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Introduction

Soils play a crucial role in the accumulation, transfor-
mation, redistribution and migration of various chemical 
compounds and elements in polar ecosystems (Goryačkin 
2014). Soils serve as a linkage between the small and 
large geological cycles of matter and energy fluxes (Tar-
nocai et al. 2009; Zubrzycki et al. 2014). Permafrost- 
affected soils occupy a significant area—approximately 
8.6 million  km2, about 27% of all land areas north of 
50°N (Tarnocai et al. 2009). Undergoing low average 
temperatures and extreme interannual temperature 
differences, these soils have accumulated vast pools of 
organic matter during the Quaternary Period (Smith & 
Veldhuis 2004; Zimov et al. 2006; Zubrzycki et al. 2013). 
Permafrost-affected soils serve as a massive reservoir of 
organic carbon: up to 1024 Pg in the upper 3 m (Tarnocai 
et al. 2009). Arctic permafrost-affected soils differ signifi-
cantly from soils in other geographical regions because of 
the storage of this enormous pool of carbon in the active 
layer compared to the annual production by plant bio-
mass (McGuire et al. 2009; Hugelius et al. 2014; Köchy 

et al. 2015). Permafrost areas in the Northern Hemisphere 
contain approximately 30–40% of the global soil carbon 
pool within the 3-m soil layer, while they comprise only 
15% of the global land surface and 10–20% of the global 
vegetation carbon pool (McGuire et al. 2009; Hugelius 
et al. 2014). Taking into account that permafrost-affected 
soils serve as a significant reservoir of organic matter and 
that climate change is already proving to be particularly 
manifested in polar regions, permafrost-affected land-
scapes are considered one of the most critical cryosphere 
elements within the climate system (Hugelius et al. 2014; 
Zubrzycki et al. 2014). Qualitative and quantitative stud-
ies of soil organic matter and soil microbial communi-
ties are crucial as the massive amount of organic carbon 
stored in permafrost soils might be vulnerable to prim-
ing, caused by the increasing availability of plant-derived 
organic compounds with rising temperatures.

Because the depth of the upper boundary of perma-
frost varies markedly from place to place, so does the 
structure of the soil in the active layer and the interactions 
between soil and permafrost (Gubin & Lupachev 2008). 
Thus, the widespread occurence of microcomposition 
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components that are not correlated with modern biocli-
matic conditions testifies to the polygenetic state of soils. 
The nano- and microrelief of permafrost-affected land-
scapes is important: microdepressions accumulate more 
organic matter, while microelevations accumulate less 
organic matter (Lupachev et al. 2016).

Taking into account that most tundra plant communities 
are limited in nitrogen, the C:N ratio may serve as a control 
of plant response to climate change (Schimel et al. 1996). 
To predict how soil will respond to climate change in terms 
of releasing carbon dioxide and nitrogen, it is necessary to 
know how much biologically available carbon and nitrogen 
are in pools of organic matter and their dynamics. A num-
ber of studies of carbon and nitrogen mineralization in per-
mafrost-affected soils have revealed the primary controls 
on it: temperature, soil water and quality of organic matter 
inputs (Nadelhoffer et al. 1992; Schimel et al. 1996).

There are many knowledge gaps regarding the organic 
matter in permafrost-affected soils, including qualitative 
assessments of organic matter, its distribution in perma-
frost-affected landscapes and soils, carbon and nitrogen 
pools, their dynamics and stabilization, and climate-relevant 
gas release from the soil. This list of topics is not exhaus-
tive for adequate assessment of the current state of perma-
frost-affected regions and their fate in the face of predicted 
climate change. A better understanding and modelling of 
the Earth’s climate system requires improving our knowl-
edge of carbon, water and energy exchange between ter-
restrial ecosystems and the atmosphere (Parry et al. 2007).

The quality and quantity of estimations of SOC pools 
in the Russian Arctic are inconsistent and insufficient. 
Incongruities in the ways the data have been collected 
(Schepaschenko et al. 2013), including differences in soil 
depths examined, and incomplete data are all issues. For 
example, soil bulk density is often very approximate and 
inadequate for a detailed assessment.

Our current understanding of ecosystem functioning 
is mainly expressed in terms of pools and fluxes. Hence, 
predictions of ecosystem functioning under varied envi-
ronmental conditions and disturbances depend heavily 
on the accuracy of the linkages between conceptual pools 
of soil organic matter, estimating their capacity and cal-
culating the rates and volume of the fluxes between the 
pools (Kuzyakov 2011).

Soil microbiomes play an essential role in the devel-
opment of soil profiles and the implementation of soil 
biochemical processes (Wolińska et al. 2018). Micro-
organisms play a key role in decomposition of organic 
material, ensuring the cycling of nutrients and the for-
mation of organic matter in the soil (Schütz et al. 2010; 
Wolińska et al. 2016).

Despite the very harsh environments of the Arctic, 
the diversity of its soil bacterial communities is as high 

as in other biomes. Soil microbial diversity in Arctic soils 
is likely to be driven by many environmental factors, 
including the soil’s physical properties and nutrient avail-
ability. Permafrost-affected soils are characterized by the 
slow decomposition of organic matter, which is caused by 
a combination of the acid reactions of soils, low tempera-
tures, functional limitations of the microbial communities 
performing mineralization, suppression of oxidase activ-
ity due to lack of oxygen and the presence of chemically 
complicated substrates with low nitrogen content (Free-
man et al. 2001; Moore & Basiliko 2006). Moreover, the 
basal respiration rate and productivity of plants are also 
affected and limited by the low level of available nitrogen 
(Kaiser et al. 2011). Studies of soil microbial communi-
ties and how the rate of organic matter decomposition 
in the soil responds to Arctic warming are important for 
improved climate system modelling.

The overall aim of this work was to assess existing 
carbon pools and microbial communities in soils formed 
in permafrost-affected landscapes of the Yamal region. 
The  particular objectives of this work were: to estimate 
the level of organic carbon accumulation and evaluate the 
characteristics of soil carbon within the southern Yamal 
region; to investigate the main physical and chemical 
properties of natural permafrost-affected soils in regard to 
their influence on soil organic matter characteristics; and 
to evaluate soil microbiome composition and relation-
ships between microbiome alpha-diversity indices and soil 
properties.

