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Factors of soil CO, emission in boreal forests: evidence from Central
Siberia

Soils of boreal forests are crucial carbon reserves. The response of soil carbon
emission to climate change significantly affects the concentration of carbon
dioxide in the atmosphere. Soil carbon emission models frequently show a
nonlinear response to temperature, but soil moisture is an important limiting
factor, often overlooked in energy limited ecosystems. We suggest a statistical
model of soil CO, emission constrained by soil moisture and temperature for
different ecosystems in the boreal zone. We tested this modelling strategy us-
ing direct measurements of seasonal soil CO, emission near the research ob-
servatory ZOTTO near the Bor settlement, Central Siberia, Russia, in 2012-
2017. Soil moisture explained a significant amount of variability of soil emis-
sion: the adjusted R? was twice higher than in the baseline model. Although
the temperature-only model describes the annual variability of carbon dioxide
emissions quite well, the addition of moisture measurement significantly re-
fines the quality of prediction of the seasonal component dynamics. Models in-
cluding both temperature and soil moisture could serve as a promising tool to
analyze the carbon cycle in boreal forest ecosystems.

Anastasia V Makhnykina (2,
Ivan | Tychkov @,

Anatoly S Prokushkin -2,
Anton | Pyzhev *?,

Eugene A Vaganov "

Keywords: Boreal Forests, Soil CO, Emission, Soil Temperature, Soil Moisture,

Introduction

The spatial and temporal controls of vari-
ability in soil CO, emissions are poorly un-
derstood and this hampers the develop-
ment of models of carbon emission (Zeng
et al. 2005, Roby et al. 2019, Chestnykh et
al. 2021). The ecosystems are usually de-
scribed by nonlinear, multicomponent and
hierarchical models (Lee et al. 2004). When
modeling the dynamics of carbon in the
ecosystem, one of the most important and
commonly used dependencies is the non-
linear temperature sensitivity of soil CO,
emission (Es).

Soil temperature is usually a factor that
reliably describes the changes in E,, how-
ever, due to the complexity of the soil envi-
ronment, most researchers rely on empiri-
cal models instead of process models
(Raich & Schlesinger 1992, Janssens & Pile-
gaard 2003). It is assumed that Q,, function

Carbon Cycle, Climate Change, Exponential Model

is used as a measure of variability in the an-
nual soil CO, emission to simulate ecosys-
tem respiration (Lloyd & Taylor 1994, Da-
vidson et al. 1998, Qi et al. 2002). However,
the use of the well-known Arrhenius and
Q., functions to describe the exponential
response of E; to temperature has been
criticized (Xu & Qi 2001, Janssens & Pile-
gaard 2003, Yuste et al. 2004) because of
their similar temperature sensitivity over a
wide range of soil temperatures (Lloyd &
Taylor 1994). There is empirical evidence
that the temperature sensitivity of E; is de-
clining amid rising the soil temperature
when measured within one study area and
between different ecosystems (Lloyd &
Taylor 1994, Kirschbaum 1995, Reichstein
et al. 2002, Janssens & Pilegaard 2003). A
decrease in the temperature sensitivity of
soil CO, emissiom during drought was
recorded (Borken et al. 1999, Xu & Qi 2001,
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Reichstein et al. 2002, Janssens & Pilegaard
2003, Yuste et al. 2003, Lavigne et al.
2004). Another finding was that higher Q.o
is associated with decline of root and leaf
decomposition rates (Bonanomi et al.
2021). Seasonal or more detailed temporal
resolution analysis is needed to improve
understanding of the interactions between
environmental variables and E, (Duan et al.
2019).

The dependence of the soil CO, emission
on soil moisture and temperature has been
established (Lloyd & Taylor 1994, Davidson
et al. 1998, Xu & Qi 2001). However, it is still
unclear how Q, is influenced by other cli-
matic factors besides temperature (Lloyd &
Taylor 1994, Shibistova et al. 2002, Yuste et
al. 2003, Davidson & Janssens 2006). There
are several examples of empirical measure-
ments that demonstrate relationships be-
tween E,, temperature, and moisture con-
ditions (Oberbauer et al. 1992, Hanson et
al. 1993, Howard & Howard 1993, Raich &
Potter 1995, Davidson et al. 1998, Bond-
Lamberty et al. 2016, Roby et al. 2019). Dur-
ing the growing seasons in the boreal for-
est (Liu et al. 2020) with current climate
change and increasing drought periods,
soil moisture is getting the most powerful
factor in carbon exchange processes.

