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Abstract

Based on the long-term (12 years) data on soil respiration (SR) measurements in representative conifer forests of the Krasnoyarsk
region (Central Siberia), we demonstrated specific characteristics of SR. The study sites located closely to Arctic Circle were
related to different latitudes, including 56° N (SAE site, Krasnoyarsk), 60° N (ZOTTO site, Zotino), and 64° N (Tura site,
Evenkia). Study sites were selected in forest ecosystems (> 41 years old) and represented a wide range of the climate, stand,
permafrost availability, and soil types. However, the mean seasonal values of SR (mean + SD) varied in a relatively narrow range
from 2.11 £ 0.69 in the forest-steppe zone (SAE) to 2.82 + 1.77 umol CO, m 2s ! in northern larch taiga (Tura). Nevertheless, a
twofold difference in the duration of growing season among northern and southern locations results in a variation of total seasonal
CO, emissions (mean + SD) from 216 £ 136 g C m 2 in larch stands of northern taigato 369 £+ 115 g C m 2 in larch stands of
southern forest-steppe zone. Evaluation of the multiannual dynamics of SR over the past 1.5 decades (1995-2010) showed the
escalation of SR in the permafrost larch stands (Tura) in 2005-2010. That has been coupled with the enhanced activity of the soil
heterotrophic microbiota in 2007-2010. Our study highlights the importance of further monitoring of SR in permafrost Siberian
ecosystems.
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Introduction

Greenhouse gas (GHG) emissions, mostly carbon (C) di-
oxide (CO»), have been extensively studied over the past
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3 decades all over the world (Luo and Zhou 2006; IPCC
2014). SR is assessed to be the second-largest CO, terres-
trial flux after photosynthesis (e.g., Raich and Potter
1995). SR can compete with annual fossil fuel loading
of atmospheric CO, (Dixon et al. 1994; Boden et al.
2009; IPCC 2014). Ongoing climate change in high lati-
tudes, aggravated by the ecosystem disturbances, such as
wildfires, permafrost degradation, landslides, and insect
outbreaks, has the potential to completely modify SR
(e.g., Casper 2010; Osawa et al. 2010; IPCC 2014,
Abbott and Jones 2015). Hashimoto et al. (2015), on the
base of the semi-empirical model, parameterized with
over 1000 data points estimated mean annual global SR
trend as increased at the rate of 0.09 Pg C per year. Zhao
et al. (2017) conducted global biome-specific research on
SR (on the base of comprehensive global SR databases)
and showed an increasing trend in average annual global
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SR. Jian et al. (2018), in review research, reported on
ongoing worldwide increasing of SR caused by rising
temperatures during 1961-2014, including boreal forest
ecosystems. In the modeling study using the Community
Land Model (CLM) version 4.5, Parazoo et al. (2018)
showed the possibility of a shift of permafrost-affected
ecosystems from C sink to source. SR rates, documented
in many high-latitude habitats, vary widely, and the range
of this variation might reach 100 times due to the latitu-
dinal, bioclimatic, and soil environmental differences
(e.g., Bond-Lambert and Thompson 2010a). Thus, SR
studies across high-latitude sites have shown a high vari-
ability of SR, which made up 0.8-6.3 pmol CO, m > s~
in Alaska forest ecosystems (Gordon et al. 1987; Grogan
and Chapin III 1999; O’Neill et al. 2003; Kim et al.
2012), 1.8-14.7 umol CO, m 2 s ! in Finland forest eco-
systems (Komulainen et al. 1999; Maljanen et al. 2001;
Kumpu et al. 2018), and 1.8-6.8 pmol CO, m 2 s ! in
forest ecosystems of Sweden (Gardenas 2000; Hogberg
et al. 2001; Bhupinderpal-Singh et al. 2003; Eliasson
et al. 2005). Since climate change causes the acceleration
of the permafrost ecosystems’ feedback, the SR modeling,
as a climate function, becomes more complicated as far as
many variables influence the SR value, e.g., climate pa-
rameters, landscape forms, stand types, and soil biological
and physical-chemical processes.

The large area occupied by the Siberian forest locates with-
in the highly vulnerable cryolithic zone with the vast amount
of C stored in the frozen soil and permafrost (Casper 2010;
Osawa et al. 2010; Masyagina et al. 2009, 2015, 2019).
However, due to the remoteness and low accessibility, studies
on the GHG dynamics rarely extend into the northern taiga
forest ecosystems of the Yenisei River basin (Schulze et al.
1999; Yanagihara et al. 2000; Morishita et al. 2010;
Masyagina et al. 2019). Krasnoyarsk region—the second big-
gest region of the Russian Federation—occupies a large area
of 2.34 million km? from the Sayan Mountains to the Taymyr
Peninsula in the south-north direction. The dominant tree spe-
cies are larch (> 70% of the forested area), and pine (about 6%
of the forested area). The successful expansion of these light
taiga species at this territory is explained by their fire-
tolerance (Schulze et al. 2012). The larch-dominated area co-
incides with the zone of permafrost distribution (Abaimov
et al. 2004). Southern regions, lacking the permafrost or hav-
ing discontinuous permafrost patches (island permafrost), are
covered by pine, dark conifers, and mixed (conifer and broad-
leaf tree species) forests (Pleshikov 2002; Osawa et al. 2010).
Therefore, the Krasnoyarsk region may serve as an excellent
polygon to contribute to the understanding of how Siberian
forest ecosystems have responded to climate change over the
past few decades.

Here, we compared SR rates of three groups of sites
located at the different latitudes of the Krasnoyarsk region

@ Springer

(Russia). Chosen study areas sited at 56° N (Krasnoyarsk,
Siberian afforestation experiment (SAE) sites, southern
taiga), 60° N (ZOTTO observatory, middle taiga at the
southern part of Turukhansk district), and 64° N (Tura
sites, northern taiga permafrost forests near Tura settle-
ment, Evenkia). In this study, based on the 12-year mon-
itoring of three study sites in central Siberia, we seek the
unique characteristics of SR from permafrost and non-
permafrost regions with different trees cover. According
to our first hypothesis, higher SR rates are supposed to be
in a warmer climate of the south in the Krasnoyarsk re-
gion (larch and pine forests at the SAE sites). We expect
lower SR rates in the north (pine forests in ZOTTO and
larch forests in Tura). In general, rhizosphere temperature
and soil water conditions strongly control SR (Jiang et al.
2005; Luo and Zhou 2006; Yanagihara et al. 2000;
Morishita et al. 2010; Qu et al. 2018; Makhnykina et al.
2020). From our common idea and previous research, SR
of the same species of larch forests in the northeastern
part of China has been limited by the soil moisture con-
dition because of limited precipitation (Jiang et al. 2005).
Same to China, a limited amount of precipitation also
characterizes Siberia that might hinder SR in Siberia in
the same way. According to the previous and current stud-
ies conducted in the permafrost region in the central
Siberia, the main environmental factors affecting SR, be-
sides the hydrothermal regime of soils, are pH and ground
vegetation stock in postpyrogenic larch associations
(Masyagina et al. 2015; Koster et al. 2018). Since SR is
mainly a temperature-dependent process (Yvan-Durocher
et al. 2012), the second hypothesis assumes that SR will
depend on environmental conditions (temperature and wa-
ter content as the main variables) and their seasonal fluc-
tuations in three contrasting examined areas. Therefore,
maximum SR values are expected in the middle of the
growing period due to both higher soil microbial and root
activity and increased C input to the soil at this period.
However, severe climate conditions in Tura and ZOTTO
may decrease SR, and vice versa, more favorable environ-
mental conditions in Krasnoyarsk (SAE) may promote
SR. To find out the site-specific drivers of SR, we exam-
ined soil C and N contents, C/N, soil microbial activity,
soil hydrothermal factors, tree root biomass, and ground
vegetation cover-related parameters. Therefore, our study
has three tasks: (1) to assess the spatial and seasonal dy-
namics of SR rates in the key forest types of the
Krasnoyarsk region, (2) to show the factors relating to
the SR and estimate the effect of tree species on SR in
contrasting sites (northern or southern locations), and (3)
to evaluate for the first time the changes in SR in the
high-latitude Tura site over the past 15 years (1995—
2010). This study is expanding the understanding of SR
levels and its variation at a central part of the large
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Siberian region, and emphasizing the urgency of monitor-
ing SR in the permafrost area of high latitude Siberian
ecosystems.

