spectrometer equipped with the Kvant-2AT flame
atomization device (Kortek, Moscow, Russia). Ammonium (N-NH4) and nitrate (N-NO3) were
extracted from the samples using Milli-Q deionized water (30 g of soil per 75 mL of MilliQ water
during 24 h), then determined on the UNICO 2100 spectrophotometer. The N-NH4 was measured
using mercuric ammonium iodide, and N-NO3 was analyzed with phenol disulfonic acid. The nutrient
pools (g·m−2) were calculated for a 0–30 cm layer using soil density data, determined by the cutting
ring method in each of the horizons.

The elementary composition of the plant biomass was determined by averaging three samples of
the aerial parts of the plants, after dry biomass grinding using the planetary mill (Retsch GmbH, Haan,
Germany). The total elementary composition of plant biomass was determined after full acid digestion,
using the ICP-MS analyses (7500 ce, Agilent, Santa Clara, CA, USA) was employed (see details in
Stepanova et al. [95] and Viers et al. [96]). The content of C and N in the biomass was determined
using a Thermo Flash 2000 analyzer (Thermo Fisher Scientific, Waltham, MA, USA), calibrated using
aspartic acid.

4.5. Statistical Analyses

Statistical treatment of a complete set of the productivity and soil and plant chemical composition
included principal component analysis (PCA) using the Statistica-12 package (StatSoft, Tulsa, OK,
USA), containing methods for scores and variables [97]. The data exhibited an non-normal distribution
as inferred from the Kolmogorov-Smirnov and Lilliefors test for normality and the Shapiro-Wilk’s
test. Non-parametric H-criterion Kruskal Wallis and Mann-Whitney U-test were used to validate the
differences between succession stages of vegetation. The PCA made it possible to characterize the
dependence of the aboveground net primary production and NDVImax on various environmental
variables, such as the peat thickness, active layer thickness, Sp. cond. and pH of the soil water,
soil density, labile phosphorus, mineral nitrogen and potassium concentration in the soil. The plots
were created using MS Excel 2016, MS Visio Professional 2016 (Microsoft, Redmond, WA, USA), the GS
Grapher 13 package (Golden Software, Golden, CO, USA) and the CorelDRAW Technical Suite 2017
(Corel Corporation, Ottawa, ON, Canada).
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5. Conclusions

The vegetation of the khasyreys of the Pur-Taz interfluve is controlled by properties of the lake
sediment and bottom microtopography. This is expressed in the species composition, ecological
structure and productivity of plant communities. After the initial drainage of the lake, the main
areas of the basin exhibit wet mesotrophic conditions. These ecotopes occupy sedge meadows with a
dominance of Carex rostrata or C. aquatilis and the participation of other hydrophilic herbs demanding
soil trophicity. In the wettest and the most nutrient-rich ecotopes, the phytocoenoses with a dominance
of Arctophila fulva are formed. Equisetum fluviatile forms thickets on the nutrient-poor, over-wet ecotopes.
In more drained areas, the abundance of Calamagrostis langsdorfii increases. On the top of frost mounds,
this reed grass forms meadows with Equisetum arvense and the participation of mesophytic herbs.
The vegetation of khasyreys is further differentiated in the course of time. During the early stage of the
colonization of lake basins (first decades), phytocoenoses with a well-developed herb layer are formed.
At the mid successional stage (≥50 years after drainage), herbaceous plant communities are formed, in
which a moss layer is also developed. Initially, the moss layer consists of hydrophilic brown mosses
(Bryales); with time, sphagnum mosses enter the plant communities. At the late successional stage of
khasyreys (several hundred years after the lake drainage), a thick peat layer is accumulated, and wet
mesooligotrophic conditions develop. These ecotopes are occupied by communities of sphagnum fens,
consisting of species that demand less soil trophicity. Carex limosa, C. rotundata, C. chordorrhiza and
Eriophorum russeolum compose a sparse herb layer. Sphagnum balticum, S. jensenii or S. majus dominate
in the standing fens, and Sphagnum obtusum dominates in the flowing fens. Dwarf shrub-moss-lichen
communities form on the frost mounds.

Overall, the formation of highly productive herbaceous communities at the early stage of the
lake bottom is largely controlled by the availability of soil nutrients to plants, which is primarily
determined by the thickness of the active layer and the accumulation of organogenic horizons. Due to
the nutrient-rich soils of the early and mid khasyrey, the plant communities at these stages are
characterized by a high productivity, which is several times higher than the productivity of the
background tundra communities. With thickening of the organogenic horizons and the simultaneous
depletion of some soil nutrients, a decrease in the phytocoenoses productivity is observed, which is
already noticeable at the mid successional stage. Plant communities of the late successional stage are
characterized by a minimal productivity, since a thick peat layer prevents the plants from absorbing
nutrients from the lake sediment. The grass litter accumulation and its transformation into peat are
the main processes controlling the vegetation succession of khasyreys. The lake basins at the late
successional stage are characterized by a very low productivity, and they are similar to the polygonal
bogs in terms of species composition and ecological structure. Young and mid-stage khasyrey are
capable to greatly contributing to the observed greening of the northern WSL and thus require further
extensive studies across the other regions of the Arctic tundra.
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Appendix A

Figure A1. Scattering of the studied ecotopes based on the soil nutrient richness and moisture
(for Tsatsenkin’s indicator values). (A)—moisture: (B)—soil richness in nutrients. (C)—all studied sites
with descriptions of plant communities. 1—early stage; 2—mid stage (fen); 3—mid stage (mound);
4—late stage (fen); 5—late stage (mound).

Figure A2. Photos of typical soils of three succession stages: (a)—Fluvisols (Siltic, Limnic), early
successional stage, ALT >2 m; (b)—Fluvic Folic Gleysols (Gelic), mid successional stage, ALT near
130 cm; (c)—Dystric Cryic Histosols, late successional stage, ALT = 50 cm.
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Figure A3. The mass of living roots in the soil layer of 0–30 cm (g/m2). The meadows dominated by:
(a–c)—Arctophila fulva (sites tz18–28, tz18–47, and tz18–24, respectively); (d)—Carex rostrata (tz18–46);
(e)—Equisetum fluviatile (tz18–51); (f–i)—Calamagrostis langsdorffii (tz18–27, tz18–50, tz18–52, and
tz18–53, respectively).

Figure A4. A thawed pond was formed instead of a frozen hillock with a willow-reedgrass community.
Branches of dried willows out of the water.
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Figure A5. The accumulation of straw A. fulva on the border of the temporary spring reservoir in the
khasyrey (breaking accumulation): (a)—view from the drone in 2016 (yellow arrows); (b)—a satellite
image taken in 2017 (yellow arrows); (c)—A. fulva straw in a sedge willow (ground photograph, 2018).
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Appendix B

Table A1. List of plant species found in the khasyreys of the Pur-Taz interfluve.