The influence of temperature and mois-
ture on Q, is one of the determining fac-
tors to assess the climate change impact
on ecosystem carbon fluxes (Kirschbaum
2000, Martins et al. 2017). Existing global
ecosystem models, e.g., DGVMs (Levis et
al. 2004), do not incur the different sensi-
tivity of CO, emission of specific soils re-
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Fig. 1 - Average temperature and total precipitation over the measurement period
(June - September) for a 5-year period and average long-term values of these parame-
ters at the Bor weather station (1936-2017 - air temperature dataset; 1966-2017 - pre-
cipitation dataset). Air temperature data is provided with standard errors.

lated to the temperature and moisture.
The errors in predicting annual E, from the
global models for boreal and arctic regions
are comparatively high as they have low
soil CO, emission rates (Hursh et al. 2017).

An important issue in considering the de-
pendence of soil CO, emission on moisture
conditions is the so-called “Birch effect”
(Birch 1964, Huxman et al. 2004, Barron-
Gafford et al. 2011), which shows how peri-
odic cycles of drying and rewetting regu-
late the process of soil organic matter min-
eralization and, as a result, act as one of
the factors modifying soil CO, emissions.

It was previously noted that for various
ecosystems there are moisture conditions
leading to an increase in soil CO, emission;
however, as a rule, the range of optimum
values of soil moisture is indicated (Suseela
et al. 2012). In some studies, threshold

100 m

moisture was employed (Luo & Zhou 2006)
as a specific value of soil moisture for the
ecosystem to remove water limitation of
the emission process. In these systems, the
E, is affected by temperature changes. The
reference values of E, are strictly specific to
a particular region and ecosystem and can-
not be used for other ecosystems.

Our study is aimed at modifying the expo-
nential model of soil CO, emission by intro-
ducing an additional factor, i.e., the thresh-
old soil moisture. The main goal is to test a
nonlinear regression model of the seasonal
dynamics of soil CO, emission, accounting
for the value of the threshold soil moisture
for different ecosystems of the middle
taiga region of Central Siberia: lichen pine
forest, feathermoss pine forest, mixed for-
est, destroyed area of lichen pine forest.
We focused on solving the following tasks:

Fig. 2 - Study sites mapping (source: SAS Planet application, Mapbox map).
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(i) assess the quality of the model for de-
scribing the seasonal dynamics of soil CO,
emission; (ii) conduct a comparative analy-
sis of the model’s performance for differ-
ent seasons and types of ecosystems; (iii)
check the accuracy of the model parame-
ters using the averaged coefficients for all
seasons.

Materials and methods

Study area

The research was carried out in the south
of the Turukhansk region of the Krasno-
yarsk Krai (60° 47" N, 89° 21" E) within the
Ket-Symskaya lowland near the scientific
observatory “ZOTTO” (http://[www.zotto
project.org).

The territory is located on the border of
two climatic zones: subarctic and harsh
continental. The average annual long-term
temperature is -3.7 °C according to instru-
mental observations from the Bor (61° 36’
N, 90° 01’ E) weather station (http://www.
meteo.ru). The amplitude of oscillation of
the air temperature within the month can
reach 42 °C. The average relative humidity
is 76%. The average total precipitation dur-
ing the year is 590 mm (Pleshikov 2002).

Measurements of soil CO, emissions, soil
temperature and soil moisture

Direct measurements of soil CO, emission
were carried out during the snowless pe-
riod from June to September in 2012, 2013,
2015, 2016, and from August to September
in 2017. The meteorological characteristics
of the analyzed growing seasons are sig-
nificantly different, particularly the amount
of precipitation between seasons varied
from 119 in 2012 to 328 mm in 2015 (Fig. 1),
which is 54% lower and 23% higher respec-
tively compared to the long-term average
values from the nearest meteorological
station (Bor) for the same period (from
June to September).