Materials and methods
Study sites location

The research sites were settled in the Krasnoyarsk region,
Russia, namely in three contrast by the environmental condi-
tions sites: SAE near Krasnoyarsk city, ZOTTO sites near
Zotino village, and Tura sites near Tura settlement (Fig. 1,
Table 1), and related to the various latitudes. We measured
SR rates and other characteristics of the southern (SP: SAE
site O2) and northern (NP: ZOTTO sites Z1-Z2) pine stands
and the southern (SL: SAE site O1) and northern (NL: Tura
sites T1-T14) larch stands (Fig. 1, Table 1).

CM, Cambisols; CR, Cryosols; HS, Histosols; PH,
Phaeozems; PZ, Podzols (IUSS Working Group WRB
2015); ND, no data available; *Kuzmichev et al. (2005) as
for 2002; **t ha '; T3 and T13 were described according to
Prokushkin et al. (2018)

SAE sites (O1-O2 sites, Fig. 1, Table 1) established in the
forest-steppe and southern taiga zones (near Krasnoyarsk) be-
long to the Sukachev Institute of Forest SB RAS, Federal
Research Center “Krasnoyarsk Science Center SB RAS.” In
1971, Prof. N.V. Orlovskii organized here the monoculture
plantations of six main forest-forming species: Siberian
spruce, Scots pine, Siberian stone pine, Siberian larch, silver
birch, and aspen to estimate the individual tree species effects
on the soil processes (Menyailo et al. 2002; Matvienko et al.
2014). The region is characterized by continental climatic
conditions with annual precipitation of 500 mm per year.
The mean summer air temperature is about 20 °C (noon).
Soil temperature at a depth of 20 c¢cm is varied from — 4 to —
14 °C in winter and from 10 to 12 °C in summer. The soil is
Phaecozems (Table 1), according to IUSS Working Group
WRB (2015). In 1971-1972, seedlings of six tree species (2
to 3 years old) were planted in 2400 m? monoculture plots at a
density of 40000 stems ha', following homogenization of the
0-20 cm soil (Shugalei 2005). Data on forest inventory and
soil biochemical and meteorological properties were pub-
lished by Menyailo et al. (2002), Menyailo and Hungate
(2005), Menyailo (2008), Shugalei (2005), and Vedrova
(2005).

ZOTTO (Z1-Z2, Fig. 1, Table 1) sites were located in the
middle taiga at the southern part of Turukhansk district of
Krasnoyarsk region near Sredneyeniseiskiy Field Station of
the Sukachev Institute of Forest SB RAS, Federal Research
Center “Krasnoyarsk Science Center SB RAS”
(ZOTTO - Zotino tall tower observatory) (Makhnykina et al.
2016). The most influencing factor at the natural ecosystems

of the studied territory is the level of underground waters,
which regulated water regime at the different topography
(bogs, forests, etc.), and determined water availability. The
research plots were placed on gently undulating, alluvial sands
(classified as Podzols) with no underlying permafrost
(Table 1). Climate is continental. This moderately cold area
has sufficient water availability. The mean annual air temper-
ature is — 3.7 °C, and annual precipitation is 590 mm
(Pleshikov 2002). We established two research plots, which
represented different stand types: lichen pine stand (Z1) and
green mosses pine stand (Z2) of the same age (Table 1). In the
tree cover, pine (Pinus sylvestris L.) prevailed. Ground vege-
tation in the lichen pine stand (Z1) was characterized by li-
chens Cladonia stellaris (Opiz) Pouzar et Vezda and CI.
arbuscular (Wallr) Flot. Ground cover dominants in the pine
stand with green mosses were Pleurozium schreberi (Brid.)
Mitt. and Dicranum polysetum Michx. Dominants of grass-
dwarf shrub layer were evergreen dwarf-shrubs Vaccinium
vitis-ideae (L.) Avror., Empetrum nigrum L., Arctostaphylos
uva-ursi L., and evergreen fern Lycopodium complanatum L.
(Trefilova et al. 2009).

Tura study sites comprised several long-term plots located
in northern taiga forests near the Evenkian Field Station (Tura,
Krasnoyarsk region, Fig. 1, Table 1) of the Sukachev Institute
of Forest SB RAS, Federal Research Center “Krasnoyarsk
Science Center SB RAS.” Natural larch stands, typical for
Tura study area, were characterized by a wide age range of
41-276 years old and located on the different landscape types
with permafrost, of various (northern and southern) exposi-
tion, and variable microclimatic environment. The climate
was sharply continental (mean annual air temperature — 9.5
°C) with wide temperature fluctuation and precipitation distri-
bution. Cold winters (mean air temperature in January is —
36.7°C) and moderately warm summers (mean air tempera-
ture in July is 16.3 °C) with annual precipitation of 250-548
mm are usual for the studied region. The growing period
lasted 69—80 days (Prokushkin et al. 2008).

Field measurements

At every studied area, we estimated SR rates (umol CO, m >
s ') with the same methodological approaches (IR-gas
analysis) but employing different types of equipment. The
measured SR values included soil microbial respiration, root
respiration associated with mycorrhiza, and CO, diffusion as a
source of chemical-physical processes (Jong et al. 1974). The
soil temperature (TSS) of the mineral soil at a depth of 5 cm
was assessed simultaneously with SR measurements. This soil
depth was chosen to measure TS5 because it is an essential
depth for the plant root systems. Another reason why we used
the soil depth of 5 cm, and not litter layer (O horizon), despite
that it is known for higher microbial activity and larger root’s
contribution, was because the litter layer had a high intra-site
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heterogeneity of its thickness. Therefore, TS5 was a more
stable parameter characterizing the rate of SR, which could
be used for the comparative research of locations with a dif-
ferent geographical background.

At the SAE sites (Fig. 1), the SR was estimated using a LI-
8100A automated soil flux system (LI-COR Biosciences Inc.,
Lincoln, Nebraska, USA) with a chamber (D =20 cm, 4.82 1),
which was placed onto the polyvinyl chloride (PVC) collar (4
collars in SL and 4 collars in SP). We decided on the depth of
collar insertion according to the detailed pre-examination
(Wang et al. 2005). The system calculated the rate of CO, flux
(umol CO, m 2s™") based on the change in CO, concentration
in the chamber when the latter was closed for 1 min.
Measurements were made on a twice-a-month basis from
May to October 2011. TS5 was recorded with a DT400 sensor
(Comark Instruments, UK) twice a month, simultaneously
with SR measurements. Volumetric soil water content (6,,
%) in each collar was measured once a month, using a Theta
Probe ML2x sensor with an HH2 portable data logger (Delta
T Devices Ltd., UK). This device calculated 6, based on the
difference in electric resistance to constant current between
the soil and water. According to Shugalei (2005), the bulk
density of the mineral soil layer varied from 1.05 to 1.09 kg
1!, The gravimetric soil water content at a depth of 5 cm (0y)

60 90
== =

=

T T

e {i g

- © ZOTTO——

o SAE —
© Moscow f///
T N o e \ /;%f 173
£ AL
e
0 1500 3000 km

~

T11T13 T14
T2.77 T12 13

T10

was assessed using the Eq. (1) of linear regression (R*=0.98)
received empirically for the SAE site.