Materials and methods

Fieldwork and soil sampling

Soils were sampled in the Yamal region during the 
Yamal-Arctic-2015 (August 2015) and Yamal- Arctic-2016 
(July–August 2017) expeditions. Supplementary materi-
als (landscape photographs, soil temperatures from July 
2016 to July 2017) were collected during the Yamal- 
Arctic-2017 expedition. The area of study included six 
key plots in the southern tundra and forest–tundra zone 
(Fig. 1, Table 1). To expand the scientific understanding 
of SOC accumulation and microbiome composition in 
Arctic ecosystems, we analysed 156 soil samples from the 
transitional forest–tundra and tundra zone in the south-
ern part of Yamal. Each of the studied site is 50 × 50 m 
and included six sampling points. Soils were sampled at 
different depths in 20 × 20 cm soil pits. The samples were 
stored in double sterile plastic bags, labelled and trans-
ported to the laboratory. For this study, we chose two 
sites located in the forest–tundra ecotone (surrounding 
the Salekhard and Khalyatalbey rivers), which are in 
the transitional zone between the Siberian taiga and the 
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tundra. Such ecotones are characterized by large ecosys-
tem variability and are very sensitive to even small vari-
ations in environmental variables, and therefore serve as 
early indicators of the consequences of climate change at 
a larger scale (Hugelius & Kuhry 2009).

The climate of the southern Yamal Peninsula is severe 
and continental. The radiation balance values are approx-
imately 18–20 kcal сm–2 year−1. Relative humidity in the 
entire peninsula is high (70–90%) throughout the year, 
the result of low air temperatures and proximity to the 
cold waters of the Kara Sea (Dobrinskij 1995). The aver-
age precipitation is approximately 350–400 mm year−1, 
and relative dryness of Arctic air masses means that only a 
small amount of precipitation falls in the northern part of 
the peninsula (Vlasov et al. 2014). The annual evaporation 
is not high (approximately 250 mm year−1). The number 
of days with snow cover varies from 233 to 240, winter 
lasts 7–7.5 months, and the average temperature in Jan-
uary is −23°C to −25°C. Spring is usually short (35 days) 
and cold, with dramatic weather changes and frequent 
returns of cold and frost. The growing season is 70 days. 
The average temperature of the warmest month is +5°C. 
Autumn is short, with maximal pressure gradient vola-
tility, abrupt changes in temperature and frequent early 
frosts. The region is characterized by a cold and humid cli-
mate (Šijatov & Mazepa 1995). The Yamal Peninsula has 
been described as region that is very sensitive to climate 
warming (Forbes & Kumpula 2009). A 1–2°C increase in 
the average air temperature has been reported, which is 
significant for enhancing the rates of soil organic matter 
humification and the emission of climate-relevant gases 

to the atmosphere (McGuire et al. 2009). It should be 
reported that the summer seasons of 2016 and 2017 were 
extraordinarily warm for the southern Yamal region. The 
mean air temperature during fieldwork in July was about 
+27–30°C, which is much higher than the mean Arctic 
temperatures stated in the literature for recent decades. 
This coincides with the finding that various anthropogenic 
disturbances have increased summer temperatures in the 
Arctic, along with permafrost thaw and wildfires, and that 
landslides might lead to shrub expansion by creating min-
eral-rich soils favourable for shrubs (Racine et al. 2004; 
Walker et al. 2009; Lantz et al. 2010).

The landscape diversity of southern Yamal determines 
the peculiarities of geochemical flows, soil diversity, the 
functioning of the hydrological network and terrestrial 
element cycles (Fig. 2). In general terms, the soils of the 
southern Yamal Peninsula are mostly Histic Gleysols 
and Aquiturbic Cryosols in hydromorphic positions and 
Histic Podzols in autonomous positions. These soils are 
usually characterized by a low fertility level (low amount 
of nitrogen, phosphorus and potassium) as well as low 
cation exchange capacity, base saturation and acid inter-
vals of pH, and high exchangeable and hydrolytic acid-
ity (Alekseev & Abakumov 2018). The permafrost table 
depth varies between 70 and 120 cm in the studied area 
(Alekseev, Kostecki et al. 2017).

Soil analyses

The main soil parameters were determined using standard 
procedures. Values of pH in water and salt suspension 

Fig. 1 Area of investigation in the western Siberian sector of the Russian Arctic and study sites: (1) vicinity of Salekhard; (2) the Polar Urals (Chyornaya 

Mountain and Kerdamon-Shor Valley); (3) Khalyatalbey River; (4) Bolshaya Hadata River; (5) Bolshoe Schuchie Lake; (6) Erkuta River.
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were measured using a pH150 meter (1:2.5 soil:solution 
ratio, an accuracy of ±0.05). Exchangeable and hydrolytic 
acidity were measured by adding KCl and NaCH

3
COO, 

respectively (1:2.5 soil:solution ratio). The basal respira-
tion of the soil horizons was measured using NaOH traps 
in closed incubation jars: CO

2
 concentrations were mea-

sured in soil samples in an alkaline solution in a plastic 
container for 10 days (temperature 20°C, moisture 60% 
to initial soil weight, an accuracy of ±3%; see Bailey et al. 
[2008] for details of the method). Carbon and nitrogen 
content were measured using a Vario Max element anal-
yser (Elementar Analyse Systeme; accuracy of ± 0.05% 
for both carbon and nitrogen). Extraction of humic and 
fulvic acids for further Cha:Cfa analysis was performed 
according to the method suggested by Schnitzer (1982; 
an accuracy of ±3%). Particle-size distribution was ana-
lysed by the pipette-sedimentation method (Kačinskij 
1970; accuracy of ±3%). To determine bulk density, sam-
ples were taken using the soil core method described by 
Hao et al. (2008). The studied soil profiles were morpho-
metrically examined to assess the predominant soil-form-
ing processes and soil horizons quantitatively. Soils were 
characterized in accordance with the Russian Soil Classi-
fication System, using appropriate soil horizons indices 
(Šišov et al. 2004).

Soil diagnostics were performed according to the 
 Russian Soil Classification System (Šišov et al. 2004) 
and the World Reference Base for Soil Resources system 
(FAO 2015).

The SOC content (kg m2) was calculated according to 
the formula suggested by Tarnocai et al. (2009) for each 
soil type and soil layers of 0–10, 0–30 and 0–100 cm 
depths:

 SOC content = C × BD × T, (1)

where C is the organic carbon (%weight), BD is the bulk 
density (g cm−3) and T is the soil layer thickness (cm).

