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The spatial patterns of soil СO2 effl  ux measured at the Novyi Urengoy station in southern tundra (Taz 
Peninsula) correlate with soil volumetric moisture and water-extractable organic carbon and with elevations 
above sealevel. The contents of soil water-extractable and microbial biomass carbon are highly variable over the 
territory. The distribution of soil microbial biomass partly depends on organic layer thickness and soil moisture, 
which are responsible for 19 % and 8 % of its variance, respectively. The environmental factors of active layer 
thickness, soil volumetric moisture, and soil surface temperature are relatively stable as the soil and vegetation 
covers are homogeneous while the soil organic layer is thin. 

Permafrost-aff ected soils, CO2 effl  ux, soil labile carbon, microbial biomass carbon, soil moisture, soil surface 
temperature

INTRODUCTION

The behavior of thermal, moisture, and biotic pa-
rameters of permafrost-aff ected soils in response to 
the ongoing climate change has been a focus of recent 
attention in Russia and worldwide [Davidson and 
Janssens, 2006; Turetsky et al., 2007; Karelin and 
Zamolodchikov, 2008; Schuur et al., 2008, 2009; Natali 
et al., 2011; Golovatskaya and Dyukarev, 2012; Fouche 
et al., 2014; Goncharova et al., 2014; Jensen et al., 
2014; Ping et al., 2015]. Most of research in this line 
consists in predicting the consequences of global 
change and estimating the sensitivity of models to 
various parameters, such as soil properties, thermal, 
moisture, biological, and other factors. Therefore, it is 
important to estimate quantitatively the components 
of the global carbon (C) cycle in permafrost soils, in-
cluding CO2 effl  ux, which is a large respiratory fl ux 
from terrestrial ecosystems. Lateral variations in CO2 
emission rates are commonly inferred from soil maps 
and few databases [Chestnykh et al., 2004; Hugelius et 
al., 2013]. There are only few publications that con-
cern spatial variations in emission of greenhouse gas-
es and stocks of organic carbon in Arctic and Subarc-
tic systems required for estimating carbon fl uxes [Ro-
dionov et al., 2007; Kelsey et al., 2012; Zamolodchikov 
et al., 2014].

The rate of greenhouse gas emission from the 
surface into the atmosphere is an integrated proxy of 

soil biological activity. The СO2 effl  ux of soil depends 
on its moisture and temperature, level of groundwa-
ters, wind speed, growth rates of plant components 
above and below the ground, alteration of organic 
matter, etc. [Smagin, 2005]. It may correlate or not 
with other parameters because soil responses show up 
in different ways depending on specific conditions 
[Smagin, 2005]. Emission of soil greenhouse gases and 
its correlations with various environmental factors in 
areas of continuous and discontinuous permafrost in 
the northern taiga and tundra of West Siberia re-
mains poorly investigated.

We study the spatial patterns of CO2 effl  ux and 
soil labile (water-extractable) and microbial biomass 
carbon, three components of the soil carbon cycle, in 
typical southern tundra ecosystems of West Siberia. 
The specifi c objectives are to investigate (i) diff erent 
environmental factors (vegetation, elevations, active 
layer thickness, soil volumetric moisture, and soil sur-
face temperature) and the carbon cycle components 
in southern tundra ecosystems; (ii) their spatial vari-
ations and correlations; (iii) the relationship of CO2 
effl  ux with soil moisture and temperature, active lay-
er thickness, and with contents of soil labile and mi-
crobial biomass carbon in soil.

The reported data are from a site of Circumpolar 
Active Layer Monitoring (CALM R50B) run since 
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2008 in southern tundra 100  km north of Novyi 
Urengoi city (Fig. 1). Monitoring at CALM sites is 
the best way to study spatial variations of soil carbon 
components and CO2 effl  ux. The CALM internati-
onal program aims at monitoring the behavior of ac-
tive layer thickness as permafrost response to climate 
change in the long-term perspective (www.gwu.
edu/~calm/data/north.html). Thirteen out of sixty 
four CALM sites in the territory of Russia are located 
in West Siberia. 