(6,~2.7983)

9 =
£ 0.7997 '

(1)
where 0, is gravimetric soil water content (%), 6, is volu-
metric soil water content (%).

At the ZOTTO sites (Fig. 1), we measured SR rates using
the LI-8100A (LI-COR Biosciences Inc., Lincoln, Nebraska,
USA) from June to October 2013. On each site, five PVC
collars (D = 20 cm) were settled randomly and left for the
whole season. The depth of installation of the collar into the
mineral soil depended on the height of the moss layer and the
thickness of soil organic horizon—it was 2-3 c¢m for the li-
chen pine stand, and about 13—15 c¢m for the green-moss pine
stand. With insufficient collar installation depth, CO, fluxes
were taken from the organic horizon, which violates the reli-
ability of calculations. The distance between the collars did
not exceed 2 m, which made it possible to more reliably esti-
mate the spatial variation of CO, flux from the soil surface. SR
measurements were assessed in the daytime once in 3 days. At
the same time of measuring SR, TS5 was registered using a
Soil Temperature Probe Type E (Omega, USA). 6, (%) was
measured at a depth of 5 cm using a Theta Probe Model ML2

- —

Fig. 1 Study sites layout. Krasnoyarsk (SAE sites, SL: O1, SP: 02), Zotino (ZOTTO sites, NP: Z1-Z2), Tura sites (NL: T1-T14)

@ Springer
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(Delta T Devices Ltd., UK) with the same routine as TS5 and
SR (Makhnykina et al. 2016). The soil bulk density of the
mineral layer was estimated to be 1.82 kg "' (Santruckova
et al. 2003). The 6, was calculated using equation (2).

0, x WD

O BD

(2)

where 0, is gravimetric soil water content (%), ¢, is volu-
metric soil water content (%), BD is soil bulk density, and WD
is water density (0.997 kg m ).

At the Tura sites (Fig. 1), SR was studied from June to
September of 1995-2010 (Table 1). At every site, we set a
20-m transect, where we placed from 6 to 20 PVC collars (D =
10 cm) for subsequent settlement of chamber of the IR gas
analyzer Li-Cor 6200 (LI-COR Biosciences Inc., Lincoln,
Nebraska, USA). Collars were put on the soil organic layer
for 1-2 c¢m to prevent gas leaking, which could disturb the
results as shown by Wang et al. (2005). The SR measurements
were started after 24 h to achieve equilibrium of the soil gas
rate. Simultaneously with SR measurements, TS5 was regis-
tered using an electronic thermometer Checktemp 1
(CheckTemp, Hanna, USA).

Ground vegetation cover height (VegH) and litter depth
(LitD) were measured along with the SR measurements and
further used to calculate the forest floor vegetation and organic
layer stocks.

Soil sampling

At the Tura sites, the mineral soil water content was deter-
mined by the gravimetric method applied on the mineral soil
samples collected at the same depth (5 cm) close to the collars
used for the SR measurements. The 6, (%) was calculated
after drying of the obtained samples at 105 °C to a constant
weight. The soil bulk density of the mineral horizon was esti-
mated to be 0.93 kg 1" (Késter et al. 2018).

Mineral soil samples were collected on each site in August
(on SAE in 2011; on ZOTTO in 2013; on Tura site in 2007—
2010) to assess how SR related to the other chemical and
biological parameters of soil. We excavated mineral soil sam-
ples down to the top 10-cm soil of the active layer with 3—4
replications close to the SR collars, and then put them into the
refrigerator and kept at 4 °C until transportation. After the
transportation, samples were delivered to the laboratory and
processed as described earlier (Menyailo et al. 2002;
Masyagina et al. 2015; Makhnykina et al. 2016). Then col-
lected soil material was sieved to obtain < 2-mm fraction.
Root material remained after the soil sieving was used for root
biomass evaluation. Root biomass was assessed at the Tura
sites (larch roots) and the ZOTTO sites (pine roots). Soil and
roots were dried at 60 °C for 48 h. Then, dried soil material
was separated into subsamples for soil C and N contents

@ Springer

analyses, and for the incubation experiments for the evalua-
tion of soil microbial activity.

Laboratory analyses and incubations

Mineral soil C and N contents As for the SAE sites, total soil C
and N contents were determined by Dumas combustion and
gas chromatography (Heraeus elemental analyzer; Menyailo
et al. 2002). As for ZOTTO and Tura sites, total soil C and N
contents were evaluated by the element analyzer Elementar
Vario EL (Elementar, Germany) (Makhnykina et al. 2016;
Masyagina et al. 2019).

Soil microbial activity To obtain characteristics of soil micro-
bial activity (soil basal respiration (BR, mg CO,-C kg’
day ') and substrate-induced respiration (SIR, mg CO,-C
kg ' day ")), we conducted the soil incubation experiments.
As for the SAE sites, obtained mineral soil subsamples were
incubated in 200-ml glass containers at the soil absolute mois-
ture of 58%. The rates of BR and SIR were measured using the
LI-8100A system (Matvienko et al. 2014). As for Tura and
ZOTTO sites, soil subsamples (5 g) were incubated in 250-ml
glass flasks at the soil absolute moisture of 60%. For SIR
estimation, we added 0.1 ml of glucose-mineral solution in a
flask to obtain glucose concentration equal to 10 mg g ' of
soil. Then flasks were sealed with resin stoppers hermetically
and incubated at 22 °C. Soil gases from the flasks were taken
twice. First, just after the flasks had been sealed, and last —
after 24 h (in case of BR) or after 3 h (in case of SIR). The CO,
concentration was analyzed with a gas chromatographer
Agilent 6890N at a Collective Using Center of Sukachev
Institute of Forest SB RAS (Krasnoyarsk, Russia)
(Masyagina et al. 2015).

Data analyses

Studied parameters (SR, TS5, 6,, C and N contents, C/N, BR,
and SIR) were tested for normality before analysis. When data
sets were non-normally distributed, we performed a log-
transformation to normalize the data. We used two-way fac-
torial analysis of variances (ANOVAsS) to test the main and
combined effects of the study site (location and latitude: SAE,
ZOTTO, Tura) and time (month of the growing period: June,
July, August, September) on variables: SR, TS5, ,, C and N
contents, C/N ratio, BR, and SIR (Table 4). The Tukey HSD
(p adjusted) was used for the Tukey multiple comparisons of
means. Principal component analysis (PCA) was performed
and visualized using R-package “factoextra”. Correlation
analysis between the parameters (SR, TS5, 6,, C and N con-
tents, C/N, BR, SIR, roots biomass, VegH, and LitD) was
determined with Pearson’s product-moment correlation coef-
ficients (significant at p < 0.05 or p < 0.01, Online Resource
3—4 of Electronic Supplementary Materials). R-package
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“aplpack” with function “faces” was used to create the
Chernoff faces diagram (Online Resource 1 of Electronic
Supplementary Materials, Chernoff 1973). The analyses of
the obtained data were performed using RStudio version
3.6.2 — © 20092020 RStudio, Inc.