The study sites were selected from the
most abundant underline surfaces (Fig. 2):
lichen pine forest, feathermoss pine forest,
mixed forest, destroyed area (the early
stage of recovery after clearcut, until 2005
it was represented by the lichen pine for-
est). We made one sample plot for each
type of underlined surface. Most of them
were located under trees except the de-
stroyed area. The measurements were car-
ried out from June to September for every
season. The plots were located 250 to 500
m from each other. The main characteris-
tics of the study sites are presented in Tab.
1.

Measurements were taken once a day be-
tween 11:00 and 16:00. Five measuring plas-
tic collars (PVC) were installed in all for-
ested areas, and three collars were in-
stalled in the destroyed area. The distance
between the collars was determined by the
spatial distribution of the living ground
cover, the presence of micro-relief, the
density of the forest stand, the distance to
the nearest tree. The distance did not ex-
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ceed 2 m which made it possible to more
reliably estimate the spatial variation in the
soil CO, emission. Measurements were car-
ried out in three repetitions, on the basis of
which the average value was further calcu-
lated, the measurement time was 2 min-
utes with an interval between measure-
ments of 30 seconds.

Direct measurements of soil temperature
and moisture were performed directly for
each measurement of soil CO, emission
fluxes. Temperature measurements were
carried out at three depths (5, 10, and 15
cm from the soil surface) using a Soil Tem-
perature Probe Type E (Omega, USA). A
Theta Probe Model ML2x moisture meter
(Delta T Devices Ltd., UK) was used to
measure the soil moisture content (SWC)
at the depth of 5 cm from the soil surface
(Makhnykina et al. 2016).

Modeling seasonal soil CO, emissions

The simulation of soil CO, emission was
carried out according to two models: (i)
the classical Lloyd-Taylor exponential mod-
el of the dependence of soil emission on
the temperature (“T model”); and (i) a
nonlinear regression model (“T-SWC mod-
el”) with a newly introduced parameter —
the threshold soil moisture for different
ecosystems.

The T model is described by the following
equation (Lloyd & Taylor 1994 - eqgn. 1):

Efo =Eyexp(aTy) O

where E,, and a are parameters reflecting
the sensitivity of the flow to a certain initial
value of emission and changes in soil tem-
perature, respectively.

The T-SWC model is based on the modifi-
cation of the exponential model consider-
ing the parabolic effect of moisture and the
introduction of an additional factor, i.e.,
the threshold soil moisture (4,), specific for
different types of ecosystems (eqn. 2):

E¢o " “=(B,E,)-exp(B SWC?) )

The parameter f, was chosen based on
the empirical analysis of several years of
the seasonal soil CO, emission measure-
ments for the different ecosystems.

The threshold soil moisture was defined
as the exact soil moisture value (Tab. 2)
that corresponds to the minimum soil
moisture at which a significant depen-
dence is observed between soil CO, emis-

Tab. 2 - Values of threshold soil moisture
(B,) for different types of ecosystems (in
m3 m3).

Ecosystem Po

Lichen pine forest 0.32
Feathermoss pine forest 0.22
Mixed forest 0.25
Destroyed area 0.26

Soil carbon dioxide emission in Siberian boreal forests

Tab. 1 - Description of the study sites. Average values for soil temperature and mois-
ture are given for a period of all measuring seasons.

