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Abstract. To understand the impact of clear-cutting on carbon dioxide emissions from the soil surface, it
is necessary to obtain empirical data in various areas. This paper provides data on the evaluation of soil
respiration dynamics from June to October 2024 on three plots: the background blueberry-green moss
spruce forest, an 8-year-old clear-cut area, and an 18-year-old clear-cut area, all located in the middle
taiga of the Komi Republic. The studied communities grow on typical podzolic soils, on developing dusty
cover loams. A 1.4-fold increase in the rate of CO, flux from the soil surface of the 8-year-old clear-cut
area was found compared to the stand, while no differences were found with the 18-year-old post-cut
community. From the soil surface of skid roads (paths for logging equipment movement), CO, emissions
are 2.3 times higher than in the blueberry spruce forest, and 1.1-1.4 times higher than in feling areas
with a relatively undisturbed soil cover. A reliable positive relationship was established between soil tem-
perature and carbon dioxide emission from the soil surface, at a depth of 5 cm (R? = 0.39-0.62) and 10
cm (R% =0.20-0.56). The soil of the blueberry spruce forest emits 635-698 gC m=2 during the snowless
period, felling areas 651-728 and 630-645 gC m, for B8 and B18-year old felling, respectively, the
same age 1089-1240; 1180-1341 gC m2. Large amplitudes of values — are observed on skid roads,
which is most likely due to the presence of post-logging residues that lie at a depth of 10 cm.
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AHHoTauus. [Ing NoHMMaHWNs BANSHMS CNIOLLHbIX PYOOK HAa SMUCCUIO YITIEKMCIONO ra3a C MOBEPXHOCTU
noyB TpebyeTcsi NonyyYyeHne aMNMPUYECKMX AaHHbIX HA pa3nuyHbIX TeppuTopusx. B paboTte npueoasitcs
CBeAeHUs Mo OLEHKe AMHAMUKUN ObIXaHWS NMOYBbI C MIOHSA N0 OKTA6PL 2024 1. Ha Tpex yyacTkax: (POHOBbIN
HEHapYLEHHbIN €eNbHUK YEePHUYHO-3eNEeHOMOLUHbIN, 8-neTHAs Bbipybka u  18-neTHsas Bbipy6ka,
pacnonoxeHHole B cpegHen Tamre Pecnybnukn Komun. Uccnegyemble coobulectBa nponspactaroT Ha
TUMMYHBIX NOA30NUCTBLIX MOYBaX, POPMMUPYIOLLMXCS Ha MbINieBaTbIX MOKPOBHbIX CYrMMHKax. BbisBneHo
Bo3pacTaHue B 1.4 pasa ckopocTtu notoka CO, ¢ NOBEPXHOCTU NOYBbI 8-NETHEN BbIPYOKM MO CPaBHEHIO
C POHOBBIM HacaxgeHueMm, Torga kak ¢ 18-netHum nocnepyboyvHbIM COOBLLECTBOM pPasnuunii He
oTMeyeHo. C NoBEpPXHOCTM NOYBbI BOITOKOB (MyTEW ABMXKXEHUS 1€CO3aroTOBUTENBHON TEXHMKN) SMUCCUS
CO, B 2.3 pasa 6onblLue, 4eM B eflbHUKE YEPHUYHOM, 1 B 1.1-1.4 pasa Bblle, YeM Ha NaceyHbIX yHacTkax
C OTHOCUTENbHO HEHapyLUEHHbIM MOYBEHHbIM NMOKPOBOM. YCTaHOBIEHa AOCTOBEPHAas NOMNoXuUTeNbHas
B3aMMOCBSA3b MeXAy TeMnepaTypon nouYBbl W BblAENEHUEM YINEKNUCIIOro ra3a ¢ NOBEPXHOCTM NOYBbI
Ha rny6uHe kak 5 cm (R? = 0.39-0.62), Tak n 10 cm (R? = 0.20-0.56). MNoyBa enbHUKa YEPHUYHOTO
amMuTupyeT 3a 6eccHexHbI neprog 635-698 rC-m2, nacevHble yyacTkm — 651-728 n 630-645 rC-m2
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ans 8- n 18-neTHen BbIpyOKM COOTBETCTBEHHO, BOMOKa Tex xe Bo3pacToB — 1089-1240 n 1180-1341
rC-m2. Ha Bonokax HabntogatoTcs 6onblune amnamTyabl 3Ha4eHWI, YTo, MO BCEN BUAVMOCTH, CBSA3aHO
C Hanu4umem nocnepybo4HbIX OCTaTKOB, KOTOpbIE 3aneratoT Ha rmybuHy 10 cm.