This work continues a series of studies on the 
distribution of carbon cycle components in soils of 
typical ecosystems in West Siberia along a bioclima-
tic and geocryological transect from southern taiga to 
southern tundra [Bobrik et al., 2015, 2016, 2017]. 

OBJECT OF STUDIES

The CALM R50B site (67°48′ N; 76°69′ E) is lo-
cated in southern tundra, on marine terrace III, on 
the left side of the Khadutte River, northern West 
Siberia (Fig.  1). It is a hummocky plain cut by a 
branching network of gullies, with elevations of 
30–40 m above sea level. The soils are derived mainly 
from Upper Quaternary silt and clay silt containing 
sand layers and lenses. It is an area of continuous ice-
rich permafrost (total moisture contents reach 60 % 
in clay silt and 21–28 % in sand) [Drozdov et al., 
2010; Ukraintseva et al., 2011]. The CALM site is set 
up on a gently dipping hilltop with poorly pro-
nounced (vegetated) small landforms. Predominant 

grass-shrub-moss-lichen vegetation is punctuated 
with bare mineral patches. Gullies are grown with 
low willow thickets and shrub birch (yernik) and 
contain pieces of grass-moss bogs. Low frost heaves 
appear on the fl oor of large gullies [Ukraintseva et al., 
2011]. 

METHODS

In August 2016, the patterns of vegetation, soil, 
and surface topography were documented at all 
points of the site, with relative elevations measured 
by leveling surveys (using an automatic SAL24ND 
CST/Berger level) within a 70 × 100 m plot on a regu-
lar 10 m grid, at 77 measuring points. Peat (organic 
layer) thickness was estimated using an Eĳ kelkamp 
gouge auger designed for sampling wet clay and peat 
with minimal disturbance of soft cohesive soils. Simi-
lar methods were used in previous studies at CALM 
R1 and R50A [Bobrik et al., 2015, 2016, 2017]. 

Soil CO2 effl  ux was measured once during the 
fi eld season on 7 August 2016, in the daytime (from 
11.00 to 14.00), simultaneously at all points of the 
site, using the technique of discrete surface chambers 
for soil respiration, with vegetation clipping [Smagin, 
2005; Riveros-Iregui et al., 2008]. СO2 in samples was 
determined with a portable RMT DX6210 infrared 
gas analyzer. 

Air temperature was taken at the same time, us-
ing a Thermochron iButton™ programmable tempera-
ture logger [Smagin, 2005]. Volumetric moisture was 
measured in the upper 20 cm of soil by a Spectrum 
TDR-100 soil moisture meter, with its operation prin-
ciple based on the fact that water has a much greater 
dielectric constant than soil. Soil surface temperature 
was measured by a ТР3001 electronic thermometer 
(resolution 0.1 °C, precision ±1 °C), in triplicate at 
each point, within upper 10 cm of soil, according to 
the standard recommendations. Active layer thick-
ness (thaw depth) was estimated by inserting a 2 m 
long graduated steel rod, 10-mm in diameter, into the 
soil to the point of refusal [State Standard, 2015]. 

Soil samples were collected and stored fresh at 
natural air humidity and 4 °C air temperature for mi-
crobiological studies.

The contents of soil labile organic carbon were 
determined in a 0.05 М K2SO4 solution on a Shimad-
zu ТOС-VCPN automatic analyzer, in fi ve replicated 
portions of samples [Chantigny, 2003]. Carbon can be 
considered water-extractable in this case [Makarov et 
al., 2013] because the diluted K2SO4 solution used for 
analysis is a coagulation agent of soil colloids rather 
than an extraction agent. Weight soil moisture was 
measured with an OHAUS МВ-35 moisture analyzer. 