Results

SR rates across the different habitats of the
Krasnoyarsk region: spatial and seasonal analysis

Study sites within the large region of the Russian Federation
demonstrated a wide diversity of environmental conditions
and ecosystem characteristics (Tables 2 and 3). Analysis of
the main and combined effects of the study site (location) and
time (month of a growing period) on the examined parameters
across the dominant forest types of Krasnoyarsk region (SAE,
ZOTTO, and Tura) has shown that sites had significant dif-
ferences for all studied parameters, except for the SR
(Table 4). SR rates did not differ significantly among the study
sites (Fig. 2, Table 4). Three parameters had clear seasonal
dynamics — TS5, fg, and SR (Fig. 2, Table 4).

Despite the spatial variation of SR found in our study (0.4—
12.5 umol CO, m > s_l, Fig. 2), there were no significant
differences in the SR between the northern and southern loca-
tions (Fig. 2).

Despite the high SR heterogeneity in Tura sites (0.40—
12.5 umol m ? s~ "), we observed its distinct seasonal dynam-
ics with maximum values in June—August (significantly dif-
ferent from September) and minimum—in September, which
was accompanied by the fast drop in soil temperatures at this
period (Fig. 2). At ZOTTO and SAE sites, the analysis of
seasonal SR fluctuations showed a clear seasonal
temperature-SR relation over the growing season (Fig. 2).
Here, SR values appeared to be visually higher (but not sig-
nificantly) in August (ZOTTO) and the middle of the growing
season (July—August; SAE).

Environmental and biological factors affecting SR
rates

As PCA showed, all three study sites took place in three
different clusters (Fig. 3). The main variation was captured
by two first components (PC1— Tura and PC2-ZOTTO);
thus, they describe 94.1% of all dispersion (Fig. 3).
Biological and environmental parameters (soil bulk densi-
ty, annual snowfall, D, SIR, H, C, etc.) equally contributed
to the PC1. Environmental parameters (annual Tair, season
duration, Jan T, SAT > 5, summer TS5, June T, etc.) were
responsible for PC2 (Online Resource 2 of Electronic
Supplementary Materials). PC3 (SAE)—the minimal prin-
cipal component—falls to the SR, SR per season, and BR,

which are inter-correlated between each other (Fig. 3). The
orientation of the SR in the PCA plot (Fig. 3) accounts for
the combination of factors where each variable influences
the SR. Figure 3 indicates that the mean summer 6, stand
age, and C/N are the closest variables to the SR, so they
can be determined as the most influential (namely, posi-
tively correlated) variables. PCA plot points to the negative
correlations between SR and annual Tair, season duration,
and air T in January. Inter-correlations in the PCA plot
(Fig. 3) correspond to the tables of correlations between
studied factors in Online Resource 3-4 of Electronic
Supplementary Materials. Thus, the overall regional pat-
terns of the SR were governed by the environmental vari-
ables (air temperature, 0,), stand age, and ground
vegetation-related parameters (VegH, LitD) (Online
Resource 3 of Electronic Supplementary Materials).
However, in the case of the distinct study site, we obtained
the site-specific correlations between the parameters
(Online Resource 4 of Electronic Supplementary
Materials). Thus, at the SAE sites, SR better correlated
with 6, and soil microbial activity (BR, SIR) among all
available studied parameters (Online Resource 4 of
Electronic Supplementary Materials). At the ZOTTO sites,
there was a significant correlation between SR and TS5. In
the Tura study area, SR significantly depended on the stand
age, air temperature, TS5, 6, soil C and N contents, root
biomass, VegH, and LitD. Remarkably, soil 8, has influ-
enced SR in SAE and Tura in the opposite way. We found
a negative correlation between SR and 0, in the water-
saturated soils of Tura sites; while, in the SAE sites, SR
was positively related to 0,.

We found the soil microbial activity to be varied
strongly within three sites (10.3-86.0 mg CO,-C kg
day™' as for mean BR; 18.9-399.6 mg CO,-C kg’
day ! as for SIR, Table 4), but significantly correlated
with SR only at one study site, i.e., SAE (Online
Resource 4 of Electronic Supplementary Materials). We
examined how soil microbial activity (BR, SIR) linked to
the different studied parameters. It has been shown that
BR and SIR were closely correlated to the soil C and N
contents, C/N ratio, and microclimatic parameters (TS5,
0g) (Fig. 4, Online Resource 3 of Electronic
Supplementary Materials). Figure 4 shows that, at the
ZOTTO sites, the soil microbial activity is very low. For
example, BR and SIR values are limited to 20 and 50 mg
CO,-C kg ! day ™', respectively (Fig. 4). Whereas, at the
Tura sites, these values are higher than the level of 100
(as for BR) and 300 (as for SIR) mg CO,-C kg ' day ™',
respectively.

At the SAE sites, soil C (2.4-7.4%) and N (0.16-0.46%)
contents were highest among all study sites. Soil C content
was the lowest at ZOTTO (0.20-1.47%) compared to Tura
(1.76-7.12%) and SAE sites. The range of soil N content at
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Table 2 Study site characteristics

and processes (mean + standard Parameter of study site or process SAE SAE ZOTTO Tura site
deviation) corresponding to the
Chernoff faces diagram in Online Dominant tree Pine Larch Pine Larch
Resource 1 0fEl€CUOPiC Mean annual air temperature, °C 1.2% 1.2% -2.6" -7.8%
Supplementary Materials Mean July air temperature, °C 18.3* 18.3* 17.2¢ 17.2%
Mean January air temperature, °C -20.6* -20.6* —-26.0* - 35.6°
Sum of air temperatures higher than 5 °C, °C 2360 + 2360 + 1868 £215% 1663 +
153* 153* 148*
Growing season duration, days 150° 150° 120° 74¢
Annual precipitation, mm 486° 486" 561* 336"
Annual snowfall, mm 159¢ 159¢ 255¢ 119°
Mean summer 6, at a depth of 5 cm, % 358+92  332+72 1243 +4.1 72.4 +
19.0
Soil bulk density, kg I'! 1.07° 1.07 1.82 0.93"
Mean summer TS5, °C 11.5+25 121+26 11.6+£3.0 85+4.7
Mean LitD, cm 6.50 = 6.50 + 5.22+1.28 5.94 +
0.00% 0.00% 3.81
Average diameter at a breast height (DBH) of a 80+00" 112+00' 28+0.0 8.7+ 4.4
tree, cm ) _
Average height (H) of a tree, m 11.8£0.0" 132+00" 205+1.0 7.9+28
Mean C, % 2.86+0.04 4.89+246 0.70+0.41 336+
1.87
Mean N, % 0.18+0.01 0.31+0.15 0.023+ 0.16 £
0.011 0.09

# As for 20102013 (source: www.meteo.ru); b Menyailo et al. (2002); © Pleshikov (2002); d Prokushkin et al.
(2008); © Shugalei (2005); © Santruckova et al. (2003); " Késter et al. (2018); & single measurement; ' Kuzmichev
et al. (2005). Parameters in italic are not presented in the Chernoff faces diagram

the ZOTTO sites was narrower compared to Tura sites (0.01—
0.04% vs. 0.08-0.32%) (Fig. 41).