KnroueBble cnoBa: 6opeanbHble neca, necHole coobLLecTsa, UMK yrnepoaa

®PuHaHcupoBaHue. PaboTa BbINONMHEHA B paMKkax peanv3aumy BayKHENLIEro MHHOBALMOHHOMO MpOoeKTa
rocygapcTBeHHoro 3HadeHus (BUIM I'3) “PaspaboTtka cnuctembl HA3eMHOIMO U ANCTAHLUMOHHOTO MOHUTOPUHIA
nynoB yrrnepoga v NOTOKOB MAapHUKOBLIX ra3oB Ha Tepputopumn Poccuiickon denepaummn, obecneveHne
CO3[aHMsA CUCTEMBI yYeTA OaHHbLIX O MOTOKAX KMMMaTUYECKU aKTUBHBLIX BELLECTB M OromxeTte yrnepoaa
B Nlecax 1 Opyrmx HaseMHbIX akonorndyecknx cuctemax» (per. Ne 123030300031-6) u npu domHaHCoBOW
nogaepxke 6omketHon Tembl B UL, Kommn HL YpO PAH Ne 125021902454-1 «[o4Bbl 1 NOYBEHHbIE
pecypcbl EBponerickoro Cesepo-BocTtoka Poccum B yCroBUsiX COBPEMEHHBIX KNMMAaTUYECKUX U3MEHEHWI,
aHTPOMOreHHOro nNpecca 1 coumanbHO-3KOHOMUYECKNX BbI3OBOBY.
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Introduction

The territory of the Russian Federation includes about 20% of the world’s forest area (FAO, 2010),
the majority of which belongs to boreal forests. These ecosystems are significant carbon stocks, 30—
60% of which is accumulated in soils indicating how important soils are in the global carbon cycle
(Kurganova and Kudeyarov, 2012; Osipov et al., 2021). The intensity of carbon dioxide emission from
the soil surface is among the most crucial indicators of carbon balance in ecosystems (Schlesinger
and Andrews, 2000). Soil respiration (SR) is a product of heterotrophic (organic matter decomposition
of (aboveground and underground) plant litterfall, previous-year plant litter in form of forest floor and
soil organic matter) and autotrophic respiration of tree and shrub roots (Bond-Lamberty et al., 2024;
Kudeyarov et al., 2007). The role each component plays in the process depends on biotic and abiotic
factors (Bond-Lamberty and Thomson, 2010; Kurganova et al., 2012). Accumulation of the bank of zonal
models on soil emission long-term dynamics and research of factors determining its spatial dispersion is
a strategic task (Kurganova et al., 2024). Having solved this task, we will be able to identify not only the
role forest ecosystem plays as sink or source of atmospheric carbon but also to gain detail information
on the carbon cycle on the territory of the Russian Federation (Kudeyarov et al., 2015).

The carbon cycle is significantly affected by human economic activities (Dymov, 2020), in
particular, clearcutting that disturbs the carbon balance (Zamolodchikov et al., 2013). Clearcutting
is a widespread forest management practice in which more than 75% (72% carbon) of all trees in
an area are uniformly cut down (Kutyavin et al., 2024; Dymov et al., 2024). A clearcut is then a
heterogeneous landscape or a combination of poorly disturbed cutting areas, in which trees are felled,
and skid trails used by logging equipment to remove logs from a timber stand. The skid trail normally
becomes covered with logging residues to make its surface strong and take 15-25% of the whole
timber harvesting area (Dymov, 2020; Osipov, 2022). The studies on the impact, clearcutting inserts
on greenhouse gas fluxes between the Earth’s surface and the atmosphere, are extremely important
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as greenhouse gases affect not only biological cycling but also local and regional climatic conditions
(Korkiakoski et al., 2019; Molchanov et al., 2017; Pridacha et al., 2021).