Microbial analyses

Topsoil material (0–10 cm depth) for DNA extraction 
was not ground before analyses. Samples were frozen 
and transported to the laboratory. DNA was extracted 
from 5.0 to 7.0 g of soil material using the PowerSoil 
DNA Isolation Kit (Mobio Laboratories), which included 
a bead-beating step, according to the manufacturer’s 
specifications. Homogenization of the samples was per-
formed using a Precellys 24 (Bertin Corp.) homogenizer 
at 6.5 m s−1, twice for 30 s each time. The purity and quan-
tity of DNA were tested by electrophoresis in 0.5 × TAE 
 buffer on 1% agarose. DNA concentrations were mea-
sured at 260 nm using a SpectroStar Nano (BMG Labtech) 

Fig. 2 Landscape diversity of the studied area: (a) forest–tundra site, 

wet hummock tundra combined with associations of larch forest 

(Larix  sibirica) in the vicinity of Salekhard; (b) bulganniakh (pingo) in 

southern tundra (Khalyatalbery River); (c) non-sorted circle (frost boil) 

on the eastern slope of Chyornaya Mountain in the Polar Urals; (d) exam-

ple of a combination of wet tundra (Eriophorum vaginatum as a domi-

nant species) and spots with reduced vegetation (Erkuta River).
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absorbance  plate reader. The average DNA yield was 
2–5 μg DNA, with concentrations between 30 and 50 ng 
μL−1. The purified DNA templates were amplified with uni-
versal multiplex primers F515 5′-GTGCCAGCMGCCGC-
GGTAA-3′ and R806 5′-GGACTACVSGGGTATCTAAT-3′ 
(Bates et al. 2010), targeting the variable region V4 of 
bacterial and archaeal 16S rRNA genes. Each multiplex 
primer contained the adapter, 4-bp key (TCAG), 10-bp 
barcode and primer sequences. The  expected length of 
the amplification product was 400  bp. Sequencing of 
the amplicon libraries was conducted using an Illumina 
MiSeq at the Genomic Technologies, Proteomics and Cell 
Biology Centre (All-Russia Research Institute for Agri-
cultural Microbiology, Russia). The raw sequences were 
processed using the QIIME microbiome bioinformatics 
platform (Caporaso et al. 2010). Preliminary processing 
of the raw reads was performed using Trimmomatic soft-
ware (Bolger et al. 2014). The multiplexed reads were 
first filtered for quality and grouped according to barcode 
sequences to reduce sequencing errors. Sequences were 
omitted from the analysis if they were less than 200 bp, 
had a quality score below 25 and contained uncorrectable 
barcodes, primers, ambiguous characters or a homopoly-
mer length equal to or greater than 8 bp. All non- 
bacterial ribosomal sequences and chimeras were also 
removed from the libraries. Forward and reverse reads 
were paired by fastq-join (Aronesty 2013), and chimeras 
were removed by using the VSEARCH engine (Rognes 
et al. 2016). A representative set of sequences was cho-
sen by selecting the most abundant sequence from each 
OTU. Representative sequences from each OTU were sub-
jected to a naïve Bayesian rRNA Classifier (Wang et al. 
2007) with a confidence level of 80% and aligned using 
a PyNast algorithm and Greengenes database (DeSantis 
et al. 2006). Aligned sequences were used to build a dis-
tance matrix with a distance threshold of 0.1 and a phy-
logenetic tree necessary for downstream analysis. OTU 
picking based on 97% sequence similarity was performed 
using the SILVA database version 132 closed-reference 
algorithm (Quast et al. 2014).

Statistical analyses

To estimate alpha diversity, indices for richness (observed 
species and ChaoI) and evenness (Faith’s index and 
Shannon evenness) were calculated. Observed OTUs 
estimate the total number of OTUs in a sample and work 
as species number in ecology. Phylogenetic diversity or 
Faith’s index estimates the total length of branches in 
a phylogenetic tree. This index reveals the taxonomic 
structure of samples—whether they are on the same 
branch or on several distant branches. Shannon index 
is a complex metric with both evenness and richness 

components. Chao1 is a nonparametric method for 
estimating the number of species in a community. The 
t-test was performed to verify the observed differences. 
The abundances of OTUs were compared between sam-
ples by calculating the median relative change values 
for all groups of replicates. A positive median indicates 
an increase in abundance, whereas a negative median 
can be considered evidence for a decline in abundance. 
A basic permutation test was used to infer significance, 
while a jackknife-like resampling approach was applied 
to test the stability of median estimates.

The results of the alpha-diversity calculation were 
submitted to PCA in order to determine the common 
relationships between the alpha-diversity of the micro-
biome and soil parameters at respective sites. For the 
PCA analysis, all data sets were normalized. Values of 
soil parameters and alpha-diversity indices of microbial 
communities were divided by their highest observed 
values. Correlation analysis was performed to study the 
relationships of various soil parameters with microbi-
ome alpha-diversity indices. Statistical analyses were 
performed using JASP analytical software (JASP Team, 
Amsterdam University).

Results and discussion

Morphometric characterization of soils

The morphometric analysis (Table 2, Fig. 3) revealed that 
peat formation and accumulation, stagnification (gleyic), 
cryoturbation and podzolization are the main soil-form-
ing processes. It should be noted that the thickness of 
Histic and Stagnic horizons depends very much on  the 
moisture regime and permafrost table depth in micro- 
and meso-landscapes. Analysis of the data obtained 
revealed that the thickest horizons are those developed 
in over-moistening conditions in microdepressions of the 
landscape and cryogenic horizons.

The mean thickness of the Stagnic horizons was 
19.7 ± 2.7 (23.4 ± 2.5) cm and of the Histic horizons, 
9.9 ± 2.1 cm. On the basis of these results, we decided 
to estimate soil carbon pools not only from the refer-
ence layers of 0–30 cm and 0–100 cm (Hugelius et al. 
2014) but also for 0–10 cm, which reflects the charac-
teristic depth of the predominant topsoil horizon, where 
most organic carbon is stored in the study area. Regard-
ing the presence of sorted circles and their soils, in such 
forms of microrelief, Turbic Cryosols/Typic Cryozems 
with specific soil profiles usually develop. These soils 
consist of a weakly developed and thin litter horizon 
(O) thin grey-humus (AY) or raw-humus (AO)  horizons 
(mean thickness 5.4 ± 2.3 cm) and thick cryogenic hori-
zons (CR 25.0 ± 7.4 cm). In the floodplains of the Erkuta 
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and Khalyatalbey rivers, Alluvial and Stratified soil 
orders develop. These soils consist of many soil horizons 
( layers) that have different soil properties.

Soil physical–chemical properties

The basic soil parameters for the studied soils are presented 
in Table 3. The pH values were predominantly strongly acidic 
within the soil profiles. Measured exchangeable acidity var-
ied from 0.03 to 4.00 cmolP+ kg−1. The lowest values were 
found in the Histic topsoil horizons of the Histic Cryosol/
Peaty Eutrophic soil, underlain by permafrost. Hydrolytic 
acidity values ranged from 0.07 to 4.00 cmolP+ kg−1.