Species List
Ecological Group Successional Stages of Khasyreys

Moisture Trophicity Early Mid Late

1 2 3 4 5 6

Salix lapponum L. HM M + +
Salix lanata L. M M +
Salix viminalis L. M ME + +
Salix phylicifolia L. M M + +
Salix glauca L. M M +
Salix bebbiana Sarg. M ME +
Salix myrtilloides L. HM M +
Arctophila fulva (Trin.) Anderss. SH ME + +
Carex rostrata Stokes SH ME + + +
Carex aquatilis Wahlenb. HM M + +
Carex limosa L. HM M +
Carex chordorrhiza Ehrh. HM MO +
Carex rotundata Wahlenb. HM M +
Carex lapponica O.Lang. HM M + +
Eriophorum polystachion L. HM M + + +
Eriophorum scheuchzeri Hoppe HM MO + + +
Eriophorum russeolum Fries HM M +
Eriophorum medium Anderss. HM M +
Eleocharis palustris (L.) Roem.et Schult. HM ME +
Calamagrostis langsdorffii (Link) Trin. M M + +
Calamagrostis neglecta (Ehrh.) Gaertn., Mey. et Scherb. HM M + +
Poa pratensis L. M ME +
Polemonium acutiflorum Willd.ex Roem. et Schult. M M +
Ranunculus repens L. M ME +
Equisetum arvense L. M M + +
Stellaria longifolia Muehl.ex Willd. M ME +
Chamaenerion angustifolium (L.) Scop. M M +
Parnassia palustris L. HM M +
Pyrola minor L. M M +
Rubus arcticus L. M M + +
Betula nana L. HM MO + + +
Ledum palustre L. M M +
Luzula wahlenbergii Rupr. M M +
Andromeda polifolia L. HM MO +
Chamaedaphne calyculata (L.) Moench HM M +
Oxycoccus microcarpus Turcz.ex Rupr. HM MO +
Empetrum nigrum L. M MO +
Vaccinium uliginosum subsp. microphyllum (Lange) Tolm. M M + +
Vaccinium vitis-idaea subsp. minus (Lodd.) Hult. M M +
Rubus chamaemorus L. HM M +
Ranunculus gmelinii DC. HM M + +
Ranunculus pallasii Schlecht. SH M + + +
Menyanthes trifoliata L. SH M + +
Tephroseris palustris (L.) Reichenb. M ME + +
Callitriche palustris L. SH M + +
Epilobium palustre L. HM ME + +
Rorippa palustris (L.) Bess. HM ME + +
Hippuris vulgaris L. SH ME + +
Galium brandegei A.Gray HM ME + +
Sparganium minimum Wallr. SH M +
Sparganium angustifolium Michx. SH M + +
Equisetum fluviatile L. SH M + +
Comarum palustre L. HM M + + +
Caltha palustris L. HM ME + +
Caltha natans Pallas ex Georgi HM ME + +
Petasites frigidus (L.) Fries M M +
Calliergon cordifolium (Hedw.) Kindb. HM M + + +
Calliergon richardsonii (Mitt.) Kindb. HM M +
Calliergon megalophyllum Mikut. HM M +
Hamatocaulis lapponicus (Norrl.) Hedenaes +



Plants 2020, 9, 867 26 of 41

Table A1. Cont.

Species List
Ecological Group Successional Stages of Khasyreys

Moisture Trophicity Early Mid Late

1 2 3 4 5 6

Hamatocaulis vernicosus (Mitt.) Hedenaes SH M +
Polytrichum commune Hedw. M M + + +
Polytrichum swartzii Hartm. M M + + +
Warnstorfia exannulata (B.S.G.) Loeske HM M + + +
Warnstorfia fluitans (Hedw.) Loeske HM M + + +
Aulacomnium palustre (Hedw.) Schwaegr. HM M + +
Bryum pseudotriquetrum (Hedw.) Gaertn.et al. M M + +
Brachythecium salebrosum (Web.et Mohr) Schimp. M M +
Brachythecium reflexum (Starke) Schimp. M M +
Plagiothecium denticulatum (Hedw.) Schimp. M M +
Plagiomnium ellipticum (Brid.) T.Kop. M M +
Sanionia uncinata (Hedw.) Loeske M M + +
Sphagnum squarrosum Crome HM M + +
Sphagnum obtusum Warnst. HM MO + +
Sphagnum balticum (Russ.) Russ.ex C.Jens. HM MO +
Sphagnum jensenii H.Lindb. HM MO +
Sphagnum majus (Russ.) C.Jens. HM MO +
Sphagnum riparium Aongstr. HM MO +
Sphagnum aongstroemii Hartm. M MO +
Sphagnum subsecundum Nees ex Sturm. SH MO +
Sphagnum lindbergii Schimp.ex Lindb. HM MO +
Sphagnum compactum DC. M MO +
Aulacomnium turgidum (Wahlenb.) Schwaegr. M MO +
Calliergon stramineum (Brid.) Kindb. HM M +
Dicranum elongatum Schleich.ex Schwaegr. M MO + +
Pleurozium schreberi (Brid.) Mitt. M MO +
Polytrichum strictum Brid. M MO +
Barbilophozia binsteadii (Kaal.) Loeske. M MO +
Ptilidium ciliare (L.) Hampe. M MO +
Flavocetraria cucullata (Bellardi) Karnefelt & Thell. M MO +
Cetraria islandica (L.) Ach. M MO +
Cladina rangiferina (L.) Nyl. M MO +
Cladonia gracilis (L.) Willd. M MO +
Cladina arbuscula (Wallr.) Hale & W.L. Culb. M MO +
Cladina stellaris (Opiz) Brodo. M MO +

Note. Plant species are named in accordance with Magomedova et al. [65]. The eological groups of species in
relation to the soil moisture: M—mesophytes; HM—hydromesophytes; SH—subhydrophytes. The ecological
groups of species in relation to the soil trophicity: MO—mesooligotrophs; M—mesotrophs; ME—mesoeutrophs.
“+”—the presence of species; empty cell—the species was not found.
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Table A2. Successional stage of khasyrey, microtopography and soil settings and dominant plant species of each ecosystem.

Microtopography
and sediment
texture

Soil Settings

Mean
ANPP, g·m−2

·year−1
Mean
NDVI

Phytoindication
assessment of
ecotopes in
relation to soil
moisture (left
of slash) and
richness in
nutrients (right
of slash)

Plant community

Ratio of ecological
groups in relation to
soil moisture (left of
slash) and to soil
richness in nutrients
(right of slash) *

Su
cc

es
si

on
al

St
ag

es

Soil names
by WRB ALT, m

Peat/
plant litter
thickness,
cm

Average
pH/sp.
cond of soil
water

Average
pools N
mineral/K
labile/P-PO4
in a soil
layer
0–30 cm (g
m–2)

Ea
rl

y

The lowest parts of
the lake basins.
Loam sediments
with thin layers of
redeposited peat.

Fluvisols
(Siltic,
Limnic),
Fluvic
Gleysols
(Siltic,
Limnic)

>1.5
1–1.5 (peat
layers in
the
sediment)

no litter 6.6/259 2.7/22/11.7 1753 (475–2538) 0.72
(0.69–0.74) 84.4/9.4

Arctophilic community.
In herb layer (cover
70–75%) Arctophila fulva
dominates with very
small participation of
another hydrophilic
species (Carex aquatilis
and others). Moss layer
is rarefied
(<1%)—Calliergon
cordifolium, Warnstorfia
exannulata, W.
fluitans met.

1M-27HM-71SH-1H/
27M-73ME

Lower parts of the
lake basins.
Mostly loamy with
thin layers of sand.
There are layers of
loam with an
admixture of peat.

Fluvic
Gleysols
(Epiarenic,
Siltic,
Limnic)
Fluvisols
(Siltic)

>1.5 1–4 6.7/500 3.1/24.8/13.2 1239 (727–1751) 0.68
(0.65–0.7) 84.5/9.2

Sedge community.
In herb layer (30–75%)
Carex rostrata or
C. aquatilis dominates
with less participation of
Arctophila fulva and
others.
Moss layer is rarefied
(1%)—Calliergon
cordifolium, Warnstorfia
exannulata, W. fluitans,
Bryum pseudotriquetrum
met.

1M-38HM-61SH/
3MO-35M-62ME
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Table A2. Cont.

The shore parts of
the lake basins.
The top sediments
is sand.

Fluvic Folic
Gleysols

>1.5 less
often
0.5–0.8
(peat layers
in the
sediment)

2–5 5.9/69.8 3.1/21.8/11.6 1135 (800–1395) 0.69
(0.67–0.69) 79.8/8.6

Reedgrass-sedge
community.
In herb layer (50–60%)
Carex aquatilis dominates
with less participation of
Calamagrostis langsdorffii,
C. neglecta.
Moss layer is rarefied
(1%)—Calliergon
cordifolium, Polytrichum
commune, Bryum
pseudotriquetrum met.

22M-78HM/98M-2ME

Local elongated
rise (ripples on the
surface of the
sediment) in the
lake basins with an
excess over
depressions of
15–30 cm.