According to the Ministry of Natural Resources and Ecology of the Russian Federation®, the timber
logging volume changed from 193.26 to 194.59 million m?® in the last decade. In the Komi Republic?
at the same time period, the volume of felled timber varied from 8.5 to 9.1 million m3. Analyzed data
indicates significant impact of industrial deforestation on carbon stock dynamics, including studies
involving the process of restoration succession and taking into account the spatial heterogeneity of
postlogging communities.

The dynamics of soil respiration (SR) of postmortem communities at different stages of successional
recovery compared to unbroken communities is clearly not studied enough (Korkiakoski et al., 2019;
Molchanov et al., 2017; Osipov, 2022, 2023; Prydacha and Semin, 2024). A.F. Osipov (2022, 2023) in
his work, conducted in clearcuts of blueberry pine forests, that the peak of seasonal soil respiration is
in July or August depending on weather conditions in different study years but the intensity of fluxes
differs clearly between postcutting communities and undisturbed stands. A.G. Molchanov with co-
authors (2017), a newly felled spruce forest area in the south taiga subzone has significantly higher
carbon dioxide emission values than the exact same but undisturbed forest area. M. Korkiakoski et al.
(2019) conducted their work in drained peat soils in Finland and found a decrease in soil respiration
in 1-3 years after clearcutting. V.B. Pridacha and D.E. Semin (2024) reported a reduced contribution
of soil emissions to the atmospheric CO, flux in a 10-year-old clearcut, in contrast to an undisturbed
stand of blueberry pine forest.

Assessing the effects of clearcutting on CO, fluxes between forest ecosystems and the
atmosphere is a critical task for improving the quality of climate prediction and developing sustainable
land-use strategies (Aguilos et al., 2014; Pongratz et al., 2009). As clearcutting became a dominant
tree harvesting procedure in the recent decades, secondary stands developed instead of felled
forests occupy large territories and are at different stages of regenerative succession. Therefore,
the assessment of soil respiration at these territories will enable researchers to determine the long-
term effect of clearcuttings on the carbon cycle and reduce uncertainties in characterising the role of
human economic activities in this process (Osipov, 2023).

The aim of this work was to determine the effect of clearcutting on CO, emission from the surface
of podzolic soils of blueberry-green-moss communities at the initial stages of regenerative succession.

Materials and methods

The study was carried out in the Ust-Kulom District of the Komi Republic (Fig. 1), which is
characterized by a temperate-continental temperate-cold climate with short and cool summers, long
and cold winters with a stable snow cover (Atlas respubliki Komi..., 1997). According to the data for
the period of 1990-2019, the average temperature in January was -14.9 °C, July — +17.1 °C, annual
temperature — +0.9 °C. Precipitation volume was 615 mm, 60% of which fell in the warm period from
May to October. According to the data from the Ust-Kulom® meteorological station the average daily
air temperature for the study period (June-October) reached +12.7°C and the amount of precipitation
was 292 mm. Comparing with the mean perennial data, the study period was prominent through
warmer weather conditions but similar precipitation volume.

The study area is located in the middle taiga subzone on the southern edge of the Timan Range.
The southern part of the Timan Range consists the so-called parmas — of a series of dissected high
ridges and hills covered with spruce forests, with absolute heights of 250-350 m.

According to the soil-geographical zoning of the central and eastern parts of the European USSR
(Rudneva et al., 1981), the study area is located in the South Timan region of the Vychegda province
of the middle taiga subzone of typical podzolic soils. In the conditions of hilly relief, typical podzols
dominate among other soil types.

' State report on the state and protection of the environment of the Russian Federation in 2022, 2023. Ministry of Natural Resources
and Environment of Russia, Lomonosov Moscow State University, Moscow, Russia, 687 p.

2 State report on the state of the environment in the Komi Republic in 2023, 2024. Ministry of Natural Resources of the Komi
Republic, Syktyvkar, Russia, 162 p.