Organic carbon was highest in Histic and litter topsoil 
horizons (up to 33.95%). The contents of nitrogen were 

also highest in the topsoil horizons. No elevated values 
of organic carbon or nitrogen were found in the tran-
sition horizons; however, the buried organogenic hori-
zon (Erkuta River) showed even higher carbon content 
than the topsoil horizon. The C:N ratios ranged between 
29.94 and 87.04 in the topsoil horizons. Analysis of C:N 
mean values within the studied plots revealed that the 
soils of the Polar Urals site had the widest ratio, likely as 
a result of the site having a more gradual profile distribu-
tion within the illuvial profile. These soils were charac-
terized by lower variability of C:N, while this parameter 
was relatively high (>30) in topsoil horizons (mainly lit-
ter and raw-humus). In contrast, although there was a 
very wide C:N ratio in the topsoil Histic horizon, Histic 
Spodic Cryosols/Peat Podzols underlain by permafrost 
were characterized by a more dramatic decrease in C:N 
within the soil profile. High C:N ratios observed at some 
sites are caused by a lack of oxygen in over-moistened 
conditions and, consequently, low soil organic matter 
decomposition. The wide C:N ratio suggests a deficit of 
nitrogen, inhibited decomposition of plant remnants and 
accumulation of organic peat material. Lower values of 
C:N ratio in lower horizons are explained by better aer-
ation conditions and, thus, a higher decomposition rate. 
Many soil profiles within the study area demonstrated an 
unequal distribution of SOC, nitrogen content and differ-
ent C:N ratios. This observation supports data reported 
previously for permafrost-affected soils in various sectors 
of the Arctic (Zubrzycki et al. 2013; Zubrzycki et al. 2014) 
and is the type of evidence needed to properly investi-
gate soil carbon and nitrogen pools. The manifestation 
of cryoturbation and buried organic matter makes this 
particularly important and should be accurately assessed 

Table 2 Morphometric analysis of investigated soils.

Soil horizon (RSCSa) Horizon thickness 

(mean ± SD, cm)

Topsoil horizons

Grey humus (AY), litter (O), humus-litter (AO) 5.4 ± 2.3

Buried organic matter (H) 5.5 ± 3.5

Histic (TE) 9.9 ± 2.1

Eluvial horizons

Strict eluvial (E) 7.9 ± 3.8

Eluvial (EL) 8.8 ± 0.52

Diagnostic horizons

Iron-illuvial (BF) 7.3 ± 2.5

Cryogenic (CR) 25.0 ± 7.4

Gleyic (G) 19.7 ± 2.7

Gleyic with oximorphic features (Gox) 23.4 ± 2.5

aRussian Soil Classification System (Šišov et al. 2004).

Table 1 Geographical description of the studied sites.

Site Geographical coordinates Landscape description Name of predominant soils WRBa/RSCSb

Vicinity of Salekhard N 66°27′26.7″ 
E 67°34′48.0″

Southern tundra/forest–tundra, predominantly 

flat relief complicated by thermokarst lakes and 

bulganniakhs (pingos)

Histic Stagnic Cryosol/Peat Gleyzem 

underlain by permafrost

Polar Urals ( Chyornaya 

Mountain and Kerdamon-

Shor Valley)

N 66°49′52.0″ 
E 65°28′37.2″

Eastern macroslope of the Polar Urals. Slopes 

are composed of colluvial material. Non-sorted 

circles on slopes. Valleys are represented by wet 

(hummock) tundra

Turbic Cryosols/Typic Cryozem (on slopes) 

Histic Stagnic Cryosol/Peat Gleyzem 

underlain by permafrost (in valleys)

Khalyatalbey River
N 67°28′14.6″ 
E 67°26′15.2″

Southern tundra/forest–tundra. Foothills of the 

Polar Urals

Histic Stagnic Cryosol/Peat Gleyzem 

underlain by permafrost

Erkuta River
N 68°11′31.8″ 
E 68°58′26.4″

Southern tundra site, located on the first terrace 

of Erkuta River. Relief is complicated by sorted 

circles, ice-wedges

Histic Cryosol/Peat eutrophic soil 

underlain by permafrost

Bolshaya Hadata River
N 67° 35′17.8″ 
E 66°17′35.6″

Southern tundra/forest–tundra site, hilly relief
Histic Spodic Cryosol/Peat Podbur 

underlain by permafrost

Bolshoye Schuchie Lake N 67°50′01.1″ 
E 66°23′17.0″

Southern tundra/forest–tundra. Colluvium. Relief is 

also complicated by sorted and non-sorted circles

Histic Spodic Cryosol/Peat Podbur 

underlain by permafrost

aWorld Reference Base for Soil Resources (FAO 2015). bRussian Soil Classification System (Šišov et al. 2004).
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in the development of sampling approaches (Zubrzycki 
et al. 2013).

Soil basal respiration

Analysis of basal soil respiration data revealed several 
trends in its profile distribution (Fig. 4). The measured 
parameters of the microbiological activity of the soils 
indicate that in most of the studied soils, the highest 
basal respiration rate was in the upper horizon, espe-
cially in Histic horizons, corresponding to high microbial 
biomass (Fig. 4b). Moreover, in the underlying horizons, 
a decrease in the basal respiration was also observed. 
Turbic Cryosols/Typic Cryozem from the Erkuta River 
sites underlain by permafrost showed a complicated 
profile distribution of basal soil respiration (Fig. 4a), 
explained by cryogenic mass transfer and inclusion 
of organic matter from topsoil. The data on soil respi-
ration are crucial for soil carbon turnover modelling 
to simulate greenhouse gas emissions and soil organic 
dynamics under conditions of a changing climate. Chem-
ical properties of soil are not the only factors affecting 
soil respiration levels (Lubbe & Smith 2012). Climatic 

conditions—temperature and soil moisture—are also 
important (Abakumov & Mukhametova 2014).

Table 4 reveals the correlation of basal soil respiration 
with soil physical–chemical parameters rates was strongly 
positively correlated with carbon (r = 0.813, p < 0.001) and 
nitrogen (r = 0.786, p < 0.001) contents, and the C:N ratio 
(r = 0.786, p < 0.001). A moderate negative correlation was 
found between basal soil respiration and pH (r = −0.528, 
p = 0.005). No significant correlations were found with 
both acidity forms. This confirms that upper horizons 
with increased organic carbon and nitrogen content are 
characterized by higher microbial activity. It has been 
demonstrated previously that profile distribution of basal 
soil respiration for permafrost-affected soils has a decreas-
ing trend with depth (Abakumov & Mukhametova 2014; 
Evgrafova & Mukhortova 2015). We found that basal res-
piration decreased with depth and was strongly correlated 
with organic carbon content. The decomposability rate of 
soil organic matter in permafrost-affected soils is usually 
higher in the surface-active layer (Walz et al. 2017). At 
the same time, CO

2
 production in soil layers below this 

level does not significantly differ from those in permafrost. 
That is why environmental conditions in the seasonally 

Fig. 3 Morphological features of selected horizons in the studied soils: (a) cryoconservation in a superficial layer of Histic Stagnic Cryosol/Peat Gleyzem 

underlain by permafrost (Khalyatalbey River); (b) organic matter in a cryogenic crack (Histic Stagnic Cryosol/Peat Gleyzem underlain by permafrost, Kerda-

mon-Shor Valley, the Polar Urals); (c) buried organic matter horizon (Histic Stagnic Cryosol/Peat Gleyzem underlain by permafrost, vicinity of Salekhard); 

(d) cryoturbation in a sorted circle (Turbic Cryosol/Typic Cryozem, Chyornaya Mountain); (e) stagnic horizon (Histic Stagnic Cryosol/Peat Gleyzem under-

lain by permafrost, Erkuta River); (f) accumulation of iron in the illuvial spodic horizon (Histic Spodic Cryosol/Peat Podzol underlain by permafrost, vicinity 

of Salekhard).
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thawed active layer and perennially frozen permafrost are 
markedly different and will probably respond differently to 
changes caused by warming (Gillespie et al. 2014).