Fluvisols
(Siltic)
Fluvic
Gleysols
(Siltic)

>1.5 no litter 6.2/144 0.9/14.3/7.6 880 (454–1307) 0.66
(0.65–0.67) 78.8/8.7

Sedge community with
willows.
Bush layer (15%)
consists of Salix
viminalis, S. phylicifolia,
with less participation of
S. lapponum, S. glauca.
In the herb layer
(65–70%) Carex aquatilis
dominates with less
participation of
Eriophorum scheuchzeri,
E. polystachion,
Calamagrostis langsdorfii.
In the moss layer (<1%)
Warnstorfia
exannulata met.

21M-79HM/
4MO-87M-9ME
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Table A2. Cont.

M
id

Frost mounds
(excess over
depressions of
about one meter).
Sediments with
layers of
redeposited peat.

Fluvic Folic
Gleysols
(Gelic),
Eutric
Sapric
Histosol
(Limnic)
(near the
peat bank)

0.5–1.5 5–8 6.2/178.5 7.3/35.1/18.6 849 (559–1332) 0.64
(0.61–0.68) 71.6/8.8

Reedgrass-horsetail-brown
moss (Bryales)
community.
In herb layer (45–80%)
Calamagrostis langsdorffii
and Equisetum arvense
co-dominate with less
participation of
Polemonium acutiflorum
and others.
In moss layer (10%)
Brachythecium salebrosum,
Calliergon cordifolium,
Aulacomnium palustre
prevail with less
participation of
Plagiothecium
denticulatum.

93M-7HM/98M-2ME

Folic
Reductaquic
Cryosols

0.5–0.6 6–11 6.0/97 7.2/27.3/14.5 760 (580–852) 0.66
(0.64–0.69) 73.4/6.6

Birch-brown moss
(Bryales) community.
In bush layer (30–50%)
Betula nana dominates
with less participation of
Salix bebbiana, S. lanata,
S. lapponum,
S. phylicifolia. In herb
layer (5–15%)
Calamagrostis langsdorffii
dominates with less
participation of
Polemonium acutiflorum,
Comarum palustre,
Petasites frigidus,
Parnassia palustris, as
well as Vaccinium
uliginosum, Pyrola minor,
Rubus arcticus. In moss
layer (95–100%)
Dicranum elongatum
prevails with less
participation of
Aulacomnium palustre,
Bryum sp.

65M-35HM/79MO-21M
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Footslopes and
toeslopes of the
frost mounds

Fluvic
Gleysols >1.5 4–12 7.0/258 7.3/46.8/24.8 542 (223–861) 0.59

(0.56–0.63) 76.5/9.0

Reedgrass-sedge-brown
moss (Bryales)
community.
In herb layer (35–40%)
Carex aquatilis or
C. rostrata dominates
with less participation of
Calamagrostis langsdorffii,
C. neglecta, Comarum
palustre.
In moss layer (50–60%)
Brachythecium
salebrosum, Calliergon
cordifolium, Polytrichum
swartzii, Aulacomnium
palustre co-dominate,
Plagiomnium ellipticum,
Sphagnum
squarrosum met.

48M-43HM-9SH/
89M-11ME

Depression
between frost
mounds.
The shore of thaw
ponds. Grassy
litter (peat) is very
loose. Sediment of
loamy texture.

Eutric
Fluvic
Gleysols

>1.5 8–15 7.0/249 1.6/28.0/14.9 744 (487–934) 0.65
(0.63–0.67) 84.0/8.6

Sedge-brown moss
(Bryales) community.
In herb layer (35–70%)
Carex aquatilis or
C. rostrata dominates
with less participation of
Eriophorum scheuchzeri,
E. polystachion.
In moss layer (40–60%)
Calliergon cordifolium,
Warnstorfia exannulata,
W. fluitans prevail with
less participation of
C. megalophyllum.
Sphagnum squarrosum,
S. obtusum met.

82HM-18SH/
1MO-81M-18ME

Histic
Gleysols >1.5 13–17 5.7/44 18.3/37.6/19.9 320 (200–400) 0.62

(0.58–0.64) 80.5/8.7

Sedge-brown moss
(Bryales) community.
In herb layer (15–20%)
Carex aquatilis dominates
with less participation of
Caltha palustris. In moss
layer (80–90%) Calliergon
cordifolium, Warnstorfia
exannulata, W. fluitans
prevail.

100HM/100M
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The shore of the
residual ponds
and the riparian
zone streams.

Eutric
Histic
Fluvisols
(Siltic,
Limnic)
Eutric
Fluvic
Gleysols

1–1.5 and
more 6–8 5.2/14 3.3/6.1/2.5 556 (381–580) 0.63

(0.61–0.64) 82.1/8.6

Arctophilic-brown moss
(Bryales) community.
In herb layer (10–20%)
Arctophila fulva
dominates with less
participation of Hippuris
vulgaris (5–10%).
In moss layer (55–65%)
Calliergon cordifolium
and Calliergon
megalophyllum are
dominates.

59HM-33SH-8H/
67M-33ME

Nearly level shore
slopes of residual
ponds. At the top
of the sediment is
sand.

Dystric
Fluvic
Gleysols

>1.5 3–7 6.6/16 8.3/39.1/20.7 440 (305–574) 0.65
(0.64–0.66) 83.4/7.7

Horsetail-brown moss
(Bryales) community.
In herb layer (15–17%)
Equisetum fluviatile
prevails with less
participation of another
hydrophilic herbs.
Im moss layer (80–90%)
Calliergon megalophyllum
dominates.

1M-86HM-13SH/
99M-1ME

La
te

Flowing fen. Wide
and elongated
depressions with
water tracks at the
bottom. Bog water
at the surface of
the soils. In spring,
the water level
above the soils.

Dystric
Histic
Gleysols

0.5–0.6 25–35 6.0/30 3.8/1.5/0.8 253 (163–314) 0.54
(0.45–0.59) 85.6/6.6

Sedge-sphagnum
community.
In dwarf shrub-herb
layer (15%) Carex
chordorrhiza prevail with
less participation of
C. limosa, C. rotundata,
Eriophorum russeolum
and Andromeda polifolia,
Chamaedaphne calyculata,
Betula nana.
In moss layer (100%)
Sphagnum obtusum
dominates with less
participation of
Calliergon stramineum.

2M-97HM-1SH/
83MO-17M
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Standing fen.
The flat part of the
lake basin.

Dystric
Histic
Cryosols
Dystric
Cryic
Histosols

0.4–0.5 32–41 4.9/25.7 6.4/9.1/4.9 266 (177–335) 0.52
(0.46–0.59) 85.3/6.2

Sedge-sphagnum
community.
In dwarf shrub-herb
layer (7–12%) Carex
chordorrhiza, C. limosa,
C. rotundata, Eriophorum
russeolum prevail with
less participation of
Andromeda polifolia,
Chamaedaphne calyculata,
Betula nana.
In moss layer (100%)
Sphagnum balticum,
S. jensenii or S. majus
dominates.

2M-98HM/88MO-12M

The shores of
residual ponds, as
well as thawed
ponds.

Histic
Gleysols >1.5 8–12 5.5/20 3.1/7.1/3.8 377 (351–402) 0.62

(0.61–0.64) 88.0/8.5

Sedge-cotton grass
community (lakeside
fen). In herb layer
(50–60%) Carex rostrata,
Eriophorum medium.
In moss layer (40%)
Sphagnum jensenii
dominates with less
participation of
Sphagnum subsecundum,
Warnstorfia exannulata.

47HM-53SH/
38MO-12M-50ME

The smallest
depressions
(several meters in
diameter) with a
water thickness of
up to 10 cm.

Dystric
Histic
Cryosols

0.4–0.6 15–25 4.5/13 3.2/1.1/0.6 178 (163–194) 0.55
(0.53–0.59) 84.0/6.0

Sphagnum community.
Herb layer is rarefied
(4–7%) – Erophorum
russeolum, E. medium,
E. polystachion.
In moss layer (90–100%)
Sphagnum obtusum,
S. jensenii, or S. balticum
dominates with less
participation of
Warnstorfia exannulata,
W. fluitans.