3 Weather in Ust-Kulom. Web page. URL: http://www.pogodaiklimat.ru/history/23803.htm (accessed: 20.12.2024).
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Fig. 1. Location of the study sites. BSF — blueberry spruce forest, C8 — 8-year-old clearcut, C18 — 18-year-old clearcut. The sketch-
map was prepared using the public cadastral map https://fegrp365.ru/map/https://egrp365.ru/map/.

The impact of clearcutting on soil respiration was assessed in two after-cut communities, which
are at different stages of regenerative succession formed instead of blueberry spruce forests in typical
podzolic soils. In one area of 11 hectares of wood harvesting was conducted in 2016 (C8 — blueberry-
fern-green moss birch forest), in the other area 17 ha — in 2006 (C18 — fern birch forest). At present,
both sites are grown with birch young trees of | and Il age classes. The old-growth stand of blueberry
spruce forest formed on typical podzolic soil (according to the international classification WRB* —
Stagnic Albic Dystric Retisol Alumic Cutanic Loamic) was chosen as a control plot.

The tree layer of the blueberry spruce forest is dominated by spruce and fir with some birch
and mountain ash. Natural reforestation at clearcuts proceeds via deciduous species, mainly birch.
The herbaceous-dwarf shrub layer of the study sites is dominated by Vaccinium myrtillus, Dryopteris
carthusiana and Gymnocarpium dryopteris, while the moss-lichen cover — by Hylocomium splendens
and Polytrichum commune.

Any of three study sites got installed 10 foundations made of nontransparent PVC pipes being
110 mm in diameter (Kurganova et al., 2024). In after-cut communities, the foundations were installed
as follows: 5 foundations immediately at the cutting area and 5 foundations in the skid road at a
distance of 5—10 meters from each other. The cutting process elements are arable plots with relatively
little disturbance of soil cover and fibres, along which machinery was moved. The foundations were
buried to a depth of 4 cm, whereas the chamber volume varied from 1.7 to 2.7 liters (depending on
the length of tubes). Measurements were made between tree crowns. The soil ground vegetation was
removed. Soil respiration was measured fortnightly from June to October 2024 using a portable CO,,
CO, temperature and humidity logger VENTpro Il (Russia). It has been established that the arable

4 World Reference Base. Web page. URL: https://www.fao.org/soils-portal/data-hub/soil-classification/world-reference-base/en/
(accessed: 06.10.2025).
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land covers 80% of the deforestation area. The exposure time was 7 minutes with one measurement
taken per one foundation. Totally, 300 CO, flux rate determinations were made, 100 at each site.
Simultaneously, we measured soil temperature (ST) at depths of 5 and 10 cm, using an electronic
thermometer CHECKTEMP 1 HANNA instruments (USA).

A linear equation was used to evaluate the relationship between SR and ST:

InSR=aX +f
where InSR — logarithmised soil respiration data, a and 8 — equation coefficients, X — soil temperature
at a depth of 5 0or 10 cm.

Logarithmisation of initial SR data before regression analysis was performed in order to achieve
the normality of distribution of linear model’s residuals and the homogeneity of variance of linear
model’s errors (Osipov, 2022). As the literature data inform about correlations of SR with temperature
at 5- or 10-cm depths (Kurganova et al., 2012; Kuznetsov, 2014; Osipov, 2022 et al.), we derived the
equations for accessing the relationship between ST and SR for both depths in order to examine the
C-CO, removal using soil dynamics data for different depths.

The coefficient a from the previous equation was used to calculate the temperature coefficient
Q,,, showing the change in rate of SR at a temperature change of 10 °C, according to the following
equation (Davidson et al., 2006):

QlO — eaxlo

Carbon removal in CO, emission from the soil surface (C—CO,) was calculated using the daily
mean soil temperature values measured with autonomous loggers according

- T-10
_ 10
SRperiod - E SRlOQm.
n=1

where SRperiod — C-CO, removal per time interval, gC-m=, SR,, — SR value at 10 °C, Q,, -
temperature coefficient, T — mean daily soil temperature at a depth of 5 or10 cm.