SOC pools

Sampled soils in the Polar Urals were characterized by 
the highest mean SOC pools (9.87 ± 4.60 kg m−2) in the 
0–10  cm layer (Table 5) among the soils tested in this 
study, which is largely explained by the high organic 

carbon content in the topsoil of the Histic Stagnic Cryosol 
formed in the Kerdamon-Shor Valley.

SOC stocks showed pronounced differences from hori-
zon to horizon at three sites—the vicinity of Salekhard, 
the Polar Urals and the Erkuta River—likely due to 
thicker Histic horizons and greater accumulation of 
organic matter in lower horizons of soils from these sites. 
The Khalytalbey River, Bolshaya Hadata River and Bol-
shoe Schuchie Lake sites showed lower variability of SOC 
stocks in the soil profile. Soils in these areas are generally 

Fig. 4 Soil basal respiration (mg CO
2
 100 g−1 day−1) in studied soils: (a) profile distribution; (b) topsoil horizons (error bars represent standard error).

Table 4 Correlation of basal soil respiration with soil physical–chemical properties (according to Spearman’s rank correlation coefficient).

pH Exchangeable acidity Hydrolitic acidity Total organic carbon (%) N (%) C:N

Basal respiration
-0.528 0.004 -0.118 0.813 0.786 0.7

p value 0.005 0.983 0.558 < 0.001 < 0.001 < 0.001
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thinner and include a lot of gravel, which limits the accu-
mulation of organic matter.

The mean SOC stock for the study area was 7.85 ± 
2.24 kg m−2 (0–10 cm layer), 14.97 ± 5.53 kg m−2 (0–30 cm) 
and 23.99 ± 8.00 kg m−2 (0–100 cm). It has been previ-
ously discussed by Zubrzycki et al. (2014) that SOC stor-
age within the top metre of permafrost-affected soils in 
the Arctic ranges significantly (from 4.0 to 71.3 kg C m−2). 
They proposed that this is due to the high diversity of stud-
ied environments.

Only a few comprehensive investigations of SOC 
pools in Arctic soils have been conducted previously. 
Post et al. (1982) reported 21.8 kg m−2 as the SOC stock 
in tundra soils worldwide. Matsuura & Yefremov (1995) 
measured the SOC stock between 11 kg m−2 and 20 kg 
m−2 in the permafrost-affected soils of Russia, while Kol-
chugina et al. (1995) obtained a value of 21.4 kg m−2. 
Ping et al. (1997) estimated the SOC stocks of the Alas-
kan tundra to range between 31.4 and 69.2 kg m−2. For 
the eastern European Russian tundra, an SOC stock 
value of 17.8  kg  m−2 was reported by Čestnyh et al. 
(1999), who estimated SOC stocks of tundra soils to 
be 10.10 ± 3.21 kg m−2 in the Kola Peninsula (mean ± 
SD), 16.80 ± 6.79 kg m−2 in the eastern European Rus-
sian tundra, 10.20 ± 3.10 kg m−2 in the Polar Urals, 1.84 
± 0.15 kg m−2 on the islands of the Barents and Kara 
seas, 7.50 ± 1.21 kg m−2 in western Siberia, 8.79 ± 2.31 
kg m−2 in central Siberia, 10.37 ± 2.82 kg m−2 in Yaku-
tia, 7.51 ± 1.20 kg m−2 on islands in the Laptev, Eastern 
Siberian and Chukchi seas and 9.58 ± 3.66 kg m−2 in the 
Chukotka-Anadyr province. Čestnyh et al. (1999) also 
reported a value of 10.30 kg m−2 for the SOC stock in all 
Russian tundra soils. More recent publications provide 
higher values of SOC stocks in tundra soils. Hugelius & 
Kuhry (2009) reported 38.7 kg m−2 for the north-east-
ern European Russian tundra soils. In North American 
Arctic lowlands, Ping et al. (2008) measured SOC stocks 
of 25.9 kg m−2. Tarnocai et al. (2009) reported values of 
32.2 kg m−2 and 22.6 kg m−2 for organic carbon stocks in 
the Turbel and Orthel soils of the circumpolar permafrost 

region, respectively. Stolbovoi (2002) estimated the stock 
in Russian tundra soils to be 16.6 kg m−2. Gundelwein 
et al. (2007) found that the SOC stock in tundra soils of 
the Taymyr Peninsula was 30.7 kg m−2. Hugelius et al. 
(2010) estimated the SOC stocks of permafrost-affected 
soils to be up to 33.8 kg m−2 in the central Canadian Arc-
tic surrounding Tulemalu Lake. Zubrzycki et al. found 
stocks of 23.7 ± 5.4 kg m−2 (Zubrzycki et al. 2013) and 
29.5 ± 10.5 kg m−2 (Zubrzycki et al. 2014) for the river 
terraces terrace in Lena River Delta. Siewert et al. (2016) 
found stocks of 27.9 ± 2.9 kg m−2 for a lowland tundra 
environment in Kytalyk, north-eastern Siberia.

Estimates of SOC stock in the soils of the Polar Urals 
reported in this work were higher—14.65 ± 3.74 kg m−2—
than those calculated by Čestnyh et al. (1999)—10.20 ± 
3.10 kg m−2. Unfortunately, these values cannot be com-
pared confidently on the account of differences in sam-
pling and data analyses.