99HM-1SH/
85MO-15M
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Frost mounds.
Most often
rounded, 10–20 m
in diameter,
exceeding several
dozen centimeters
above the fens.
Less elongated,
sizes up to
100–200 m, and
exceeding to the
fens up to 1 m.

Dystric
Folic
Cryosols

0.3–0.4 10–20 4.4/24 6.3/21.7/11.5 225 (195–245) 0.59
(0.56–0.61) 77.9/6.0

Dwarf shrub-lichen-
sphagnum community.
In dwarf shrub-herb
layer (25–60%) Ledum
palustre and Betula nana
dominate with less
participation of
Chamaedaphne calyculata,
Andromeda polifolia,
Vaccinium vitis-idaea var.
minus, Rubus
chamaemorus.
In moss-lichen layer
(95–100%) among
mosses Sphagnum
balticum dominates or
co-dominates with
S. lindbergii, among
lichens Cladina
rangiferina dominates
with less participation of
Cetraria islandica,
Flavocetraria cucullata.

44M-56HM/
74MO-26M

* The ecological groups of species in relation to the soil wetness: M—mesophytes; HM—hydromesophytes; SH—subhydrophytes. The ecological groups of species in relation to the soil
trophicity: MO—mesooligotrophs; M—mesotrophs; ME—mesoeutrophs.
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Table A3. Compilation of statistical parameters for the differences in litter/peat thickness, NDVImax,
oil density, ANP, pH soil water, sp. cond., P-PO4, K labile, ALT, N min among successional stages of
the khasyreys.

A. Non-parametric H-criterion Kruskal-Wallis for un-paired data, at p < 0.05.

Variable H p-Level

Cover of mosses 28.99 0
Cover of grass 25.4 0

Litter/peat thickness 20.6 0
NDVImax 18.6 0.0001

Soil density 14 0.0009
ANPP 15 0.0005

pH soil water 11.1 0.004
Sp. cond. 11.8 0.0027

P-PO4 9.9 0.007
K labile 13.3 0.0013
N min 8.1 0.0172
ALT 6.2 0.0442

B. Pairwise COMPARISON of successional stages of the khasyreys by soil and vegetation parameters.
Shown are pairs with statistically significant differences according to the Mann-Whitney U-test (at p < 0.05).

Compared Successional
Stage Variable U p-Level

Early-Late

Litter/peat thickness 0 0.0011
NDVImax 0 0.001

Soil density 0 0.001
ANPP 0 0.0011

pH soil water 4 0.004
Sp. cond. 0 0.001

P-PO4 6 0.0077
N min 7 0.01

K labile 10 0.024
ALT 11 0.035

Cover of herbs 0 0.0003
Cover of mosses 0 0.0003

Early-Mid

Litter/peat thickness 9 0.001
NDVImax 16 0.003

N min 26 0.0255
K labile 25 0.0215

Cover of mosses 0 0.001

Mid-Late

Litter/peat thickness 2 0.003
NDVImax 2 0.002

Soil density 0 0.001
ANPP 3 0.004

pH soil water 3 0.003
Sp. cond. 6 0.008

P-PO4 4 0.004
K labile 2 0.002

Cover of herbs 1 0.000018
Cover of mosses 1 0.000016
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Table A4. Correlation matrix of the soil trophic parameters and vegetation productivity. Marked
Pearson correlations: R > 0.40 are significant at p < 0.05 (N = 26).

Variable
Soil Trophic Parameters and Vegetation Productivity

PeatT NDVImax ANPP ALT SDens pHw Nmin K Labile P-PO4 Sp. Cond.

PeatT 1.00 −0.88 −0.52 −0.52 −0.77 −0.65 0.38 −0.27 −0.27 −0.34
ANPP −0.52 0.67 1.00 0.18 0.27 0.09 −0.33 −0.02 −0.02 −0.09
ALT −0.52 0.33 0.18 1.00 0.53 0.46 −0.25 0.25 0.25 0.47

SDens −0.77 0.60 0.27 0.53 1.00 0.72 −0.13 0.49 0.49 0.60
pHw −0.65 0.43 0.09 0.46 0.72 1.00 −0.19 0.30 0.30 0.75
Nmin 0.38 −0.30 −0.33 −0.25 −0.13 −0.19 1.00 0.69 0.69 −0.04

K labile −0.27 0.21 −0.02 0.25 0.49 0.30 0.69 1.00 1.00 0.26
P-PO4 −0.27 0.21 −0.02 0.25 0.49 0.30 0.69 1.00 1.00 0.26

Sp. cond. −0.34 0.13 −0.09 0.47 0.60 0.75 −0.04 0.26 0.26 1.00
NDVImax −0.88 1.00 0.67 0.33 0.60 0.43 −0.30 0.21 0.21 0.13
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Table A5. Concentrations of carbon, nitrogen (%) and other chemical elements (mean ± S.D., ppm) in the main dominant plant species of different successional stages
of khasyreys.

Chem. el-t

Successional Stage of Khasyrey

Early Mid Late

Arctophila
fulva

(Lowest Central
Partof the
Khasyrey)

(n = 3)

Calamagrostis
langsdorffii

(Hight Shore
Partof the
Khasyrey)

(n = 3)

Carex rostrata
(Lower

Marginal Parts
of the

Khasyrey)
(n = 3)

Calamagrostis
langsdorffii

(Top of Frozen
Mound)
(n = 3)

Calamagrostis
langsdorffii
(Toeslope of

Frozen Mound)
(n = 3)

Carex aquatilis
(Flooded

Permafrost
Subsidence)

(n = 3)

Sphagnum spp.
(Standing Fen)

(n = 3)

Sphagnum spp.
(Flowing Fen)

(n = 3)

C 42.5 ± 2.6 45.3 ± 2.7 45.3 ± 2.7 45.2 ± 2.7 45.5 ± 2.7 45.0 ± 2.7 44.5 ± 2.6 42.5 ± 2.6
N 2.2 ± 0.2 2.0 ± 0.2 1.6 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 1.2 ± 0.1

C/N 19.3 22.7 28.3 50.2 56.9 37.5 34.2 35.4
P 1279 ± 64 1633 ± 82 2134 ± 107 747 ± 37 2183 ± 109 587 ± 29 1108 ± 55 1435 ± 72

N/P 17.2 12.2 7.5 12.0 3.7 20.4 11.7 8.4
Na 14 ± 0.3 14 ± 0.3 33 ± 0.7 22 ± 0.4 66 ± 1.3 14 ± 0.3 168 ± 3.4 60 ± 1.2
Mg 1346 ± 16 1578 ± 19 1262 ± 159 1940 ± 23 2854 ± 34 973 ± 12 1034 ± 12 1516 ± 18
Al 26 ± 1.4 19 ± 1.0 14 ± 0.7 20 ± 1.1 27 ± 1.4 16 ± 0.9 91 ± 4.8 60 ± 3.2
K 4120 ± 165 9183 ± 367 8374 ± 335 4492 ± 180 7014 ± 281 2730 ± 109 4297 ± 172 4292 ± 172
Ca 2401 ± 154 2181 ± 140 2746 ± 176 4195 ± 269 4783 ± 306 1476 ± 95 1769 ± 113 2060 ± 132
Cr 2.2 ± 0.61 1.7 ± 0.47 1.5 ± 0.42 1.6 ± 0.45 2 ± 0.56 2 ± 0.56 2.3 ± 0.64 2.3 ± 0.64
Mn 422 ± 11 392 ± 10 245 ± 6 496 ± 13 455 ± 12 610 ± 16 172 ± 5 189 ± 5
Fe 72.1 ± 1.7 100 ± 2.3 83.1 ± 1.9 55.1 ± 1.3 194 ± 4.5 32.3 ± 0.7 194 ± 4.5 727 ± 1.7
Si 1981 ± 59 1596 ± 48 268 ± 8 349 ± 11 577 ± 17 917 ± 28 834 ± 25 173 ± 5
Co 0.28 ± 0.02 0.36 ± 0.02 0.51 ± 0.03 0.35 ± 0.02 0.88 ± 0.05 0.17 ± 0.01 0.31 ± 0.02 0.75 ± 0.05
Ni 0.83 ± 0.22 1.19 ± 0.31 0.37 ± 0.10 1.98 ± 0.52 0.45 ± 0.12 0.64 ± 0.17 1.59 ± 0.41 0.87 ± 0.23
Cu 3 ± 0.04 3.2 ± 0.03 7 ± 0.08 3.1 ± 0.04 1.4 ± 0.02 5.7 ± 0.07 1.8 ± 0.02 1.5 ± 0.02
Zn 16 ± 0.4 20 ± 0.5 40 ± 1.1 39 ± 1.2 30 ± 0.8 48 ± 1.3 22 ± 0.6 33 ± 0.9
Sr 17 ± 0.2 14 ± 0.1 13 ± 0.1 19 ± 0.2 22 ± 0.2 7 ± 0.1 15 ± 0.2 7 ± 0.1