We observed the highest variability of the soil C/N ratio at
the ZOTTO sites (C/N = 23-36, Fig. 4c, f). At the Tura sites,
with all their heterogeneity, the C/N range was rather narrow
(21-25), and, at SAE, soil C/N was the lowest, and its range
was the narrowest (15-17).

The tightest relationship (» = 0.98, p < 0.01, Fig. 4i,
Online Resource 3 of Electronic Supplementary
Materials) was revealed between C and N contents in the
mineral soil. There is a clear distribution of C—N paired
values among the study sites in Fig. 41 where Tura values
slightly cross SAE values and fully distinguish from
ZOTTO values.

Since two study sites (SAE and ZOTTO) were presented
by the mono-aged stands, we could assess the influence of
stand age on SR only among the larch stands located in
Tura. We found a strong correlation between the stand age
and SR in Tura sites (Fig. 5, Online Resource 3-4 of
Electronic Supplementary Materials).

To study how the tree species (larch and pine) influence the
SR, we compared the SR rates in all three research sites (Fig. 6).
In our study, soils of northern locations (Tura and ZOTTO)
differed by the characteristics from each other. Therefore, we
could not extract the tree species’ effect on SR. However, in the
southern locations (SAE sites: SL and SP), soils were the same.
Therefore, at the southern sites, the tree species’ effect on SR
can be extracted. Within SAE sites, there were no significant

Table 3 Study site processes
(mean + standard deviation)

corresponding to the Chernoff
faces diagram in Online Resource
1 of Electronic Supplementary
Materials

Parameter of study site or process SAE SAE ZOTTO Tura site
Dominant tree Pine Larch Pine Larch
Mean SR, pgmol CO, m s~ 1.84+0.61 237+0.74 2.52+0.65 2.82+1.77
Seasonal SR over growing period, 1049 + 348 1351 +422 1150 + 297 793 £ 498

g CO, m? per growing season
Mean soil BR, mg CO,-C kg ' day™ 65.0+5.0 78.0+2.0 10.3+3.7 86.0 +70.8
Mean soil SIR, mg CO,-C kg ™' day™ 240+5.0 265.0+2.0 189+11.1 399.6 +288.3

Parameters in italic are not presented in the Chernoff faces diagram
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Table 4 Statistical results (£
values) of two-way ANOVAs for
some physical, chemical, and bi-

ological parameters at studied
sites (Tura, ZOTTO, SAE) over
the growing season (June—
September)

Environment factors and SR Study Month of the growing  Study site:
site season month

TS5 (°C) 23.47%* 22.58%* 2.15%

Soil 6, at a depth of 5 cm (%) 460.00%*  12.31%* 1.42

Total soil C at a 0-5 ¢cm horizon (%) 24.31%* - -

Total soil N at a 0—5 c¢cm horizon (%) 53.96%* - -

C/N at a 0—5 cm soil horizon 49.35%* - -

SR (umol CO>, m %s™ ") 0.95 16.16%* 3.63%*

Microbial BR at a 0—5 cm mineral soil horizon (mg 14.17%* 291 4.59%

CO, Ckg ' day ")
Microbial SIR at a 0-5 cm mineral soil horizon (mg 20.18%%* 0.20 0.13

CO, Ckg ™' day ™)

#p < 0.05, *¥p < 0.01

differences in SR among the tree species observed; SR in the
larch stand was visually slightly higher than that in the pine
stand. In northern locations, SR in larch (NL) and pine (NP)
stands did not differ significantly as well (Fig. 6). The same
species of northern and southern locations did not differ either.

SR changes in high latitudes over the past 15 years

To understand the long-term chronological changes of SR in
high-latitude forest ecosystems, we addressed to Tura site (64°
N), which is rather close to Arctic Circle. As far as we

June July August September
12.54 :
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Fig.2 SR rates (umol CO, m >s "), TS5 (°C), and 6, (%) in larch (NL~
Tura, SL-SAE) and pine (NP-ZOTTO, SP-SAE) stands of different
locations (northern or southern) over the growing period. The
horizontal line within the box shows the median, box boundaries
indicate 25th and 75th percentiles, and whiskers represent highest and
lowest values; dots above or below whiskers show outliers. Medians

followed by the different letters in the same curve are significantly
different at p < 0.05 according to the Tukey multiple comparisons of
means analysis. The upper case letters describe differences in SR
between the different locations (NL, NP—northern, or SL, SP—southern)
within the same month. The lower case letters describe the differences of
SR, TS5, and 6, values at the same location in different months
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Fig. 3 Principal component analysis (PCA) of the studied environmental
parameters (variables PCA), correlations, and different locations (individ-
uals PCA). Individuals PCA: 1-Tura-NL, 2-ZOTTO-NP, 3-SAE-SL, 4—
SAE-SP. Variables PCA: mean SR (SR), stand age (SA), mean annual air
temperature (annual.Tair), mean summer TS5 (summer.TS5), mean sum-
mer ¢, at a depth of 5 cm (summer. WC), mean soil C content (C), mean
soil N content (N), C/N (C.N), mean soil BR (BR), mean soil SIR (SIR),

gathered big data on SR in the natural permafrost larch stands
at the Tura site for a long-term period (1995-2010), we could
evaluate changes of SR over the 15 years. Figure 7a shows the
significant changes in SR during the study period. Thus, in
2000-2004, a significant decrease in SR was observed in in-
tact larch stands in Tura sites, while over the past 5 years
period (2005-2010), the increase of SR was found.
Furthermore, we found an increase in BR over a 2007-2010
period (Fig. 7).

Discussion

SR rates across the different habitats of the
Krasnoyarsk region: spatial analysis

This study presented the long-term research of SR rates mea-
sured in the key forest types of the central Siberia in the
Krasnoyarsk region, Russia (SAE, ZOTTO, and Tura) over
the growing period (June—September). All these sites were in
middle latitudes (56—64° N) but represented contrasting geo-
graphical locations characterized by a different climate, land-
scape, and environment (Table 2). We found that the site
location has caused the difference in the majority of the stud-
ied parameters between study sites, except for the SR
(Table 4). Our first prediction that SR would be higher in
the southern location appeared wrong. There were no signif-
icant differences in SR observed among the study sites.
Glagolev et al. (2018) also found that SR measured in the
south taiga subzone (Plotnikovo, Tomsk, Russia) did not dif-
fer significantly from the values obtained in tropical forests.

@ Springer
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litter thickness (LitD), SR per season (SR.per.season), soil bulk density
(s0il.BD), average DBH of a tree (D), average H of a tree (H), annual
snowfall (annual.snowfall), annual precipitation (annual.precipitation),
growing season duration (season), sum of air temperatures higher than
5 °C (SAT.5), mean July air temperature (June.T), mean January air
temperature (Jan.T). Contributions of parameters are presented in the
Online resource 2 of Electronic Supplementary Materials

Kudeyarov and Kurganova (2005) estimated about 100 sites
in regions throughout Russia (excluding permafrost zone),
and they reported similar SR rates (0.46—6.67 umol m > s ')
over the growing season in the northern and southern taiga of
Russia. However, we obtained larger seasonal SR values per
growing season at southern locations (i.e., 1049 and 1352 g
CO, m 2 in SAE), compared to northern sites (1150 g CO,
m 2 in ZOTTO and 793 g CO, m * in Tura) due to the longer
growing season in southern parts (SAE)—150 days vs. 74
days in Tura or 120 days in ZOTTO. Ongoing climate change
has already caused warming processes in high latitudes cou-
pling with permafrost degradation. Besides, the climate-
induced extension of the duration of the growing season,
mostly owing to earlier spring, causes earlier phenological
start—bud break and physiological activity of trees, which
results in inputs of roots exudates to the rhizosphere. This, in
turn, stimulates soil microbiota and can escalate the SR in
permafrost habitats.