There are also sizeable uncertainties in SOC pools 
estimations due to the great variation in the thick-
ness of the active layer in different Arctic sub-regions. 
A detailed study examined the interactions between 
relief, soil vegetation cover and permafrost microrelief 
at micro- and mesoscales (Gubin & Lupachev 2008). 
To accurately evaluate soil depositary functions (i.e., to 
calculate SOC pools) in the Arctic, the permafrost table 
microrelief should be taken into account, since it deter-
mines the lateral redistribution of energy and matter 
within the cryogenic ecosystems. Gubin & Lupachev 
(2008) identify soil and vegetation cover, lithological 
composition, texture class, duration of thawing season, 
redistribution of matter and energy in the superficial 
layer, anthropogenic influence and cryoconservation of 
soil contaminants as the main factors affecting the struc-
ture and dynamics of active layer microrelief (Gubin & 
Lupachev 2008). It has been also shown that changes 
in surface relief can affect the accumulation of organic 
matter in permafrost landscapes (Lupachev et al. 2016). 
Organogenic horizons are almost continuously repre-
sented at the southern limits of the Arctic (excluding 

Table 5 SOC pools (kg m−2) in different reference soil layers of study sites.

Site SOC stock 0–10 cm (mean ± SD) SOC stock 0–30 cm (mean ± SD) SOC stock 0–100 cm (mean ± SD)

Vicinity of Salekhard 7.25 ± 4.92 9.88 ± 3.83 28.54 ± 4.39

Polar Urals (Chyornaya Mountain, 

Kerdamon-Shor Valley)
9.87 ± 4.60 14.65 ± 3.74 30.51 ± 3.81

Khalyatalbey River 5.79 ± 2.71 14.23 ± 3.68 14.83 ± 3.60

Bolshaya Hadata River 5.81 ± 3.19 16.31 ± 7.34 19.14 ± 5.53

Bolshoye Schuchie Lake 5.97 ± 2.93 9.15 ± 2.32 16.93 ± 2.18

Erkuta River 7.02 ± 5.48 28.90 ± 15.78 33.97 ± 13.68
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cases of sorted circles and disturbance of the soil sur-
face caused by thermokarst and solifluction), but their 
thickness ranges markedly, from 0 cm in spots with no 
vegetation, 2–5 cm in the centres of vegetation-covered 
polygons to 20–40 cm in inter- polygonal cracks.

Fractional composition of humus

Measurements of carbon in humic and fulvic acids and 
their ratio in topsoils are summarized in Table 6. The 
widest Cha:Cfa ratio was observed for Stagnic Spodic 
Cryosol/Raw-humus Gleyic Podbur underlain by perma-
frost (Khalyatalbey River site) on clayey parent material 
at the forest–tundra (dominated by Larix sibirica, Betula 
nana, Empetrum nigrum), which demonstrates the high-
est rate of humification conditions of litter influx to the 
soil. The litter is enriched with lignin compounds in the 
forest–tundra. This confirms that the origin of the organic 
matter, together with its composition, significantly affects 
the C:N ratio, so this parameter could be used for deter-
mining organic matter degradation-mineralizing risks. This 
agrees with previously published data and supports the 
idea that the possible risks of organic matter degradation 
under the observed climate change are high for stabilized 
organic matter in the Arctic (Abakumov & Mukhametova 
2014). The lowest Cha:Cfa ratios were observed in soils 
with a thick Histic horizon, which is connected to conser-
vation and a slow rate of plant residue humification. The 
data demonstrate different rates of organic remnant humi-
fication under various lithologic–geochemical conditions. 

Most of the soils are characterized by a fulvic type of 
humus. Notably, soils of the Polar Urals and its foothills are 
characterized by wider Cha:Cfa ratios compared to those 
from flat tundra sites, which can be linked to a higher per-
centage of shrubs in the vegetation cover and the influence 
of lithological factors on the humification process.

The Cha:Cfa ratio directly characterizes the stability 
of organic matter in permafrost-affected soils—the wider 
the ratio, the more stable the organic matter—so organic 
matter in forest–tundra soils is usually the most stable 
among studied soils. The lowest value of the Cha:Cfa ratio 
found in the Histic horizons demonstrates the importance 
of studying soil organic pools, especially for peat tundra 
sites, which are the main sources of unstable SOC (Huge-
lius & Kuhry 2009).

There are still many gaps and uncertainties in under-
standing the mechanisms of humification, which are 
shaped by a few different factors of terrestrial humifi-
cation. The ratio of Cha:Cfa serves as a quantitative 
characteristic of humus, differs in soils of various zones 
and depends mainly on bioclimatic conditions and lith-
ological–geochemical characteristics. Usually, the humus 
of polar soils is characterized by a predominance of ful-
vic acids (Evgrafova & Mukhortova 2015). The role of 
humic acids increases towards the south in boreal and 
sub-boreal zones (from predominance of humic–fulvic 
and fulvic–humic types to a humic one). Precursors of 
humification are oligomers and monomers, which are 
strongly affected by vegetation type and species composi-
tion. The observed predominance of Cfa (and fulvic type 

Table 6 Cha:Cfa analysis in the topsoil horizon of selected soils of studied key sites.

Depth (cm) Soil horizon (RSCSa) Organic C (%) Cha (%) Cfa (%) Cha:Cfa

Histic Stagnic Cryosol/Peat Gleyzem underlain by permafrost (Polar Urals, Kerdamon-Shor Valley)

0–1.5 Litter horizon (O) 27.34 ± 2.12 1.51 ± 0.12 2.42 ± 0.14 0.62 ± 0.04

Histic Stagnic Cryosol/Peat Gleyzem underlain by permafrost (vicinity of Salekhard)

0–5 Litter horizon (O) 22.54 ± 2.51 0.61 ± 0.07 2.12 ± 0.15 0.29 ± 0.03

Histic Cryosol/Peat Eutrophic soil underlain by permafrost (vicinity of Salekhard)

0–4 Eutrophic peat (TE) horizon 33.95 ± 2.98 4.23 ± 0.20 11.10 ± 0.34 0.38 ± 0.03

Stagnic Cryosol/Typic Gleyzem underlain by permafrost (Bolshaya Hadata River)

0–5 Humified litter horizon (Oh) 7.83 ± 0.76 0.80 ± 0.11 1.90 ± 0.17 0.42 ± 0.04

Spodic Stagnic Cryosol/Gleyic Podbur underlain by permafrost (Bolshoe Schuchie Lake)

0–3 Litter horizon (O) 13.18 ± 1.24 0.50 ± 0.06 0.70 ± 0.10 0.71 ± 0.05

Stagnic Spodic Cryosol/Raw-humus Gleyic Podbur underlain by permafrost (Khalyatalbey River)

0–15 Grey humus horizon (AY) 30.81 ± 2.31 7.12 ± 0.56 4.52 ± 0.16 1.58 ± 0.06

Spodic Cryosol/Ferric Burozem underlain by permafrost (Polar Urals, Chyornaya Mountain)

0–1 Litter horizon (O) 23.63 ± 2.41 1.00 ± 0.10 3.40 ± 0.23 0.29 ± 0.03

Stagnic Cryosol/Typic Gleyzem underlain by permafrost (Khalyatalbey River)

0–4 Litter horizon (O) 24.453 ± 2.76 1.73 ± 0.18 2.53 ± 0.20 0.68 ± 0.06

aRussian Soil Classification System (Šišov et al. 2004).
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of humus), together with the predominance of low-mo-
lecular fragments in the fulvic acid fraction, indicates 
high mineralization risks in the humus systems of polar 
soils under the conditions of predicted Arctic warming.