Mo 0.17 ± 0.01 1.49 ± 0.09 1.18 ± 0.07 0.14 ± 0.01 2.59 ± 0.16 0.36 ± 0.02 0.6 ± 0.04 0.68 ± 0.046
Ba 25 ± 0.4 28 ± 0.5 8 ± 0.1 40 ± 0.7 14 ± 0.2 14 ± 0.2 20 ± 0.3 15 ± 0.1
U 0.0043 ± 0.00013 0.0023 ± 0.00007 0.0023 ± 0.00007 0.0021 ± 0.00006 0.0027 ± 0.00008 0.002 ± 0.00006 0.0085 ± 0.00026 0.0031 ± 0.00009

Ash content, % 1.9 ± 0.1 2.5 ± 0.1 2.2 ± 0.1 1.8 ± 0.1 2.8 ± 0.1 1.2 ± 0.04 1.5 ± 0.1 1.6 ± 0.1



Plants 2020, 9, 867 37 of 41

References

1. Andresen, C.G.; Tweedie, C.E.; Lougheed, V.L. Climate and nutrient effects on Arctic wetland plant phenology
observed from phenocams. Remote Sens. Environ. 2018, 205, 46–55. [CrossRef]

2. Wu, Z.; Dijkstra, P.; Koch, G.W.; Peñuelas, J.; Hungate, B.A. Responses of terrestrial ecosystems to temperature
and precipitation change: A meta-analysis of experimental manipulation. Glob. Chang. Biol. 2011, 17,
927–942. [CrossRef]

3. Huang, M.; Piao, S.; Janssens, I.A.; Zhu, Z.; Wang, T.; Wu, D.; Ciais, P.; Myneni, R.B.; Peaucelle, M.;
Peng, S.; et al. Velocity of change in vegetation productivity over northern high latitudes. Nat. Ecol. Evol.
2017, 1, 1649–1654. [CrossRef] [PubMed]

4. Reichle, L.M.; Epstein, H.E.; Bhatt, U.S.; Raynolds, M.K.; Walker, D.A. Spatial heterogeneity of the temporal
dynamics of Arctic Tundra vegetation. Geophys. Res. Lett. 2018, 45, 9206–9215. [CrossRef]

5. Becker, M.S.; Davies, T.J.; Pollard, W.H. Ground ice melt in the high Arctic leads to greater ecological
heterogeneity. J. Ecol. 2016, 104, 114–124. [CrossRef]

6. Frost, G.V.; Bhatt, U.S.; Epstein, H.E.; Walker, D.A.; Raynolds, M.K.; Berner, L.T.; Bjerke, J.W.; Breen, A.L.;
Forbes, B.C.; Goetz, S.J.; et al. Tundra Greenness. In Arctic Report Card: Update for 2019; Arctic Program:
Phaffikon, Switzerland, 2019.

7. Myers-Smith, I.H.; Kerby, J.T.; Phoenix, G.K.; Bjerke, J.W.; Epstein, H.E.; Assmann, J.J.; John, C.;
Andreu-Hayles, L.; Angers-Blondin, S.; Beck, P.S.A.; et al. Complexity revealed in the greening of the Arctic.
Nat. Clim. Chang. 2020, 10, 106–117. [CrossRef]

8. Lara, M.J.; Nitze, I.; Grosse, G.; Martin, P.; David McGuire, A. Reduced Arctic tundra productivity linked
with landform and climate change interactions. Sci. Rep. 2018, 8, 2345. [CrossRef]

9. Belonovskaya, E.A.; Tishkov, A.A.; Vaisfeld, M.A.; Glazov, P.M.; Krenke, A.N., Jr.; Morozova, O.V.;
Pokrovskaya, I.V.; Tsarevskaya, N.G.; Tertitskii, G.M. Greening of the Russian arctic and the modern
trends of transformation of its biota. Izv. Ross. Akad. Nauk Seriya Geogr. 2016, 3, 28–39. [CrossRef]

10. Miles, V.V.; Esau, I. Spatial heterogeneity of greening and browning between and within bioclimatic zones in
northern West Siberia. Environ. Res. Lett. 2016, 11, 115002. [CrossRef]

11. Miles, M.W.; Miles, V.V.; Esau, I. Varying climate response across the tundra, forest-tundra and boreal forest
biomes in northern West Siberia. Environ. Res. Lett. 2019, 14, 075008. [CrossRef]

12. Pan, N.; Feng, X.; Fu, B.; Wang, S.; Ji, F.; Pan, S. Increasing global vegetation browning hidden in overall
vegetation greening: Insights from time-varying trends. Remote Sens. Environ. 2018, 214, 59–72. [CrossRef]

13. Bedritskii, A.I. (Ed.) Global Climate and Soil Cover of Russia: Assessment of Risks and Ecological and Economic
Consequences of Land Degradation. Adaptive Systems and Technologies for Environmental Management (Agriculture
and Forestry); National Report; GEOS: Moscow, Russia, 2018; 357p. (In Russian)

14. Paromov, V.V.; Zemtsov, V.A.; Kopysov, S.G. Climate of West Siberia during the slowing phase of warming
(1986–2015) and prediction of hydro-climatic resources for 2021–2030. Bull. Tomsk Polytech. Univ. Geo
Assets Eng. 2017, 328, 62–74.

15. Biskaborn, B.K.; Smith, S.L.; Noetzli, J.; Matthes, H.; Vieira, G.; Streletskiy, D.A.; Schoeneich, P.;
Romanovsky, V.E.; Lewkowicz, A.G.; Abramov, A.; et al. Permafrost is warming at a global scale. Nat. Commun.
2019, 10, 264. [CrossRef] [PubMed]

16. Park, H.; Kim, Y.; Kimball, J.S. Widespread permafrost vulnerability and soil active layer increases over the
high northern latitudes inferred from satellite remote sensing and process model assessments. Remote Sens.
Environ. 2016, 175, 349–358. [CrossRef]

17. Romanovsky, V.E.; Smith, S.L.; Christiansen, H.H. Permafrost thermal state in the polar northern hemisphere
during the international polar year 2007–2009: A synthesis. Permafr. Periglac. Process. 2010, 21, 106–116.
[CrossRef]

18. Guo, D.; Wang, H. Simulated Historical (1901–2010) Changes in the permafrost extent and active layer
thickness in the Northern Hemisphere. J. Geophys. Res. Atmos. 2017, 122, 12285–12295. [CrossRef]