High variability of the SR across these contrasting study
sites was within the range of 0.4—12.5 pmol CO, m *s ! (Fig.
2). Figure 8 shows a similar pattern of such wide SR variation
across the forest ecosystems worldwide (Online Resource 5 of
Electronic Supplementary Materials). Variations of the envi-
ronmental and biological factors (TS5, 6, C and N contents,
C/N, BR, and SIR) were likely contributed to both temporal
and spatial variability in SR within sites. It coincides well with
the other studies, where SR heterogeneity has linked to micro-
climate parameters (Chen and Tian 2005; Bond-Lambert and
Thompson 2010b; Kim et al. 2012; Yvan-Durocher et al.
2012; Kumpu et al. 2018). Moreover, the large variety in SR
has been attributed to the litter quality (Hobbie 1996), root
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Fig.4 Relationships between the soil microbial activity (BR (mg CO,-C kg ™' day™"), SIR (mg CO»-C kg ™' day™")), and TS5 (°C), 8, (%), C/N, C and N

contents (%) calculated for the different locations (R for B and E were not presented due to limited paired data)

production, and root respiration (Kajimoto 2010), as well as to
soil microbial biome structure and activity (Bond-Lambert
et al. 2018). A stand age correlated with SR and contributed

to its variation in Tura sites (Fig. 5, Online Resource 3-4 of
Electronic Supplementary Materials). Abaimov et al. (2000)
displayed that forest fire history through the change in the
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Fig. 5 Variation of the SR rates
o 1y 12,5
(umol CO, m ~ s ) in forest y51.2+0.013x
stands of different age over the R®=0.15,p<22e-16
growing period (N = 871). Every 100
point represents one measurement '
(an average of 420 statistical
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resents a linear regression for the e
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landscape characteristics and high heterogeneity of environ-
mental conditions can cause large SR variability. Namely, the
recovering of the active layer depth in the course of
postpyrogenic succession has been associated with the chang-
es in SR (Masyagina et al. 2015). Yanagihara et al. (2000)
reported on the SR range of 0.6-12.6 umol m 2 s related
to the depth of active layer (ordinary soil depth to the front of
frozen soil) at the north- and south-facing slopes in > 220-
year-old L. gmelinii stands in Tura. Specific cryogenic
micro-topography (or microrelief, not flat ground surface),
namely earth hummock, is often developed in the permafrost
zone (Kajimoto 2010). It provides patterned environments on
the forest floor, so-called troughs, and hummocks. Soil tem-
perature on earth hummocks is usually 3—5 °C or even 5-8 °C
higher than that in depression sites (troughs). Troughs are
much moister than hummocks. These patterns in
hydroclimatic characteristics result in differences in plant

12,54
10.0 1
7.51
% = Larix
504 a E Pinus
a a g
‘ ! a
254 | ) E—
| —
l
00‘ T T T T
NL SL NP SP

Fig. 6 SR (umol CO, m 2 s7") rates depending on the dominant tree
species (larch or pine) of different locations (NL-Tura, SL-SAE, NP—
ZOTTO, SP-SAE), but regardless of the studied period in the month of
the growing season. The horizontal line within the box indicates median;
box boundaries indicate 25th and 75th percentiles, and whiskers indicate
highest and lowest values; dots above or below whiskers indicate outliers.
Medians followed by the different letters in the same curve are signifi-
cantly different at p < 0.05 according to the Tukey multiple comparisons
of means analysis.
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species composition developed in the earth hummock and
troughs, which also contribute to SR spatial variability
(Osawa et al. 2010).

The lack of pronounced microrelief, i.e., flat ground sur-
face, could narrow the SR variability. Sawamoto et al. (2000)
observed a very narrow variety of the SR (4.16-4.20 pumol
m 2 s ') in a natural L. gmelinii forest on the relatively flat
sites in Northeastern Siberia. Similarly, a lower variation of
the SR observed in SAE and ZOTTO can be explained by the
simple structure of forest stands, low biodiversity, flat land-
scape, and limited observations with only one type of stand
age presented.

SR rates across the different habitats of the
Krasnoyarsk region: seasonal analysis

The second hypothesis occurred to be right since we found
distinct seasonal dynamics of important variables—TS5, 0,
and SR (Table 4). Strong seasonal dynamics of the SR ob-
served in Tura sites showed the maximum values in June—
August (significantly different from September) and
minimum—in September (Fig. 2). First, the seasonal dynam-
ics of the SR correlated to the TS5 (Fig. 2, Online Resource 4
of Electronic Supplementary Materials). Therefore, the higher
SR corresponds to the higher TS5. Second, the high June SR
rates in Tura, despite the low TS5, might be linked to the fast
and active decomposition of larch litter accumulated in the
year before. In the next year, in June, the decomposition has
quickly continued after the snow has melted, thus, thereby
stimulates the soil microbial respiration that has resulted in
high SR values over the growing period in Tura site. Third,
such SR fluctuations may be also associated with a specific
hydrothermal regime with limited precipitation (20-30 mm)
in July at a rather low TS5 (6-14 °C) due to the cold shallow
active layer. This similar to drought, conditions seem to inhibit
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Fig. 7 SR (umol CO, m >s ") wsla o
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microbial mineralization of the soil organic matter and auto-
trophic respiration (Masyagina et al. 2015).

At the ZOTTO and SAE sites, the examination of seasonal
SR dynamics exhibited a visual seasonal temperature-
dependent variation in SR over the growing period (Fig. 2).
However, at the ZOTTO sites, SR tends to be maximal (but
not significantly) in August, which corresponds to the most
favorable microclimatic conditions (Makhnykina et al. 2020).
At the SAE sites, SR was highest (but not significantly) in the

middle of the growing season (July—August), possibly due to
the high dependency SR from the seasonal changes in the soil
04 (Online Resource 4 of Electronic Supplementary Materials,
Matvienko et al. 2014). At all sites, we expected the higher SR
in the middle of the growing period due to both higher micro-
bial and root activity, as well as the higher plant photosynthe-
sis and photosynthate allocation to the roots (Hogberg et al.
2001), and an increase of carbon inputs to the soil at this
period. However, at the Tura site, the vegetation activity, as

6 .
[}
4 [ ]
% 8
[ ]
[
R o
of
e O x
L™ [ ]
° « BO3 Fr61 K03 MO6 Shi2
o BT Go1 KD4 M10 Sm09
Bod4 G06 K12 MO Sm55
]
0 I [ co6 G K99 M6 wis
50 100 150 200 Do G W ren & N @ wes
D06 HO1 Ko99 003
Stand age, years E05 © Hall ® Lo03 & 087

Fig.8 SR (umol CO, m 2 s ') measured across the forest ecosystems worldwide based upon 33 publications (N = 135). References linked to the legend

are displayed in Online Resource 2 of Electronic Supplementary Materials
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well as SR, coupled with the available rich soil organic matter
stocks in the middle of the growing season, maybe neglected
by the harsh microclimatic factors. In the same way, midsum-
mer limitation of the soil water content in ZOTTO can poten-
tially decrease SR values and its variability.