Parameter Lichen pine Fgathermoss Mixed Destroyed
forest pine forest forest area

Forest age (years) 73 119 27

Forest composition 10P 10P 5B3P2A+S

Mean soil temperature (°C) 13.81+3.74 11.47+2.42 12.98+2.55 20.04+7.23

Mean soil moisture (m* m?) 0.21+0.09 0.26+0.12 0.25+0.10 0.31 +0.09

Carbon content (g C kg'soil) 13.0+1.5 7.0+ 3.6 149+1.4 7.3

Nitrogen content (g N kg™ soil) 0.6 + 0.1 0.3+0.1 0.6 £ 0.2 0.4

C/N ratio 22 23 25 18

sion and soil temperature without limita-
tion by moisture conditions. In this study,
we used just a linear relationship between
soil CO, emission and soil temperature to
find out a significant correlation in compar-
ison to our previous study where we used
an exponential relationship between emis-
sion and temperature (Makhnykina et al.
2020). The remaining steps of the algo-
rithm for calculating the threshold soil
moisture content are identical. The whole
procedure consists of five following steps:
(i) the soil CO, emission and soil tempera-
ture observations were arranged in a series
of increasing soil moisture; (ii) the linear re-
lationship between the CO, emission and
soil temperature was identified for step-by-
step selection until the last three measure-
ments on the basis of Fisher’s test — factual
correlation coefficient; (jii) the significant
correlation coefficient (p < 0.05) was calcu-
lated for the different number of observa-
tions until last three of them - significant
correlation coefficient; (iv) the threshold
moisture was identified as a moisture value
when the inequality was respected: factual
correlation coefficient was higher than sig-
nificant correlation coefficient.

The study of seasonal dynamics of soil
CO, emission was also accompanied with a
daily set of soil temperature and moisture
data at 8 cm depth from measuring station
located close by the study area (http://
www.zottoproject.org). Continuous mea-
surements for these parameters from June
to September for each year were obtained
for every ecosystem by a linear transforma-
tion of recorded data with 10-minutes reso-
lution. The procedure for calculating daily
values of soil temperature and moisture

was carried out for each measurement sea-
son and type of ecosystem in the period
from June 1 to September 30 included

(Tab. 3).

Parameterization and estimation of
model coefficients

Data processing and further calculations
of the model coefficients were obtained by
means of the R software environment (R
Core Team 2020) with the “stargazer”
(Hlavac 2018), “tidyverse” (Wickham et al.
2019), and “olsrr” (Hebbali 2020) packages.

The models were linearized to the follow-
ing forms; the T model as (eqn. 3):

In(Eg,)=In(Eo)+aT (3)

and the T-SWC model as (eqn. 4):

In(E¢o")=In(B,Ey)+aT+BSWC (4)

We used the adjusted coefficient of deter-
mination (Adj. R* - Koerts & Abrahamse
1970, Rencher & Pun 1980, Cameron &
Windmeijer 1996) and the Akaike informa-
tion criterion (AIC — Parzen et al. 1998) to
estimate the goodness-of-fit and to select
the best appropriate regression models.

The value of AIC depends on the number
of estimated parameters p and maximum
value L of the model’s likelihood function
and was calculated as (eqgn. 5):

AIC=2p—2In(L) (5)

The higher the value, the higher is the er-
ror of the model. An important hint for the
modeling results interpretation is that AIC
values could be both positive and negative,

Tab. 3 - Equations for calculating daily measurements by temperature (T) and soil
moisture (SWC) for the lichen pine forest (p - permanent measurements). (T,): soil
temperature; (SWG,): soil moisture from the depth 8 cm at the measuring station.

Year Soil temperature (T) Soil moisture (SWC)

2012 T=1.61-T, - 5.38 (R*= 0.87) SWC = 4.10-SWC, + 5.10 (R?= 0.83)
2013 T=1.21-T, - 1.17 (R*= 0.94) SWC = 2.86-SWC, + 4.32 (R*= 0.85)
2015 T.=1.20-T, - 0.73 (R*= 0.86) SWC = 2.74-SWC, + 6.51 (R*= 0.75)
2016 T=1.22-T, - 1.88 (R*= 0.76) SWC = 3.43-SWC, + 6.75 (R*= 0.74)
2017 T=1.19-T, - 1.63 (R*= 0.98) SWC = 2.20-SWC, + 14.62 (R?= 0.53)
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Tab. 4 - Models coefficients for all sites averaged over four seasons of measurements.
(SE): standard error; (N): number of observations; (Adj. R?): adjusted R (AIC): Akaike
Information Criterion; (*): p<0.10; (**): p<0.05; (¥**): p<0.01.