19. Kaverin, D.A.; Pastukhov, A.V.; Novakovskiy, A.B. Active layer thickness dynamics in the tundra permafrost
affected soils: A calm site case study, the European north of Russia. Earth’s Cryosphere 2017, 21, 35–44.
[CrossRef]

http://dx.doi.org/10.1016/j.rse.2017.11.013
http://dx.doi.org/10.1111/j.1365-2486.2010.02302.x
http://dx.doi.org/10.1038/s41559-017-0328-y
http://www.ncbi.nlm.nih.gov/pubmed/28970570
http://dx.doi.org/10.1029/2018GL078820
http://dx.doi.org/10.1111/1365-2745.12491
http://dx.doi.org/10.1038/s41558-019-0688-1
http://dx.doi.org/10.1038/s41598-018-20692-8
http://dx.doi.org/10.15356/0373-2444-2016-3-28-39
http://dx.doi.org/10.1088/1748-9326/11/11/115002
http://dx.doi.org/10.1088/1748-9326/ab2364
http://dx.doi.org/10.1016/j.rse.2018.05.018
http://dx.doi.org/10.1038/s41467-018-08240-4
http://www.ncbi.nlm.nih.gov/pubmed/30651568
http://dx.doi.org/10.1016/j.rse.2015.12.046
http://dx.doi.org/10.1002/ppp.689
http://dx.doi.org/10.1002/2017JD027691
http://dx.doi.org/10.21782/KZ1560-7496-2017-6


Plants 2020, 9, 867 38 of 41

20. Perreault, N.; Lévesque, E.; Fortier, D.; Gratton, D.; Lamarque, L.J. Remote sensing evaluation of High Arctic
wetland depletion following permafrost disturbance by thermo-erosion gullying processes. Arct. Sci. 2017,
3, 237–253. [CrossRef]

21. Kirpotin, S.; Polishchuk, Y.; Zakharova, E.; Shirokova, L.; Pokrovsky, O.; Kolmakova, M.; Dupre, B. One of
the possible mechanisms of thermokarst lakes drainage in West-Siberian North. Int. J. Environ. Stud. 2008,
65, 631–635. [CrossRef]

22. Tagunova, L.N. Etapy zarastaniya spushchennyh ozer (hasyreev) v svyazi s merzlotno-geologicheskimi
usloviyami (Stages of overgrowing of flat lakes (Khasyrei) in connection with permafrost-geological
conditions). Tr. Vsegingeo 1973, 62, 114–123. (In Russian)

23. Moskovchenko, D.V.; Arefyev, S.P.; Glazunov, V.A.; Tigeev, A.A. Changes in vegetation and geocryological
conditions of the Tazovsky peninsula (Eastern part) for the period of 1988–2016. Earth’s Cryosphere 2017, 21,
3–11. [CrossRef]

24. Polishchuk, Y.M.; Kupriyanov, M.A.; Bryksina, N.A. Remote sensing study into the dynamics of lake areas in
the continuous permafrost zone of Siberia. Geogr. Nat. Resour. 2017, 3, 164–170.

25. Shiklomanov, A.; Lammers, R.; Lettenmaier, D.; Polischuk, Y.; Savichev, O.; Smith, L.; Chernokulsky, A.
Hydrological Changes: Historical Analysis, Contemporary Status, and Future Projections; Groisman, P.Y., Ed.;
Springer: Dordrecht, The Netherlands; Heidelberg, Germany; New York, NY, USA; London, UK, 2013;
pp. 111–154. [CrossRef]

26. Smith, L.C.; Sheng, Y.; MacDonald, G.M.; Hinzman, L.D. Disappearing Arctic lakes. Science 2005, 308, 1429.
[CrossRef] [PubMed]

27. Kravtsova, V.; Bystrova, A. Changes in thermokarst lake sizes in different regions of Russia for the last 30
years. Kriosf. Zemli. 2009, 13, 16–26.

28. Kravtsova, V.I.; Rodionova, T.V. Investigation of the dynamics in area and number of thermokarst lakes in
various regions of Russian cryolithozone, using satellite images. Earth’s Cryosphere 2016, 20, 81–89.

29. Carroll, M.L.; Townshend, J.R.G.; Dimiceli, C.M.; Loboda, T.; Sohlberg, R.A. Shrinking lakes of the Arctic:
Spatial relationships and trajectory of change. Geophys. Res. Lett. 2011, 38, L20406. [CrossRef]

30. Lantz, T.C. Vegetation succession and environmental conditions following catastrophic lake drainage in Old
Crow Flats, Yukon. Arctic 2017, 70, 177–189. [CrossRef]

31. Lantz, T.C.; Turner, K.W. Changes in lake area in response to thermokarst processes and climate in Old Crow
Flats, Yukon. J. Geophys. Res. Biogeosci. 2015, 120, 513–524. [CrossRef]

32. Tondu, J.M.E.; Turner, K.W.; Wiklund, J.A.; Wolfe, B.B.; Hall, R.I.; McDonald, I. Limnological evolution of
Zelma Lake, a recently drained thermokarst lake in Old Crow Flats (Yukon, Canada). Arct. Sci. 2017, 3,
220–236. [CrossRef]

33. Jones, B.M.; Grosse, G.; Arp, C.D.; Jones, M.C.; Walter Anthony, K.M.; Romanovsky, V.E. Modern thermokarst
lake dynamics in the continuous permafrost zone, northern Seward Peninsula, Alaska. J. Geophys.
Res. Biogeosci. 2011, 116, G00M03. [CrossRef]

34. Jones, B.M.; Arp, C.D. Observing a catastrophic Thermokarst lake drainage in Northern Alaska.
Permafr. Periglac. Process. 2015, 26, 119–128. [CrossRef]

35. Riordan, B.; Verbyla, D.; McGuire, A.D. Shrinking ponds in subarctic Alaska based on 1950–2002 remotely
sensed images. J. Geophys. Res. Biogeosci. 2006, 111, G04002. [CrossRef]

36. Nitze, I.; Cooley, S.; Duguay, C.; Jones, B.M.; Grosse, G. The catastrophic thermokarst lake drainage events of
2018 in northwestern Alaska: Fast-forward into the future. Cryosphere Discuss. 2020. in review. [CrossRef]

37. Zemtsov, A.A. Lakes of the North of Western Siberia and the origin of their basins. In Questions of the
Geography of Siberia; TSU: Tomsk, Russia, 1974; pp. 87–105. (In Russian)

38. Loyko, S.V.; Kuzmina, D.M.; Klimova, N.V. Landscape characteristics of drained thermokarst lakes in the
southern tundra of western Siberia. Nauchnyj Vestn. Yamalo-Neneckogo Avton. Okruga. Arct. Med. Biol. Ecol.
Environ. Econ. 2018, 101, 13–17. (In Russian)

39. Vasilevich, R.S. Major and trace element compositions of Hummocky frozen peatlands in the forest—Tundra
of Northeastern European Russia. Geochem. Int. 2018, 56, 1276–1288. [CrossRef]

40. Reyes, F.R.; Lougheed, V.L. Rapid nutrient release from permafrost thaw in arctic aquatic ecosystems.
Arct. Antarct. Alp. Res. 2015, 47, 35–48. [CrossRef]

http://dx.doi.org/10.1139/as-2016-0047
http://dx.doi.org/10.1080/00207230802525208
http://dx.doi.org/10.21782/EC1560-7496-2017-6
http://dx.doi.org/10.1007/978-94-007-4569-8_4
http://dx.doi.org/10.1126/science.1108142
http://www.ncbi.nlm.nih.gov/pubmed/15933192
http://dx.doi.org/10.1029/2011GL049427
http://dx.doi.org/10.14430/arctic4646
http://dx.doi.org/10.1002/2014JG002744
http://dx.doi.org/10.1139/as-2016-0012
http://dx.doi.org/10.1029/2011JG001666
http://dx.doi.org/10.1002/ppp.1842
http://dx.doi.org/10.1029/2005JG000150
http://dx.doi.org/10.5194/tc-2020-106
http://dx.doi.org/10.1134/S0016702918100129
http://dx.doi.org/10.1657/AAAR0013-099


Plants 2020, 9, 867 39 of 41

41. Keuper, F.; van Bodegom, P.M.; Dorrepaal, E.; Weedon, J.T.; van Hal, J.; van Logtestijn, R.S.P.; Aerts, R. A
frozen feast: Thawing permafrost increases plant-available nitrogen in subarctic peatlands. Glob. Chang. Biol.
2012, 18, 1998–2007. [CrossRef]