Environmental and biological factors affecting SR
rates

In our study, the regional patterns of SR over the growing
period were showed to depend principally on the fluctuations
of environmental factors (air temperature, 6,) and ground
vegetation-related parameters (VegH, LitD) (Online
Resource 3-4 of Electronic Supplementary Materials). As
Fig. 3 shows SR correlates to the combination of factors where
each variable influences the SR. PCA indicates that the mean
summer Hg at a depth of 5 cm, stand age, C/N are the most
influential (positively correlated) variables for SR. Negative
correlations were found between SR and annual air tempera-
ture, season duration, and air temperature in January. Inter-
correlations in the PCA plot (Fig. 3) supported the tables of
correlations between the studied factors in Online Resource 3-
4 of Electronic Supplementary Materials.

Performed PCA put all three study sites in three different
clusters (Fig. 3), pointed thus to completely different sets of
correlations in every study site (Online Resource 4 of
Electronic Supplementary Materials). Biological and environ-
mental parameters (soil bulk density, annual snowfall, D, SIR,
H, C contents, etc.) are equally contributed to the PC1 (Tura
sites), which coincides well with correlations found between
SR and air temperature, TS5, 6,, soil C and N contents, root
biomass, VegH, and LitD (Online Resource 2, 4 of Electronic
Supplementary Materials). Environmental parameters (annual
air temperature, season duration, air temperature in January,
SAT > 5, summer TS5, air temperature in June, etc.) were
responsible for PC2 (ZOTTO sites); here was a significant
correlation between SR and TS5 (Fig. 3, Online Resource 2,
4 of Electronic Supplementary Materials). Finally, PC3
(SAE)—the minimal principal component—was influenced
by the SR, SR per season, and BR, which inter-correlated
between each other (Fig. 3, Online Resource 4 of Electronic
Supplementary Materials).

Surprisingly, there was no moisture limitation found in SR
rates across all Tura sites through 12 years of our monitoring.
0, of the study sites may be supplied from frozen soil in the
permafrost zone, even though the total amount of precipitation
has coincided with the steppe region after Whittaker’s scheme
(Whittaker 1975; Osawa et al. 2010). Irrespective of our initial
expectation, 0, showed a very weak negative correlation with
SR in the Tura larch stands under limited precipitation of less
than 400 mm per year. Another thought to be an important
driver for SR—TS5 was weakly correlated with SR. Morishita
etal. (2010) found a negative correlation between SR and 6, at
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the 105-year-old larch stand near Tura. According to Koster
et al. (2018), the soil moisture, mosses biomass, and the total
C content of the soil did not significantly affect SR in Tura.
Numerous correlations obtained in our study confirm the spa-
tial and environmental heterogeneity of the Tura site, which
causes high variability in SR in Tura sites and restrains its
prediction.

Generally, SR is assumed to be an integral value of the
ecosystem processes, including pedogenesis, soil organic mat-
ter transformation, root and soil microbial activity, and it is
widely using for evaluation of the forest ecosystems’ sustain-
ability and functioning (Jong et al. 1974). Its integral nature
causes complexity in modeling and predicting SR’ temporal
and spatial dynamics since all widely varying CO,-generating
processes and their response to various fluctuating environ-
mental factors should be considered (Zobitz et al. 2008). Soil
microbial activity is an important process contributing to the
SR (Laganiere et al. 2012; Wang et al. 2018), which remains
highly uncertain (Zhou et al. 2009). In our study, soil micro-
bial activity varied strongly within three sites (Table 4), but
significantly related to the SR only at SAE (Online Resource 4
of Electronic Supplementary Materials). Wang et al. (2018)
also found high spatial variation in the soil heterotrophic res-
piration in a latitudinal gradient across tropical and cold-
temperate zones. As Online Resource 3 of Electronic
Supplementary Materials and Fig. 4a-h, j, k display, soil mi-
crobial activity (BR, SIR) closely correlates to the soil C and
N contents, C/N ratio, and microclimatic variables (TS5, 0,).
There was a similar pattern on how the soil microbial activity
depends on the C/N ratio across the study sites. Soil microbial
activity was very low at the ZOTTO sites, e.g., BR and SIR
values were limited to 20 and 50 mg CO,-C kg ' day ', re-
spectively. This could be due to the high C/N values (24-36)
atthe ZOTTO sites (Fig. 4c, f), which point to low soil fertility
characteristics. Also, low BR in ZOTTO might be mediated
through the high soil bulk density (Online Resource 3-4 of
Electronic Supplementary Materials). The higher bulk density
leads to soil compaction, which limits access to water and
oxygen by soil microbiota (Wang et al. 2018). At the Tura
sites, however, these values were higher than 100 (BR) and
300 (SIR) mg CO,-C kg ' day ' (Fig. 4c, f). In our study, the
soil microbial activity is very variable, which seems to be
related to the site and environmental heterogeneity of a Tura
site. The range of the soil N contents at the ZOTTO site was
narrower compared to Tura sites (Fig. 4h, k); therefore, it is
relevant that the soil microbial activity is constrained at the
ZOTTO site. At the SAE sites, soil C and N contents were
highest among all study sites, whereas the soil microbial ac-
tivity was in the same range as that is at the Tura site (Fig. 4g,
h, j, k). Therefore, we supposed that soil microbiota in the
northern larch stands (Tura) in temperature-limited conditions
of soil N deficit shows activity, which is similar to the south-
ern location (SAE).
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The maximum range of the soil C/N ratio was observed at
the ZOTTO sites (Fig. 4c, f) compared to Tura sites, despite
their heterogeneity, and at the SAE sites, where the soil C/N
was of the lowest value and its range was the narrowest. We
observed the tightest relationship (» = 0.98, p < 0.01, Fig. 44,
Online resource 3 in Electronic Supplementary Materials) be-
tween C and N contents in the mineral soil. Figure 4 i presents
a clear distribution of C—N paired values among the study sites
where Tura values slightly cross SAE values and fully distin-
guish from ZOTTO values. In our study, these C—N contents
trends well corresponded to the site-specific microbial activi-
ty. This finding supports the idea that, in mineral soil, C and N
contents are the main indicators of soil microbial activity (Qu
et al. 2018). Furthermore, the correlation between C, N, and
SR can explain, why, despite the summer TS5 limitation to 10
°C, soil microbial activity in permafrost soils is comparable to
the BR and SIR values in soils of the southern locations (SAE
sites, Fig. 4g, h, j, k).

Vegetation-relative parameters (VegH, LitD) are important
factors for SR since the ground vegetation cover and litter
(Gao et al. 2018) are thermal insulating layers which are reg-
ulating the soil thermal regime. Here, VegH and LitD are
mostly to discuss in Tura sites since the data on these param-
eters for ZOTTO and SAE sites are not fully available. In Tura
sites, SR was found to be positively correlated with LitD and
negatively correlated with VegH (Online resource 3-4 in
Electronic Supplementary Materials). It is due to the LitD is
contributed to the CO, emission processes, which are a part of
SR, since, in boreal forests, litter (or soil organic layer) repre-
sents the main rooting zone and is an important habitat for soil
microbiota (Brassard et al. 2009; Gao et al. 2018; Gentsch
et al. 2018). Soil organic layer was found to have a linear
relationship with an increase in SR (Maier and Kress 2000;
Sulzman et al. 2005). Makhnykina et al. (2020) observed the
lowest CO, emission flux (1.1 £0.1 pmol CO, m >s ") atthe
disturbed plot due to the absence of vegetation and genetic soil
horizons, thus supporting our finding. Litter was found to be
an important factor for winter SR in pine and larch forests in
China (Gao et al. 2018). Kumpu et al. (2018) suggested that
the thickness of the soil organic layer could be a strong source
of SR variation. VegH parameter describes the height of
ground vegetation. Ground vegetation has contributed signif-
icantly to the C cycle of boreal ecosystems (Kolari et al.
20006). Its CO, accumulation activity thus can decrease the
SR owing to the emitted CO, refixation (Widén 2002).
Variations in VegH are also associated with the site micro-
topography, which is typical for the permafrost areas
(Komulainen et al. 1999; Osawa et al. 2010).