Soil microbial biomass carbon was determined 
by fumigation-extraction, likewise in fi ve replicated 
portions of samples [Vance et al., 1987]. The compo-
nents of microbial cells that died as soil was exposed 
to CHCl3 vapor were extracted with 0.05 M K2SO4 

Fig. 1. Location map of study area.
1–5 – landscape zones and subzones: 1 = boreal taiga, 2 = forest 
tundra, 3 = southern tundra, 4 = typical tundra; 5 = Arctic 
tundra; 6 = Novyi Urengoi station (CALM R50B site).
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[Makarov et al., 2013] from fumigated and non-fumi-
gated (control) specimens. Fresh soil samples were 
fumigated at a natural humidity, using amylene-sta-
bilized CHCl3 vapor, without ethanol, for 24 hours. 
The content of carbon extracted by K2SO4 solution 
was determined on a Shimadzu ТOС-VCPN automatic 
analyzer. Microbial biomass carbon was calculated as 
Cmicr = FC/kC, where FC is the diff erence of carbon 
contents in fumigated and non-fumigated specimens; 
kC is the correction that allows for the share of ex-
tracted soil carbon [Joergensen et al., 2011], which is 
kC = 0.45 for organic soils (with 10 % TOC: litter, 
peat layers) and kC = 0.33 for mineral soils [Vance et 
al., 1987; Martens, 1995; Joergensen et al., 2011].

The collected data were processed by correlation 
and regression statistical methods using Excel and 
Statistica 7.0 software. Distribution types were identi-
fi ed by checking deviation from the lognormal distri-
bution. The results were presented as mean values 
± standard deviation. The means were compared ac-
cording to the parametric Student criterion (paired 
t-test), at p < 0.05 signifi cance, and the non-paramet-
ric Wilcoxon signed-rank test, at α = 0.05 signifi cance. 
In the case of deviation from the lognormal distribu-
tion, the Spearman rank correlation was applied with 
a coeffi  cient of r > 0.24 assumed to be signifi cant for a 
sample size of n > 77 (p < 0.05 signifi cance) [Dmitriev, 
1995]. The statistical sample for the CALM R50B site 
was 77 for each monitored parameter.

The spatial variations of the measured parame-
ters were mapped using Golden Software Surfer 8. 

RESULTS

According to the leveling surveys at the CALM 
site, the diff erence between the maximum and mini-
mum elevations is 2.48 m, while the average elevation 
is 31.95 ± 0.76 m asl. The elevations are almost in-
variable over the site (within 2 % variance) and have 
a lognormal distribution. The site surface slopes gene-
rally to the north.

Vegetation has a uniform facies structure, with 
various lichen (Сladonia spp.) and moss (Sphagnum 
spp., Pleurozium spp., Politrichum spp.) species in the 
understorey. The moss-lichen storey covers 85 % of 
the projected area, with 36 % variance, and has an 
asymmetrical distribution, with a median shifted to 
high values. Moss and lichen cover 90 to 100 % of the 
projected area at 73 % of sampling points.

The grass-shrub storey consists of Vaccínium 
myrtíllus, Vaccínium uliginósum, Vaccínium vítis-idaéa, 
Ledum palustre, as well as Carex spp., Rubus cha-
maemorus, Eriophorum spp., and Andromeda spp. This 
storey covers 37 % of the projected area on average, 
with 54 % variance. It has an asymmetrical distribu-
tion, with a median shifted to low values. Grass and 
shrubs cover 20 to 60 % of the projected area at 74 % 
of sampling points. 

The soil cover is slightly inhomogeneous and 
consists of cryometamorphic and cryoturbated soils 
associated with diff erent terrain elements. Although 
clay silt is the predominant lithology at the site, the 
soils are not gleyic, with prominent cryoturbation 
signatures and thin organic profi les composed of one 
or two more or less strongly degraded peat layers. 
The mineral soil profi le consists of two or three layers 
with poorly pronounced processes of humus and gley 
formation and with prominent signatures of cryogen-
ic structure formation and cryoturbation. Soils that 
form on bare mineral patches (about 5 % of the site 
area) are remarkable by the absence of organic pro-
files. Most of soils with organic and coarse-humus 
cryometamorphic profi les develop on negative and 
positive landforms, respectively. Typical coarse-hu-
mus cryozem and cryoturbated gleyic soils are re-
stricted to the bare patches.

Active layer thickness at the site varied from 0.59 
to 1.34 m, 0.95 ± 0.13 m on average at the time of 
measurements (Fig. 2, a). It showed moderate spatial 
variability (14 % variance) and a lognormal distribu-
tion. The active layer is 0.9 to 1.0 m thick at 50 % of 
points.