We performed descriptive statistics with calculation of mean values, mean errors and variation
coefficient. For pairwise comparisons, the Student’s t-criterion was used due to a small number of
pairs analysed. The effect of clearcutting was assessed by comparing the soil respiration rate between
blueberry spruce forest and cutting areas (as a technological element of clearcuts opposite to skid
trails) of secondary communities. Also separately performed a comparison between the technological
elements of the cut-off (cutting areas and skid trails). The regression analysis was used to characterise
the relationship between soil respiration and soil temperature. All calculations were performed using
Microsoft Excel 2010 and R programming environment at 95% significance level.

Results and discussion

Seasonal dynamics of soil respiration

As shown in Fig. 2, the seasonal dynamics of podzolic soil respiration in blueberry spruce forest
are characterized by maximum values in July and August, and minimum in October. This corresponds
to the available literature data on the SR curve of dark coniferous forests in the boreal belt (Ivanov et
al., 2020; Kukumagi et al, 2017; Mashika, 2006; Osipov et al., 2024).

No significant differences in mean monthly soil respiration values were observed during summer
months in cutting areas (as part of a clearcut opposite to skid trails) of secondary communities (p, >
0.05), in spite of relatively high values in August. Young birch forests demonstrate a wide diapason
of the obtained data that is expressed by high (coefficients of variation 22—74%) associated with the
heterogeneity of spatial location of birch undergrowth, as well as stumps of felled trees.
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Fig. 2. Soil respiration dynamics of blueberry spruce forest and technological elements of clearcuts (cutting areas and skid trails) in
June—October 2024. Error bars — mean error.

We did not identify any significant effect of clearcutting on SR through all months (p, > 0.05), except
for June when the CO, emission rate was by 1.4 higher (p, = 0.036) in the cutting areas of 8-year-old
clearcut. However, the mean SR rate analysis over the entire observation period revealed a higher
(by 1.3-1.5; p, < 0.05) value in 8-year-old clearcut, which is probably due to active decomposition of
underground organs of dead plants and respiration of root of renewing birch trees. The mean CO, flux
rate from the soil surface of undisturbed spruce forest and 18-year-old clearcut from June to October
was comparable (p, = 0.190).

When analyzing CO, emission from the surface of technological elements of clearcuts (cutting
area and skidding track), we fixed a higher SR rate (by 1.4-2.1; p, < 0.05) in tracks compared to the
cutting areas, the flow rate is also characterized by a fairly high (31-52%) variation. The intensive
emission in the logging machinery paths is related not only to the active regeneration of small-leaved
woody vegetation, decomposition of fallen wood and root respiration, which are involved in CO,
formation, but also to the presence of decomposing felling residues, put onto the skidding roads to
make the soil compact.

For the observation period, the seasonal dynamics are less pronounced in tracks of the 8-year-
old clearcut, which is indicated by the comparable values of mean monthly emission from June to
September (p, > 0.05), whereas the 18-year-old clearcut is found for a decrease in September after
maximum values during summer.

The obtained patterns of SR from June to October coincide with the published results. According
to A.F. Osipov et al. (2024), high values of CO, flux in the snow-free period were also observed in July-
August 2022 and reached 3.90-5.62 gC-m per day and 2.3-2.5 gC-m™2 per day in the control and
clearcut sites, respectively, which corresponds to the seasonal dynamics we obtained. The work of
A.G. Molchanov et al. (2017) highlights exactly the same pattern as the maximum CO, emission is in
July-August and then decreases in October from 4.67 to 1.81 gC-m™ per day in the background plot of
spruce forest, and from 8.29 to 1.76 gC-m™2 per day in the cutting areas of mixed herbaceous spruce
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forest clearcut. In trails, the flow rate is by 30% higher than that in the cutting areas. V.V. Mamkin et al.
(2019) showed CO, emission from the soil surface in different observation years after clearcutting in
the south taiga subzone varying from 4 to 16 gC-m™ per day. The mean daily dynamics of CO, flux in
blueberry pine forest in July-August in Karelia were 6.12 gC-m2 per day, which was by 1. times higher
than in same clearcut (Pridacha and Semin, 2024). The authors note that soil and air temperature and
illumination have a significant effect on soil respiration.