42. Lara, M.J.; Lin, D.H.; Andresen, C.; Lougheed, V.L.; Tweedie, C.E. Nutrient release from permafrost thaw
enhances CH4 emissions from Arctic tundra wetlands. J. Geophys. Res. Biogeosci. 2019, 124, 1560–1573.
[CrossRef]

43. Harms, T.K.; Cook, C.L.; Wlostowski, A.N.; Gooseff, M.N.; Godsey, S.E. Spiraling down hillslopes: Nutrient
uptake from water tracks in a warming Arctic. Ecosystems 2019, 22, 1546–1560. [CrossRef]

44. Harms, T.K.; Jones, J.B. Thaw depth determines reaction and transport of inorganic nitrogen in valley bottom
permafrost soils. Glob. Chang. Biolog. 2012, 18, 2958–2968. [CrossRef]

45. Aerts, R. The freezer defrosting: Global warming and litter decomposition rates in cold biomes. J. Ecol. 2006,
94, 713–724. [CrossRef]

46. Ukraintseva, N.; Leibman, M.; Streletskaya, I.; Mikhay-lova, T. Geochemistry of plant-soil-perma-frost system
on landslide-affected slopes, Yamal, Russia as an indicator of landslide age. In Landslides in Cold Regions in
the Context of Climate Change, Environmental Science and Engineering; Shan, W., Guo, Y., Wang, F., Marui, H.,
Strom, A., Eds.; Springer International Publishing: Cham, Switzerland, 2014; pp. 107–132.

47. Khitun, O.; Ermokhina, K.; Czernyadjeva, I.; Leibman, M.; Khomutov, A. Floristic complexes on landslides
of different age in Central Yamal, West Siberian Low Arctic, Russia. Fennia 2015, 13952, 31–52. [CrossRef]

48. Abbott, B.W.; Jones, J.B.; Godsey, S.E.; Larouche, J.R.; Bowden, W.B. Patterns and persistence of hydrologic
carbon and nutrient export from collapsing upland permafrost. Biogeoscience 2015, 12, 3725–3740. [CrossRef]

49. Bowden, W.B.; Gooseff, M.N.; Balser, A.; Green, A.; Peterson, B.J.; Bradford, J. Sediment and nutrient delivery
from thermokarst features in the foothills of the North Slope, Alaska: Potential impacts on headwater stream
ecosystems. J. Geophys. Res. Biogeosci. 2008, 113, G02026. [CrossRef]

50. Wang, P.; Limpens, J.; Mommer, L.; van Ruijven, J.; Nauta, A.L.; Berendse, F.; Schaepman-Strub, G.; Blok, D.;
Maximov, T.C.; Heijmans, M.M.P.D. Above- and below-ground responses of four tundra plant functional
types to deep soil heating and surface soil fertilization. J. Ecol. 2017, 105, 947–957. [CrossRef]

51. Kaverin, D.A.; Melnichuk, E.B.; Shiklomanov, N.I.; Kakunov, N.B.; Pastukhov, A.V.; Shiklomanov, A.N.
Long-term changes in the ground thermal regime of an artificially drained thaw-lake basin in the Russian
European north. Permafr. Periglac. Process. 2018, 29, 49–59. [CrossRef]

52. O’Neill, H.B.; Burn, C.R. Physical and temporal factors controlling the development of near-surface ground
ice at Illisarvik, Western Arctic coast, Canada. Can. J. Earth Sci. 2012, 49, 1096–1110. [CrossRef]

53. Zhang, T. Influence of the seasonal snow cover on the ground thermal regime: An overview. Rev. Geophys.
2005, 43, RG4002. [CrossRef]

54. Goncharova, O.Y.; Matyshak, G.V.; Epstein, H.E.; Sefilian, A.R.; Bobrik, A.A. Influence of snow cover on
soil temperatures: Meso- and micro-scale topographic effects (a case study from the northern West Siberia
discontinuous permafrost zone). Catena 2019, 183, 104224. [CrossRef]

55. Mackay, J.R.; Burn, C.R. The first 20 years (1978–1979 to 1998–1999) of active-layer development, Illisarvik
experimental drained lake site, western Arctic coast, Canada. Can. J. Earth Sci. 2002, 39, 1657–1674. [CrossRef]

56. Regmi, P.; Grosse, G.; Jones, M.C.; Jones, B.M.; Anthony, K.W. Characterizing post-drainage succession in
thermokarst lake basins on the Seward Peninsula, Alaska with terraSAR-X backscatter and landsat-based
NDVI data. Remote Sens. 2012, 4, 3741–3765. [CrossRef]

57. Billings, W.D.; Peterson, K.M. Vegetational change and ice-wedge polygons through the thaw-lake cycle in
arctic Alaska. Arct. Alp. Res. 1980, 12, 413–432. [CrossRef]

58. Ovenden, L. Vegetation colonizing the bed of a recently drained thermokarst lake (Illisarvik), Northwest
Territories. Can. J. Bot. 1986, 64, 2688–2692. [CrossRef]

59. Zona, D.; Oechel, W.C.; Peterson, K.M.; Clements, R.J.; Paw, K.T.U.; Ustin, S.L. Characterization of the carbon
fluxes of a vegetated drained lake basin chronosequence on the Alaskan Arctic Coastal Plain. Glob. Chang. Biol.
2010, 16, 1870–1882. [CrossRef]

60. Crate, S.; Ulrich, M.; Habeck, J.O.; Desyatkin, A.R.; Desyatkin, R.V.; Fedorov, A.N.; Hiyama, T.; Iijima, Y.;
Ksenofontov, S.; Mészáros, C.; et al. Permafrost livelihoods: A transdisciplinary review and analysis of
thermokarst-based systems of indigenous land use. Anthropocene 2017, 18, 89–104. [CrossRef]

61. Desyatkin, A.; Takakai, F.; Nikolaeva, M. Landscape microzones within thermokarst depressions of central
Yakutia under present climatic conditions. Geosciences 2018, 8, 439. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2486.2012.02663.x
http://dx.doi.org/10.1029/2018JG004641
http://dx.doi.org/10.1007/s10021-019-00355-z
http://dx.doi.org/10.1111/j.1365-2486.2012.02731.x
http://dx.doi.org/10.1111/j.1365-2745.2006.01142.x
http://dx.doi.org/10.11143/45321
http://dx.doi.org/10.5194/bg-12-3725-2015
http://dx.doi.org/10.1029/2007JG000470
http://dx.doi.org/10.1111/1365-2745.12718
http://dx.doi.org/10.1002/ppp.1963
http://dx.doi.org/10.1139/e2012-043
http://dx.doi.org/10.1029/2004RG000157
http://dx.doi.org/10.1016/j.catena.2019.104224
http://dx.doi.org/10.1139/e02-068
http://dx.doi.org/10.3390/rs4123741
http://dx.doi.org/10.2307/1550492
http://dx.doi.org/10.1139/b86-354
http://dx.doi.org/10.1111/j.1365-2486.2009.02107.x
http://dx.doi.org/10.1016/j.ancene.2017.06.001
http://dx.doi.org/10.3390/geosciences8120439


Plants 2020, 9, 867 40 of 41

62. Revin, Y.V. (Ed.) Alasnye Ekosistemy: Struktura, Funkcionirovanie, Dinamika; Alas Ecosystems: Structure,
Functioning, Dynamics; Nauka: Novosibirsk, Russia, 2005; 264p. (In Russian)

63. Zakharova, E.A.; Kouraev, A.V.; Stephane, G.; Franck, G.; Desyatkin, R.V.; Desyatkin, A.R. Recent dynamics
of hydro-ecosystems in thermokarst depressions in Central Siberia from satellite and in situ observations:
Importance for agriculture and human life. Sci. Total Environ. 2018, 615, 1290–1304. [CrossRef]