Volumetric soil moisture measured in the upper 
20 cm varied moderately over the area, with 13 % 
variance and a lognormal distribution. The variation 
range was from 20.5 to 48.3 vol.%, 37.8 ± 5.1 vol.% on 
average; 35 to 45 vol.% at 70 % of points (Fig. 2, b). 

Soil surface temperatures measured at the 10 cm 
depth in the daytime showed a variance of 29 % and a 
lognormal distribution. The temperatures ranged 
from 1.0 to 6.3 °C, 4.2 ± 1.2 °C on average (Fig. 2, c) 
and exceeded 4 °С at 60 % of points. The daytime air 
temperature was 22 °С.

Organic layer thickness was in a range of 0 to 
6 cm, 2.2 ± 1.4 cm on average (Fig. 2, d), and varied 
strongly over the area (61 % variance), with an asym-
metrical distribution and a median shifted to low va-
lues.

Soil СO2 effl  ux (emission rates) was from 60 to 
470 mg СO2/(m2⋅h) at the time of measurements, 
198 ± 75 mg СO2/(m2⋅h) on average (Fig. 2, e). The 
spatial variability was quite moderate (36 % vari-
ance) and the distribution was lognormal. The values 
were below 100 mg СO2/(m2⋅h) at 10 % of sampling 
points and exceeded 300 mg СO2/(m2⋅h) at 12 % of 
points. 

Soil labile organic carbon in the upper 15 cm of 
soil at the site varied in a large range from 2 to 
486 mg C/kg soil, 91 ± 71 mg C/mg soil on average 
(Fig. 2, f). The parameter showed high spatial vari-
ability (77 % variance) and an asymmetrical distribu-
tion with a median shifted to low values. The con-
tents of labile carbon were less than 100 mg C/kg at 
70 % of points. 

Microbial biomass carbon in the upper 15 cm of 
soil varied from 98 to as high as 2990 mg C/kg soil, 
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1005 ± 647 mg C/kg soil on average (Fig. 2, g). It 
varied strongly over the area (65 % variance) and 
showed an asymmetrical distribution, with a median 
shifted to low values. The contents of this carbon 
component exceed 1500 mg C/kg soil at 20 % of sam-
pling points.

DISCUSSION

Correlation among environmental factors 
According to regression analysis, soil surface 

temperature measured at the daytime on 7 August 
2016 at the CALM R50B site shows statistically sig-
nificant correlation with the thicknesses of active 
layer (1) and organic layer (2):

soil temperature [°С] = –1.8 [°С] + 6.3 [°С/m] ×
× active layer thickness [m]; r = 0.69,

 p-level < 0.05, n = 77; (1)

 soil temperature [°С] = 5.1 [°С] – 0.37 [°С/cm] ×
 × organic layer thickness [cm]; r = –0.42, 
 p-level < 0.05, n = 77. (2)

The active layer thickness variations are respon-
sible for 48 % of variance in soil temperature while 
the eff ect of organic layer thickness is limited to 18 %; 
the parameters are mutually independent to 34 %.

Active layer and organic layer thicknesses, in 
their turn, correlate to a statistically signifi cant le-
vel (3):

 active layer thickness [m] = 1.1 [m] – 0.04 [m/cm] ×
 × organic layer thickness [cm], r = –0.45, 
 p-level < 0.05, n = 77. (3)

The effects of organic layer thickness and soil 
surface temperature are responsible for 20 % and 
48 % of active layer thickness variance, respectively; 
32 % of these eff ects are mutually independent. These 
results are consistent with evidence that the presence 
of peat and moss cover can reduce considerably the 
thaw depth reported from northern West Siberia 
[Tyrtikov, 1980], because unfrozen peat, with its low 
thermal conductivity, provides thermal insulation of 
permafrost [Zimov et al., 1993; Mazhitova et al., 2004; 
Goncharova et al., 2015]. 