Relationship between soil respiration and soil temperature

Soil temperature is one of the main abiotic factors affecting carbon dioxide emission (Bond-
Lamberty and Thomson, 2010). The regression analysis showed a significant (p < 0.001) positive
correlation between soil respiration and soil temperature, both from the soil surface of blueberry
spruce forest and particular technological elements of spruce forest clearcut in all study periods and
at both depths (Table 1). However, the degree of correlation in the studied communities differs. For
example, blueberry spruce forest is identified for a higher correlation at a 5-cm depth (R? = 0.54 vs
R? = 0.45) against similar values of the coefficients of the dependence equations. The cutting areas of
the 8-year-old clearcut demonstrate a decrease in the coefficient of determination for the relationship
between SR and ST10 from 0.39 to 0.20. The interrelationships between skidding tracks’ respiration
are similar at both depths with higher values of the regression equation coefficients observed for a
depth of 10 cm.

The respiration response of cutting areas and skidding tracks in 18-year-old clearcut is similar
to that in undisturbed spruce forest, as expressed by approximately equal equation parameters, but
with a medium correlation at a 5-cm depth and a low correlation with ST10 (R2 = 0.37 vs R? = 0.22 for
cutting areas and R2 = 0.41 vs R? = 0.28 for skidding tracks). The medium correlations at 5-cm depth
are probably due to the fact that leaf waste decomposition proceeds just in this layer. Leaf litter is the
main soil fraction at this depth in after-felling communities where the tree layer is dominated by small-
leaved species.

Table 1. Characteristics of equations (InSR = aX + ) of CO, emission dependence on soil temperature (ST). STS — dependence
on soil temperature at a depth of 5 cm; ST10 — dependence on soil temperature at a depth of 10 cm; coefficient errors are given
in brackets.

Coefficient SR, g
Community Factor R? p-value Q,, C/(m?x
a B day)
ST5  0.143(0.013) -0.097(0.142) 0.54 <0.001 4.18  3.79
Blueberry spruce
forest ST10  0.162(0.018) -0.187(0.180) 045 <0.001 503  4.17
. ST5  0.148(0.026) -0.111(0.322) 0.39 <0.001 437  3.91
Cutting
8year- 00 ST10  0.133(0.039) 0.255(0409) 020 <0.001 3.80  4.90
old
learcut
clearcut o iiging T8 0112(0020) 0701(0.267) 040 <0.001 306 618
road ST10  0.161(0.028)  0.324(0.331) 040 <0.001 499  6.90
. ST5  0.122(0.014) 0.132(0.161) 0.62 <0.001 3.39  3.86
Cutting
18-year- 00 ST10  0.146(0.019) -0.024(0.208) 0.54 <0.001 431 420
old
learcut
clearcut o iigng  STS  0.1250.014)  0693(0.180) 061 <0001 349 698
°ad  STq0  0.477(0.022) 0.292(0250) 056 <0001 584  7.82
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When comparing the SR and ST relationship at different depths, the temperature coefficient is
higher (by 1.2-1.7) at a 10-cm depth in most cases, except for cutting areas in C8 (Table 1). This
is probably due to the vertical distribution of woody plant roots, most of which are distributed in the
lower layers of forest floor and upper mineral horizons of the soil profile. Heterotrophic respiration is
known to be less sensitive to changes in soil temperature compared to autotrophic respiration (Yang
et al., 2022), as a consequence of which we observe higher Q,; values calculated for 10-cm depth.
In general, clearcutting reduces SR-ST relationship that is associated with a decrease in weight and
respiration rate intensity of roots compared to undisturbed spruce forest, as discussed above.

In the work of A.F. Osipov (2022) are given values close to our calculated Q,;, which varied
depending on moisture conditions during the warm period. For example, in the middle taiga subzone
of the Komi Republic in different years of observations Q,, reached 7.95-5.62 in undisturbed blueberry
pine forest, 4.28-3.29 in cutting areas of 3-5-year-old clearcut of blueberry pine forest, in skidding
tracks 5.70-2.33. The Q,, coefficient in different years of observation was 1.78-4.88 in the average
coniferous plantation and 1.50-1.98 at its harvest (Osipov et al., 2024), in blueberry spruce forest —
from 2 to 6.9 (Mashika, 2006). Low values of the temperature coefficient (1.60-2.12) in different years
are also shown by V.V. Mamkin et al. (2019). For the 10-year harvest of Q,, blueberry pine forest
was equal to 2.68-3.73 on arable plots and 2.04-3.87 on fibers depending on weather conditions
in years of study (Osipov, 2023). The influence of air temperature and precipitation during the warm
year period on the value of temperature response of soil respiration was revealed by |. Kurganova
et al. (2022) by the results of long-term observations. Smaller values of Q,, in stands growing in the
south taiga subzone and in mixed forests are largely associated with a better temperature sensitivity
of soil respiration in high latitude ecosystems under conditions of heat deficiency (Kudeyarov and
Kurganova, 2005).