As far as the tree species effects on the soil processes were
well shown (Menyailo and Hungate 2005), we tried to check
how the different tree species (larch or pine) influence the SR.
For this, we compared SR rates at all three study sites (Fig. 6).
Within SAE sites, there were no significant differences in SR

among the tree species observed. In the northern locations, SR
in larch (NL) and pine (NP) stands did not differ significantly
as well (Fig. 6); although, there was a limitation of this
study—different soil types in northern locations. Our findings
were agreed to the results reported by Menyailo and Hungate
(2005). Opposite to our results, Gao et al. (2018) showed that
winter SR was higher in pine forests compared to larch forests
in northeastern China. They explained higher SR in the pine
forest by the higher soil microbial biomass and fungi abun-
dance. Regarding the other parameters, we found that the soil
BR rates in larch forest appeared to be significantly higher
compared to the pine stand. Since we found similar SR among
the sites, the high BR in larch stands (NL) should have been
compensated by the low root respiration due to significantly
low root biomass compared to the pine stands (NP).

Finally, we would attract the interest to Tables 2 and 3,
which briefly show the wide variety of environmental param-
eters and soil biochemical processes within the Krasnoyarsk
region, Russia. Interestingly, in the studied latitudinal gradient
of the study sites, the lower mean annual air temperature cor-
responds to the higher (but non-significant) mean SR rate
(Tables 2 and 3). The same relationship has been observed
in the latitudinal changes in SR across Alaska, USA (Kim
et al. 2012). They showed that the latitudinal gradient of an-
nual mean air temperature might affect the distribution of soil
CO; efflux in a north-south direction over Alaska. Thus, dif-
ferent regional patterns of SR observed in the Krasnoyarsk
region can be included in general GHG simulation models
even though there was a big spatial and temporal heterogene-
ity. Observed high SR heterogeneity potentially would cause a
high complexity in GHG monitoring and modeling over the
large territory. To overcome this problem, the further expan-
sion of new study sites for continuous observation of GHG
emissions and related parameters should be done. Besides, the
data findings gained from this research can be included in the
existing SR databases and employed for building and valida-
tion of regional and state-scale models of C budgets, as well as
used to monitor the annual fluctuations in the C cycle under
ongoing climate change.

SR changes in high latitudes over the past 15 years

Past decades “global climate change” topic has been headed
among the other ecological issues (Ciais et al. 2013; Millar
etal. 2017; Bjorkman et al. 2018; Gatizére et al. 2018; Parazoo
et al. 2018). Especially, it points to the maximum impact of
climate change on high-latitude ecosystems (Kattenberg et al.
1996; Boy et al. 2019; Ito et al. 2020), where a considerable
amount of soil C is stored in permafrost (Tarnocai et al. 2009).
Highly likely, positive feedback of the high latitudes to cli-
mate change would develop due to a gradual increase in air
temperatures that would stimulate the release of CO, from the
soils because of enhanced decomposition of the soil organic
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matter. For that purpose, we evaluated changes in SR over 15
years (1995-2010) at the Tura site (64° N), which is rather
close to the Arctic Circle. According to our findings (Fig. 7a,
b), in intact Tura larch stands, SR has increased significantly
in the past 5-year period (2005-2010) compared to the previ-
ous 10 years. An increasing trend of SR was also estimated for
the boreal forest (Zhao et al. 2017). This significant SR esca-
lation over the past 5 years can relate to the accelerated soil
microbial respiration activity (i.e., heterotrophic respiration,
Fig. 7¢). Bond-Lambert et al. (2018) also point to this possi-
bility. Laganiere et al. (2012) report on higher SR linked to
higher BR in the Canadian boreal forest, as well. Tremblay
et al. (2018) reported the increasing soil heterotrophic respira-
tion in boreal soils transplanted to warmer regions. Tang et al.
(2020) investigated the spatial and temporal pattern of soil
heterotrophic respiration for the 1980-2016 period on a global
scale (using Global Soil Respiration Database) and showed a
significant and increasing trend of BR in temperate and boreal
zones. Our study has limitations on providing the long-term
soil temperature (TS5) data for this region for all period of
investigation to support the role of climate change for the SR
in Tura. However, our findings—enhanced SR and soil het-
erotrophic respiration—confirm that such an increase in SR
and BR might be due to the raise of soil carbon availability as
a substrate for soil microbiota over the past decades. Such
boosted carbon availability can be caused by the permafrost
thawing (Jansson and Tas 2014; Parazoo et al. 2018; Boy et al.
2019) or due to the increased tree root exudates input as an
acclimation of trees to the warmer environment (Norby and
Luo 2004). However, in this study, we did not consider the
specific soil processes as a C stabilization on minerals
(Gentsch et al. 2018), which can constrain permafrost soil
organic C degradability and should be accounted for that issue
in future research.

Conclusions

Actual SR at the three different latitudinal gradations (SAE,
ZOTTO, and Tura) showed very similar rates; however, the
variation of SR was very high. At the Tura site, SR has slightly
accelerated (but not significantly), which may be associated
with the higher microbial activity (BR). Due to the abundance
of SR data in Tura (12 research plots, long monitoring period
from 1995 to 2010), we have evaluated the high SR spatial
and seasonal heterogeneity (0.4-12.5 umol m *s'). The SR
was correlated to plenty of factors and parameters, such as
TSS, ,, C and N contents, C/N, BR, SIR, micro-topography,
tree age, and the month of the growing season. However,
despite the similar rates of SR observed in latitudinal loca-
tions, the duration of the growing season has differed from
74 days in Tura to 150 days in SAE. Due to this, southern
locations showed larger seasonal SR values per growing
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season (i.e., 1049 and 1352 g CO, m 2 in SAE) compared to
the northern sites (1150 g CO, m 2 in ZOTTO and 793 g CO,
m 2in Tura).

The set of SR-affected parameters have differed in various
study sites. Thus, at the SAE sites, SR strongly correlated to
the Gg and microbial activity (BR, SIR). At the ZOTTO sites,
TS5 was the only factor related to the SR. At the Tura sites, SR
was significantly dependent on the environmental parameters
(air temperature, TS5, 6,), soil C and N contents, tree age, root
biomass, and ground vegetation-related parameters (VegH,
LitD). Inter-site comparison of the SR showed no effect of
dominant tree species on the SR rates.

Climate change in high latitudes, as a fact, is generally
accepted. The effect of warming on the SR is an important
component in predicting the general response of net C balance
in boreal ecosystems at high latitudes under climate change. In
the high-latitude permafrost site (Tura, 64° N), we observed
the SR escalation over the past 5 years (2005-2010), coupled
with the accelerated soil microbial activity (2007-2010); how-
ever, other factors, which did not account for that SR increase,
could be involved too.
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