Organic layer thickness shows statistically sig-
nifi cant correlation with soil volumetric moisture (4):

 soil moisture [%] = 40.6 [%] – 1.3 [%/cm] ×
 × organic layer thickness [cm], r = –0.34, 
 p-level < 0.05, n = 77. (4)

However, the organic layer thickness variations 
are responsible for only 12 % of soil moisture vari-
ance, and the two parameters vary independently in 
most cases (88 %). 

As we have demonstrated, organic layer thick-
ness correlates weakly, but to a statistically signifi -
cant level, with all environmental factors we moni-
tored. Thus, soil and vegetation cause marked infl u-
ence on active layer thickness which has to be taken 
into account in the respective estimation.

Soil respiration
According to the obtained data, the sampled 

soils of southern tundra, as well as northern taiga and 
forest tundra, show quite low СO2 emission rates of 
198 ± 75, 142 ± 21 and 202 ± 142 mg СO2/(m2⋅h), 
respectively [Bobrik et al., 2016, 2017]. Thus, these 
soils are less biologically active than their counter-
parts from other zones [Naumov, 2009; Kurganova, 
2010; Semenyuk et al., 2013]. Average soil СO2 effl  ux 
values for these zones are statistically similar because 
the parameter varies strongly over the area (85 and 
73 % variance in northern taiga and forest tundra, re-
spectively).

Regression analysis reveals statistically signifi -
cant correlation of soil СO2 effl  ux (07.08.2016) with 
soil volumetric moisture (5), soil water-extractable 
carbon (6), and elevations above sea level (7). Spe-
cifi cally, the correlation with soil moisture is (5):

 effl  ux rate [mg СO2/(m2⋅h)] = 357 [mg СO2/(m2⋅h)] –
 –4.2 [mg СO2/(m2⋅h)/%] × soil moisture [vol.%], 
 r = –0.27, p-level < 0.05, n = 77. (5)

The determination coeffi  cient of the model is as 
low as 0.08, possibly, because only soil moisture data 
collected in August were used, but it would be higher 
with integrated data over the warm season. 

The correlation relationships with water-ex-
tractable carbon (6) and elevations (7) are: 

effl  ux rate [mg СO2/(m2⋅h)] = 164 [mg СO2/(m2⋅h)] +
 + 0.38 [mg СO2/(m2⋅h)/mg C/kg soil] ×
 × Сlab [mg С/kg soil], r = 0.36, 
 p-level < 0.05, n = 77; (6)

effl  ux rate [mg СO2/(m2⋅h)] = 1227 [mg СO2/(m2⋅h)] –
 – 32 [mg СO2/(m2⋅h)/m] × elevation [m asl],  
 r = –0.33, p-level < 0.05, n = 55. (7)

We estimate that only 8 % of СO2 effl  ux variance 
is due to variations in soil moisture, while water-ex-
tractable carbon contents and elevations are respon-
sible for 13 % and 10 % of its variance, respectively; 
69 % of variance is independent of these factors.

The observed inverse correlation of СO2 effl  ux 
with elevations may be due to redistribution of soil 
moisture and temperature according to small-scale 
landforms.

The statistically signifi cant correlation of СO2 
emission rates with soil moisture is consistent with 
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the key role of this and other abiotic factors (temper-
ature, groundwater level, etc.) in production, migra-
tion, and emission of soil greenhouse gases [Kobak, 
1988; Smagin, 2005; Liu et al., 2006; Naumov, 2009]. 
The lack of such signifi cant correlation with other pa-
rameters of soils and ecosystems (active layer thick-
ness, soil temperature, organic layer thickness, and 
microbial mass carbon) may result from neglect of 
plant root respiration. 

Contents of labile and microbial
biomass carbon 

The СO2 effl  ux rates largely depend on organic 
matter composition, specifi cally, on the presence or 
absence of labile substrate prone to salination which 
controls microbial activity [Golovatskaya and Dyu-
karev, 2012].