Soil temperature dynamics

By the analysis of the results obtained for the dynamics of soil temperature from June to October,
the undisturbed cutting area of logged plot had the soil temperature in early summer and September,
in October, there was a decline. The maximum temperature was recorded in the first decade of July.
We also identified local peaks in the second decade of June, the first decade of August, and the
second decade of September due to weather conditions. In blueberry spruce forest, at the beginning
of observations (5-cm depth) the soil warmed to 9.1 °C. The maximum temperature was 14.4 °C in the
first decade of July, by the end of October they dropped to 2.8. In C8 cutting areas, the soil warmed
up from 11 °C in June to 13.7 °C towards the end of the first decade of July with a decrease to 4.8°C
in mid-October. On the skid roads, the values of the same periods were similar to those of the cutting
areas and were 11.9, 15 and 4.8 °C, respectively. In the first decade of June, ST in cutting areas of
C18 was 10.9 °C, then warmed up to 14.6 °C in early July and decreased to 2.6 °C in October; in
skid trail, ST reached 11.2, 14.8 and 3 °C, respectively (Fig. 3). Thus, in clearcuts a more favorable
temperature regime was observed in the cuttings compared to the unbroken blueberry spruce forest.

Similar data on the impact of clearcuttings on the soil temperature regime are given for stands
formed after clearfelling of spruce, pine and coniferous-deciduous stands in the Komi Republic (Dymov
and Startsev, 2016; Osipov, 2022; Osipov et al., 2024), as well as south taiga spruce (Mamkin et al.,
2019) and pine forests (Zenkova and Stabrovskaya, 2022).

The soil temperature dynamics at a depth of 5 cm were characterised by greater amplitude of
indicators, less than 10 cm. The highest values of 13.7-15 °C were found in the first decade of July.
It is worth noting that the soil temperature in skid tracks of 8-year-old clearcuts is always higher than
in other technological elements of logged forest area because the soil warms up faster there due to
the thin tree canopy (Osipov, 2022). You can also notice that during the summer, as well as warm
September at a depth of 5 cm the soil is warmer than at a depth of 10 cm. In October, the trend is
reversed: at a depth of 10 cm, the average temperature is 1 °C higher.
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Fig. 3. Fig. 3. Soil temperature dynamics in blueberry spruce forest and clearcuts of different years in June-October 2024. A —
soil temperature at 5-cm depth; B — soil temperature at 10-cm depth; BSF — blueberry spruce forest; CA8 — 8-year-old cutting
area (opposite to skid road); SR8 — 8-year-old skid road; CA18 — 18-year-old cutting area; SR18 — 18-year-old skid road; I, I,

Il — decades.
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Fig. 4. Carbon C-CO, flux during the observation period in blueberry spruce forest and clearcuts at different soil depths in June-
October 2024. Error bars indicate the mean error.

Carbon removal with soil respiration

For June-October 2024, 635-698 gC-m~2 emitted from the soil surface of the control blueberry
spruce forest depending on the depth used to calculate the removal C-CO, (Fig. 4). At 10 cm a higher
value is observed, but no reliable differences have been found. The higher value for the deeper layer
is associated to the high value of Q,;, the mechanism of which was above-discussed (showing the
change in SR speed at a temperature change of 10 °C).