Microbiome composition and its relationship 
with soil properties

The soil cover of Yamal has been investigated in only a 
few studies, devoted mainly to natural soils (Alekseev 
et al. 2016; Alekseev, Dinkelaker et al. 2017; Matyshak 
et al. 2017; Alekseev et al. 2019). Mainly pedological and 
geophysical research has been conducted, and microbi-
ological studies in this region have been limited by the 
application of conventional microbiological methods 
(Kitrsideli et al. 2014; Vlasov et al. 2014). In this study, 
we used a high-throughput next-generation sequencing 
approach. Generally, Arctic bacterial communities seem to 
be dominated by different taxa than other biomes, likely 
reflecting the impact of polar environmental conditions 
on microbial communities (Malard et al. 2019). Tundra 
soils are generally characterized as poorly enriched by 
organic matter, over-saturated and poorly aerated. These 
conditions result in relatively low microbial community 
levels.

Taxonomic analysis of the soil microbiomes revealed 
48 bacterial and archaeal phyla, including Proteobacteria 
(27% on average), Actinobacteria (20%), Acidobacteria 
(13%), Chroloflexi (12%), Gemmatimonadetes (7%), 
Verrucomicrobia (7%), Planctomycetes (6%), Bacteroi-
detes (2%), AD3 (3%) and Nitrospirae (3%), together 
constituting more than 95% of the sequences in the 
amplicon libraries. Archaea were represented by the 
phyla Crenarchaeota (0.2%), Euryarchaeota (0.1%) and 
some Parvarchaeota. The abundance of the oligotrophic 
phylum Acidobacteria, which is found in acidic Histic 
Cryosol topsoils, is accounted for by the warm and humid 
conditions of the southern Yamal Peninsula, along with 

the presence of large portion of organic remnants in the 
topsoil layers.

Numerous natural and anthropogenic factors 
influence soil fertility and microbial communities, and 
these factors must be considered when interpreting the 
soil microbiome parameters (Yan et al. 2015; Li et al. 
2017). In this work, we discuss only some of these fac-
tors. It should be noted, however, that climatic parame-
ters (such as temperature and precipitation), which can 
significantly affect the soil microbial community on a 
larger scale, probably did not have much of an impact 
on microbial diversity from site to site within the study 
area, since the soil samples were collected from the 
same bioclimatic region and were therefore exposed to 
similar weather conditions.

Several indices for species richness and evenness were 
calculated to evaluate the alpha diversity of the vegetation 
microbiomes (Table 7). The number of OTUs was higher 
in Histic Stagnic Cryosol/Peat Gleyzem underlain by per-
mafrost (Kerdamon-Shor Valley, the Polar Urals) and His-
tic Cryosol/Eutrophic peat soil underlain by permafrost 
(vicinity of Salekhard), probably as a result of the less 
acidic pH (acid-neutral) in topsoil horizons at these sites 
than at the other sites (which were exclusively acidic). 
These results are consistent with the results of basal res-
piration analyses, in which the higher values were found 
in Histic horizons. Previous studies have shown that both 
alkaline and acidic soils should be generally considered 
as harsh environments for microbial communities, and 
that microbial communities adapt to such conditions in a 
variety of ways (Clark & Baligar 2000; Fierer & Jackson 
2006; Rousk et al. 2010). Acid-neutral soils are optimal 
for microbial communities, reflected by our findings of 
microbial community composition and pH ranges in the 
soils studied.

Table 7 presents the values of the following alpha-bio-
diversity parameters: OTUs, Chao1 and Shannon indices. 
Alpha diversity was significantly lower in acidic topsoil 

Table 7 Alpha-diversity parameters of the topsoil materials. 

Sample type OTUs Phylogenetic diversity Chao1 Shannon index

Histic Cryosol/Eutrophic peat soil underlain by 

permafrost (vicinity of Salekhard)
1678.5 ± 49.0 15.19 ± 3.54 289.1 ± 191.4 7.0 ± 0.1

Spodic Cryosol/Cryic Podbur (Bolshoe Schuchie Lake) 1420.5 ± 67.2 24.33 ± 2.34 223.6 ± 166.8. 7.9 ± 0.2

Stagnic Cryosol/Gleyic Podbur underlain by permafrost 

(Khalyatelbey River)
1565.7 ± 77.0 22.15 ± 2.01 278.5 ± 144.0 7.2 ± 0.3

Histic Stagnic Cryosol/Peat Gleyzem underlain by 

permafrost (Kerdamon-Shor Valley, Polar Urals)
1676.7 ± 67.9 15.67 ± 2.03 245.6 ± 123.4 7.9 ± 0.2

Histic Stagnic Cryosol/Peat Gleyzem underlain by 

permafrost (Bolshaya Hadata River)
1457.7 ± 76.4 13.45 ± 3.45 256.7 ± 125.6 7.4 ± 0.1

Turbic Cryosol/Typic Cryozem (Erkuta River) 1568.0 ± 43.5 16.78 ± 2.37 268.9 ± 1.378 7.4 ± 0.2
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samples than in acid-neutral soils. The number of OTUs 
ranged from 1420.5 ± 67.2 to 1678.5 ± 49.0. The high-
est species diversity (Chao1 index) was found in topsoils 
surrounding the Salekhard and Khalyatalbey rivers. The 
Shannon index varied from 7.0 to 7.9 overall, and the 
highest values were found in topsoils from the Histic 
Stagnic Cryosol Kerdamon-Shor Valley (Histic Stagnic 
Cryosol) and Bolshoe Schuchie Lake (Spodic Cryosol), 
which is explained by less acidic pH values (slightly acidic 
to acid-neutral). The lowest values of the Shannon index 
were in topsoils with relatively low levels of nitrogen 
accumulation. It seems likely that the increased pro-
ductivity in vascular plants—an obvious result of recent 
warming at the Bolshoe Schuchie Lake and Khalyatabley 
River sites—has caused shifts in the soil bacterial commu-
nity over time. This probably explains the higher levels of 
phylogenetic diversity that we found in the soils at these 
sites, which is consistent with earlier research on tundra 
soils (Shaver et al. 2001).