The contents of labile (water-extractable) car-
bon correlate, to a statistically signifi cant level, with 
soil organic layer thickness (8) and elevations above 
sea level (9):

 Сlab [mg С/kg soil] = 40 [mg С/kg soil] +
+ 23 [mg С/kg soil/cm] × organic layer thickness [cm], 
 r = 0.44, p-level < 0.05, n = 77; (8)

 Сlab [mg С/kg soil] = 1476 [mg С/kg soil] –
 – 43 [mg С/kg soil/m] × elevation [m asl],
 r = –0.42, p-level < 0.05, n = 55. (9)

The variations in organic layer thickness and el-
evation are responsible for 20 % and 18 % of Сlab vari-
ance, and 69 % of its variance is independent of the 
two factors. 

The correlation of water-extractable carbon con-
tents in soil with elevations may be implicit and may 
result from accumulation of this carbon in depressed 
landforms.

The carbon of microbial biomass correlates with 
two parameters: organic layer thickness (10) and soil 
volumetric moisture (11): 

 Сmicr [mg С/kg soil] = 543 [mg С/kg soil] +
+ 206 [mg С/kg soil/cm] × organic layer thickness [cm], 
 r = 0.44, p-level < 0.05, n = 77; (10)

 Сmicr [mg С/kg soil] = 2374 [mg С/kg soil] –
 – 36 [mg С/kg soil/%] × soil moisture [vol. %], 
 r = –0.28, p-level < 0.05, n = 77. (11)

The spatial variations of Сmicr depend only mod-
erately on organic layer thickness (19 % of variance) 
and still less on soil moisture (8 % of variance), while 
73 % of variance are independent of these parameters. 

Our data on microbial biomass carbon in soils 
agree with published evidence for northern taiga and 
tundra ecosystems [Cheng and Virginia, 1993; Cheng 
et al., 1998; Fisk et al., 2003; Potila and Sarjala, 2004]. 

CONCLUSIONS

The environmental factors of active layer thick-
ness and soil volumetric moisture and temperature 
studied at the CALM R50В site in northern West Si-
beria (Taz Peninsula) show moderate spatial variabil-
ity as the soil and vegetation covers are homogeneous 
while organic soil profi les are thin. This is the princi-
pal reason of weak but statistically signifi cant corre-
lation among the parameters. 

Active layer thickness is low and quite uniform 
over the area (0.95 ± 0.13 m, 14 % variance) at the 
peak of the vegetation season (August 2016) in 
southern tundra ecosystems. Its spatial distribution 
shows positive correlation with soil surface tempera-
ture (r = 0.69, p-level < 0.05) and negative correla-
tion with organic layer thickness (r = –0.45, p-le-
vel < 0.05).

According to the reported statistical analysis, 
soil organic layer thickness correlates with all other 
factors (active layer thickness, r  =  –0.45, p-le-
vel < 0.05; soil surface temperature, r = –0.42, p-le-
vel < 0.05; soil volumetric moisture, r = –0.34, p-le-
vel < 0.05), as well as with the carbon cycle compo-
nents (Сlab, r = 0.44, p-level < 0.05; Сmicr, r = 0.44, 
p-level < 0.05), except for CO2 effl  ux. However, the 
organic layer (peat) causes implicit infl uence on CO2 
emission rates via soil moisture and temperature, as 
well as via the processes of organic matter alteration. 

Soil CO2 eff lux at the monitoring site has 
low  values and moderate spatial variability 
(198 ± 75 mg СO2/(m2⋅h), 36 % variance). Its spatial 
distribution correlates with the contents of soil mois-
ture and water-extractable carbon (r = –0.28, p-le-
vel < 0.05 and r = 0.36, p-level < 0.05, respectively), 
as well as with elevations (r = –0.33, p-level < 0.05). 
The contents of labile and microbial biomass carbon 
vary signifi cantly over the area (77 and 65 % vari-
ance, respectively).

The spatial distribution of the carbon cycle com-
ponents (СO2 effl  ux and water-extractable and mi-
crobial biomass carbon) in the soils of typical ecosys-
tems in the West Siberian southern tundra has been 
studied for the fi rst time. The obtained data and the 
revealed relationships among various relevant param-
eters can be used to estimate and compare СO2 effl  ux 
from the soils of West Siberian ecosystems along the 
bioclimatic and geocryological transect from south-
ern taiga to southern tundra. 
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