The clearcutting does not affect the CO, flux from the surface of cutting areas (opposite to skid
roads) in felled plots. C8 cutting areas emit 651-728 gC-m~2 and C18 cutting areas — 630-645 gC-m™2
from the soils surface. However, the skidding trails are characterised by a more active C-CO, emission.
For instance, C8 skid roads emitted 1089—-1240, C18 — 1190-1341 gC-m~ during June-October 2024,
which is by 1.67-2.08 times more than cutting areas. The intensive carbon flux with soil respiration in
skid trail is due to felling residues left after logging to strengthen the soil surface. Decomposition of
logging residues in combination with respiration of roots of actively growing small-leaved species and
the presence of easily decomposable leaf litter affect the increase of C-CO, emission.

Using the soil respiration data at the particular technological elements of clearcut, we accessed
the C-CO, emission from the surface of the entire timber harvesting area. Cutting areas take 80% of
the total harvesting area, with the rest occupied by skid trails. From the soil surface of the 8-year-old
clearcut (§=11 ha), 336 tCO,/ha (8.3 tC/ha) entered the atmosphere from June to October, with the
contribution of trails accounting for 30%. The 18-year-old clearcut (S = 17 ha) emitted 495.9 tCO,/
ha (7.8 tC/ha), of which 34% was from skid roads. Carbon flux from blueberry spruce forest was
6.4-7.0 tCO,/ha, which was by 1.2 less than that from the 8-year-old clearcut and by 1.1 times less
than from the 18-year-old clearcut.

When comparing the obtained data on C-CO, flux from the soil surface of spruce forests, we
identified higher values than the results presented by A.V. Mashika (2006) for blueberry spruce and
M.A. Kuznetsov (2014) for blueberry-sphagnum spruce forests. Similar data were published in a
number of works. For example, 373-681 gC-m™2 emits from the soils of wet peatland south taiga spruce
forests in summer months (lvanov et al., 2020) and 522—804 gC-m™ in an Estonian mature spruce
forest (Kukumagi et al., 2017). From the soil surface of a coniferous-deciduous forest stand during the
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snow-free period in different years, 400-746 gC-m2 is emitted. As a clearcut, it emits 337-442 gC-m™2
(Osipov et al., 2024). The annual C-CO, flux from the waterlogged gley organo-mineral soil of spruce
clearcut in England varied within 243—-322 gC-m~2 (Yamulki et al., 2021). 210-379 gC-m~2 emit from
the soils of blueberry pine forest cuts being at different development stages and 296-573 gC-m™
— from tracts in these clearcuts from May to October (Osipov, 2022, 2023). Pine forest clearcuts in
Finland emit 267-286 gC-m™ (Korkiakoski et al., 2019). Thus, the analysis of the literature allows
concluding that the CO, emission of undisturbed forest and their clearcuts varies widely and largely
depends on the growing conditions, stages of development after disturbance, weather conditions in
the years of research.

Conclusion

The data on soil respiration of plant communities formed after clearcutting of blueberry spruce
forest and being at different stages of regenerative succession are similar to the data obtained for an
undisturbed spruce forest on the typical podzolic soil, which indicates that there is no reliable impact
of clearcutting on soil respiration in 8 and 18 years after the logging procedure, whereas initially we
observed a 1.4-fold increase in the rate of CO, flux from the soil surface. The combination of logging
residues and this-year leaf litterfall decomposition with root respiration of actively regenerating
woody plants caused an intensive soil respiration in skid roads that was by 1.4-2.1 times higher
compared to undisturbed cutting areas within a clearcut. During the observation period, skid trails
in 8-year-old clearcut had no signs of seasonal dynamics, which is expressed in comparable values
of average monthly emissions from June to September. The highest CO, emission occurs in July-
August and attains its minimum in October in all studied communities. SR positively correlates with
soil temperature. When analyzing the correlation for 5- and 10-cm depths, we identified that the
relationship became higher with depth, the same for the temperature response (Q,, coefficient) of
CO, emission. From June to October, 635-698 gC-m™ was emitted from the soil of blueberry spruce
forest, 651-728 gC-m™2 from the soil of 8-year-old clearcut, and 630-645 gC-m2 from the soil of
18-year-old clearcut. The skidding roads are characterized by a more intensive (by 1.7-2.1) carbon
flux, compared to the cutting areas. It is calculated that 336-495.9 tCO, with a skid trails of 30-34%
enters the atmosphere from the surface of all the B8 (11 ha) and B18 (17 ha).
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