The Spearman’s rank correlation coefficient was used 
to estimate a correlation between the alpha-diversity 
of the studied soils with nutritional factors: pH, C and 
N concentrations, and C:N ratio (Table 8). The pH val-
ues were found to be negatively correlated with OTU 
values (r  =  −0.333), although that correlation was not 
statistically significant. The Chao1 index was found to 
be strongly negatively correlated with pH (r = −0.810, 
p < 0.001), and pH demonstrated a strong positive cor-
relation (r = 0.838, p < 0.001) with the Shannon index 
and a moderate positive correlation with the phyloge-
netic diversity index (r = 0.697, p = 0.002). Carbon con-
centration was moderately correlated with OTU values 
(r = 0.437), but P values were not significant. Nitrogen 
concentrations showed a strong positive correlation with 
the Shannon diversity index (r = 0.707, p = 0.001) and 
moderately negative correlation with the Chao1 richness 
estimator (r = −0.698, p = 0.001). Our data on significant 
correlations between soil microbial community indices 

and soil physico-chemical parameters (pH, nitrogen con-
centration and availability) are consistent with those pre-
viously reported for different Arctic regions (Lauber et al. 
2009; Koyama et al. 2014).

To understand the correlation between soil physi-
co-chemical parameters and alpha-diversity indices of 
microbial communities as well as OTUs, the PCA was 
used (Fig. 5). Axes 1 and 2 represent 52.37% and 35.84% 
of the variation in the data, respectively. The largest fac-
tor loadings for the first component were organic Shan-
non index (24.2%), Chao1 (23.5%), total N (19.9%) and 
pH (17.4%). The largest factor loadings for the second 
component were the C:N ratio (26.9%), phylogenetic 
diversity (24.9%) and carbon content (21.2%). The ana-
lysed parameters can be divided into three groups: (1) 
nitrogen content, carbon content and C:N ratio; (2) Shan-
non index, pH and phylogenetic diversity index; (3) spe-
cies richness index Chao1. In addition, group I contains 
topsoil from the Polar Urals site, and group 2 contains 
topsoil from the Bolshoe Schuchie Lake site. Parameters 
from both groups I and II are negatively correlated with 
topsoils from the rest of the investigated sites.

Previous studies have shown that soil pH and nitro-
gen content are the most important contributors to the 
variation in soil microbial communities and are consid-
ered good predictors of bacterial community composition 
(Rousk et al. 2010; Koyama et al. 2014; Li et al. 2017). 
On the account of the narrow pH range that is optimal for 
bacterial growth, a soil’s pH is understood to be the main 
environmental factor, determining microbial community 
composition not only across biomes but also for individ-
ual soil types (Lauber et al. 2009; Rousk et al. 2010; Alek-
seev et al. 2020). However, in some cases (Actinobacteria 
and Bacteriodetes), microbial community composition 
might also be significantly correlated with other soil envi-
ronmental variables, such as carbon content and avail-
ability (Alekseev et al. 2020; Koyama et al. 2014). At the 
same time, the diversity of the soil bacterial community 

Table 8 Correlation of the alpha-diversity parameters with soil physical–chemical properties (Spearman’s rank correlation coefficient).

OTUs  

(n = 18)

Shannon index 

(n = 18)

Chao1  

(n = 18)

Phylogenetic 

diversity (n = 18)

pH  

(n = 18)

C  

(%; n = 18)

N  

(%; n = 18)

C:N  

(n = 18)

Shannon index

Chao1 −0.971b

OTUs −0.441 0.6

PD −0.429 0.324 −0.314

pH −0.333 0.838c −0.810c 0.697b

C (%) 0.437 0.331 −0.300 −0.304 0.143

N (%) −0.006 0.707c −0.698c −0.229 0.377 0.812a

C:N 0.389 0.006 −0.044 −0.321 −0.143 0.886a 0.580

ap < 0.05. bp < 0.01. cp < 0.001.
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has a substantial effect on nutrient (including nitrogen) 
cycling. Alteration of soil microbial community composi-
tion caused by nitrogen content and availability is likely 
to affect soil organic matter cycling significantly.

Arctic warming will very likely significantly influ-
ence the functional diversity of microbial communities 
in permafrost soils. It has been reported that increas-
ing temperatures at high latitudes will stimulate micro-
bial activity, and the massive amount of carbon stored 
in permafrost will be decomposed and released into the 
atmosphere, accelerating climate change (Zimov et al. 
2006; Hugelius & Kuhry 2009). Although soil microbial 
communities have been the subject of detailed study in 
temperate environments, little information has been 
published for permafrost environments. Of particular 
interest in the comprehensive study of microbial diversity 
and its effects on the functioning and stability of the Arc-
tic and sub-Arctic ecosystems are the carbon dynamics 
controlled by the microbiome and the impact of changing 
environmental conditions on microbiome functioning in 
the Arctic, which remain poorly understood.

Conclusions

The mean SOC stock for the study area was 7.85 ± 
2.24 kg m−2 (for the 0–10 cm layer), 14.97 ± 5.53 kg 
m−2 (0–30 cm) and 23.99 ± 8.00 kg m−2 (0–100 cm). 
These findings, from an area about which little has 

been published regarding soil carbon pools, are gen-
erally consistent with, and add to, previous studies of 
SOC storage in permafrost-affected Arctic soils. Some 
discrepancies also emerged between our results and 
those from other studies, which are explained by dif-
ferences in sampling and calculating approaches. More 
detailed fieldwork is needed to precisely characterize 
site-scale SOC pools (not only SOC heterogeneity on 
the scale of the tundra biome). Moreover, a unified soil 
classification, or at least a consistent approach to soil 
sampling that considers specific soil horizons, is needed 
for investigations of SOC stocks so that results can be 
fruitfully compared.

The observed predominance of the fulvic type of 
humus, together with the predominance of low-molec-
ular fragments in the fulvic acid fraction, demonstrates 
high mineralization risks in humus in permafrost soils 
under predicted Arctic warming.

Analysis of microbiome composition showed that less 
acidic samples had higher microbial alpha-diversity. Tax-
onomic analysis of soil microbiomes revealed 48 bacterial 
and archaeal phyla, among which Proteobacteria (27% 
on average) and Actinobacteria (20%) were predomi-
nant. The pH range and nitrogen accumulation levels 
were found to be the main factors determining microbial 
community diversity and composition in the studied soils. 
The pH was found to be strongly positively correlated 
with the Shannon index and moderately positively cor-
related with the phylogenetic diversity index.

Fig. 5 PCA based on soil physico-chemical characteristics as variables. The applied rotation method is varimax.
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This work contributes to the estimation of the global 
organic carbon budget and the data set on soil charac-
teristics of permafrost-affected soils of the Arctic. There 
should be more comprehensive investigations of the 
properties and dynamics of landscapes in conditions 
influenced by permafrost and they should be spatially 
more distributed.

Details of data deposit

Sequences can be requested from the corresponding 
author.
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