64. Shishkonakova, E.A.; Abramova, L.I.; Avetov, N.A.; Tolpysheva, T.Y.; Shvedchikova, N.K. Bolota kotloviny
hasyreya Aj-Nadymtyjlor (prirodnyj park Numto, Hanty-Mansijskij avtonomnyj okrug—Yugra) (Bogs of
the Khasyrei Ai-Nadymtylor Basin (Numto Natural Park, Khanty-Mansi Autonomous Okrug—Ugra)).
Byulleten’ Mosk. Obs. Ispyt. Prir. Otd. Biol. 2013, 118, 48–56. (In Russian)

65. Magomedova, M.A.; Morozova, L.M.; Ektova, S.N.; Rebristaya, O.V.; Chernyadieva, I.V.; Potemkin, A.D.;
Knyazev, M.S. Yamal Peninsula: Vegetation; City Press: Tyumen, Russia, 2006; 360p. (In Russian)

66. Loiko, S.V.; Pokrovsky, O.S.; Raudina, T.V.; Lim, A.; Kolesnichenko, L.G.; Shirokova, L.S.; Vorobyev, S.N.;
Kirpotin, S.N. Abrupt permafrost collapse enhances organic carbon, CO2, nutrient and metal release into
surface waters. Chem. Geol. 2017, 471, 153–165. [CrossRef]

67. Bazilevich, N.I. Productivity of Northern Eurasia Ecosystems; Nauka: Moscow, Russia, 1993; 293p. (In Russian)
68. Basillevich, N.I.; Titlyanova, A.A. Biotic Turnover on Five Continents: Element Exchange Processes in Terrestrial

Natural Ecosystems; Nauka: Novosibirsk, Russia, 2008. (In Russian)
69. Manasypov, R.M.; Pokrovsky, O.S.; Shirokova, L.S.; Kirpotin, S.N.; Zinner, N.S. Elemental composition of

macrophytes of thermokarst lakes in Western Siberia. Bull. Tomsk Polytech. Univ. Geo Assets Eng. 2018, 329,
50–65.

70. Eisner, W.R.; Peterson, K.M. Pollen, fungi and algae as age indicators of drained lake basins near Barrow,
Alaska. In Proceedings of the 7th International Conference on Permafrost, Yellowknife, NT, Canada, 23–27
June 1998; Centre de Etudes Nordiques de l’Universite Laval, Collection Nordicana: Laval, QC, Canada,
1998; pp. 245–250.

71. Loiko, S.; Raudina, T.; Lim, A.; Kuzmina, D.; Kulizhskiy, S.; Pokrovsky, O. Microtopography controls of
carbon and related elements distribution in the west siberian frozen bogs. Geosciences 2019, 9, 291. [CrossRef]

72. Wassen, M.J.; Venterink, H.O.; Lapshina, E.D.; Tanneberger, F. Endangered plants persist under phosphorus
limitation. Nature 2005, 437, 547–550. [CrossRef] [PubMed]

73. Jones, M.C.; Grosse, G.; Jones, B.M.; Walter Anthony, K. A lake basins in continuous, ice-rich permafrost,
northern Seward Peninsula, Alaska. J. Geophys. Res. Biogeosci. 2012, 117, G00M07. [CrossRef]

74. Walker, D.A.; Leibman, M.O.; Epstein, H.E.; Forbes, B.C.; Bhatt, U.S.; Raynolds, M.K.; Comiso, J.C.;
Gubarkov, A.A.; Khomutov, A.V.; Jia, G.J.; et al. Spatial and temporal patterns of greenness on the Yamal
Peninsula, Russia: Interactions of ecological and social factors affecting the Arctic normalized difference
vegetation index. Environ. Res. Lett. 2009, 4, 045004. [CrossRef]

75. Golubyatnikov, L.L.; Zarov, E.A.; Kazantsev, V.S.; Filippov, I.V.; Gavrilov, G.O. Analysis of landscape structure
in the Tundra Zone for Western Siberia based on satellite data. Izv. Atmos. Ocean. Phys. 2015, 3, 969–978.
[CrossRef]

76. Fedorov, A.N.; Gavriliev, P.P.; Konstantinov, P.Y.; Hiyama, T.; Iijima, Y.; Iwahana, G. Estimating the water
balance of a thermokarst lake in the middle of the Lena River basin, eastern Siberia. Ecohydrology 2014, 7,
188–196. [CrossRef]

77. Nikolaeva, M.C.; Desyatkin, R.V. Dynamics of diversity and productivity of alas wet meadows in Central
Yakutia. Rastit. Resur. 2015, 51, 70–80.

78. Bysyina, M.F. Ecocoenotic elements of flora of alases (Central Yakutia). Plant Life Asian Russ. 2009, 1, 68–72.
(In Russian)

79. Kaverin, D.A.; Pastukhov, A.V.; Kakunov, N.B.; Kalmykov, A.V. Features of soil genesis in the basin of
drained lake Opytnoe (European Northeast of Russia). Izv. Ras. Samsc. 2014, 16, 43–50. (In Russian)

80. Wilson, M.A. Vegetation Succession and Environmental Relations at the Illisarvik Drained Lake Experiment,
Western Arctic Coast, Canada. Master’s Thesis, Carleton University, Ottawa, ON, Canada, 2018. [CrossRef]

81. Ilyina, I.S.; Lapshina, E.I.; Lavrenko, N.N.; Mel’tser, L.I.; Romanova, E.A.; Bogoyavlenskiy, B.A.; Makhno, V.D.
Rastitel’nyj Pokrov Zapadno-Sibirskoj Ravniny (Vegetation Cover on West. Siberian Plain); Nauka: Novosibirsk,
Russia, 1985; 250p. (In Russian)

82. Serikova, S.; Pokrovsky, O.S.; Laudon, H.; Krickov, I.V.; Lim, A.G.; Manasypov, R.M.; Karlsson, J. High carbon
emissions from thermokarst lakes of Western Siberia. Nat. Commun. 2019, 10, 1552. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.scitotenv.2017.09.059
http://dx.doi.org/10.1016/j.chemgeo.2017.10.002
http://dx.doi.org/10.3390/geosciences9070291
http://dx.doi.org/10.1038/nature03950
http://www.ncbi.nlm.nih.gov/pubmed/16177790
http://dx.doi.org/10.1029/2011JG001766
http://dx.doi.org/10.1088/1748-9326/4/4/045004
http://dx.doi.org/10.1134/S0001433815090091
http://dx.doi.org/10.1002/eco.1378
http://dx.doi.org/10.22215/etd/2018-12951
http://dx.doi.org/10.1038/s41467-019-09592-1
http://www.ncbi.nlm.nih.gov/pubmed/30948722


Plants 2020, 9, 867 41 of 41

83. IUSS Working Group WRB. World Reference Base for Soil Resources 2014. In International Soil Classification
System for Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome,
Italy, 2014.

84. Raudina, T.V.; Loiko, S.V.; Lim, A.; Manasypov, R.M.; Shirokova, L.S.; Istigechev, G.I.; Kuzmina, D.M.;
Kulizhsky, S.P.; Vorobyev, S.N.; Pokrovsky, O.S. Permafrost thaw and climate warming may decrease the
CO2, carbon, and metal concentration in peat soil waters of the Western Siberia Lowland. Sci. Total Environ.
2018, 634, 1004–1023. [CrossRef] [PubMed]

85. Raudina, T.V.; Loiko, S.V.; Lim, A.G.; Krickov, I.V.; Shirokova, L.S.; Istigechev, G.I.; Kuzmina, D.M.;
Kulizhsky, S.P.; Vorobyev, S.N.; Pokrovsky, O.S. Dissolved organic carbon and major and trace elements in
peat porewater of sporadic, discontinuous, and continuous permafrost zones of western Siberia. Biogeosciences
2017, 14, 3561–3584. [CrossRef]

86. Audry, S.; Pokrovsky, O.S.; Shirokova, L.S.; Kirpotin, S.N.; Dupŕ, B. Organic matter mineralization and trace
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