Model All years a (SE) P (SE) Eo N Adj. R? AlC
Lichen pine forest 0.076*** - 0.944 148 0.371  153.114
(0.008)
— Feathermoss pine 0.096*** 1.095 136 0.325 59.203
-qg' forest (0.012)
€ Mixed forest 0.062*** 2.018 138 0.230 162.225
= (0.010)
Destroyed area 0.070*** 0.152 89 0.248  211.743
(0.013)
Lichen pine forest 0.108*** 0.365***  0.231 148 0.566 99.391
(0.008)  (0.045)
©  Feathermoss pine 0.111*** 0.200***  1.143 136 0.519 13.916
g forest (0.010)  (0.027)
"g’ Mixed forest 0.064***  0.267***  1.435 138 0.382  132.866
ﬁ (0.009)  (0.045)
Destroyed area 0.079*** -0.157* 1.407 89 0.267 210.315
(0.013)  (0.085)

but the rule is always the same: one should
select the model with the lowest value of
AIC to get the best fit. Combining the cal-
culation of both R-squared and AIC allows
to get a more comprehensive assessment
of the goodness-of-fit when dealing with
the models with different set of variables.
There are cases when a growth of R-
squared value is determined by the inclu-
sion of a new variable that does not add
any useful information to explain the vari-
ance of independent variable. In this case,
the use of AIC allows to control for such
imaginary overestimates of the explana-
tory power of the model.

Results

Model coefficients estimation
We estimated the impact of the environ-
mental factors on soil CO, emission in dif-

Measured
= T model
| 4 T-SWC model

ferent ecosystem types based on values of
the coefficients « and S (Tab. 4, Tabs. S1-S4
in Supplementary material). In this case,
we considered a as an indicator of sensitiv-
ity to temperature changes and, accord-
ingly, § to moisture. It was fixed that tem-
perature is mostly affected soil CO, emis-
sion in the feathermoss pine forest (a =
0.111), and moisture in the lichen pine for-
est (f = 0.365). The values of « coefficients
were on average 24%-56% lower than the f
values according to the T-SWC model for
different ecosystems. Interestingly, in the
destroyed area we observed an inverse de-
pendence on soil moisture, since the aver-
age value of f coefficient over four seasons
of measurement was negative.

It was possible to form a series of ecosys-
tems’ sensitivities to moisture conditions
based on the value of the j coefficient,
namely: lichen pine forest > mixed forest >

2012

feathermoss pine forest > destroyed area.
The introduction of a specific threshold
value for the moisture content allowed the
analysis of the biological characteristics of
the functioning of different ecosystems
based on mathematical solutions.

In most cases, adjusted R? was higher for
T-SWC models than for T models. The only
exception was the season of 2017 in the
forested areas (Tab. S1-S3 in Supplemen-
tary material) when both models showed
similar results, likely due to the small num-
ber of measures. However, in other sea-
sons we recorded a significant difference in
the model performances: on average, Adj.
R* for the T-SWC model was higher, de-
pending on the type of ecosystem and sea-
son, varying from 0.267 to 0.566, while it
varied from 0.230 to 0.371 according to the
T model (Tab. 4). During the dry seasons of
2012 and 2013, the largest discrepancy was
recorded at the feathermoss pine forest
using the T model (Adj. R* of 0.099 and
0.108, respectively), which was significantly
larger than that obtained by T-SWC model
for the two seasons (0.315 and 0.470, re-
spectively).

In the season with the highest amount of
precipitation (2015), the T and T-SWC mod-
els showed the smallest deviation between
the calculated and observed CO, emission,
the maximum being about 15-20%, which
suggests that the soil CO, emission flux is
not inhibited by moisture conditions in this
season at the forested areas. The de-
stroyed area reacted differently: for all the
considered seasons the simulation results
of the two models showed similar adjusted
R2, which indicates a similar models’ imple-
mentation for this area.

For a more accurate assessment of the
models’ quality the Akaike information cri-
terion (AIC) was calculated. The T-SWC
model showed better results than the T
model for the forested areas, with the ex-
ception of season 2017. The variation in AIC
values was significant, both within the

2013 Fig. 3 - Dynamics of soil
emission for seasons with
different moisture condi-
tions for lichen pine forest.
Red squares represent the
simulation results for the T
: model, green rhombuses -
% i direct measurements, blue
triangles - the work of the

Soil emision, pmol CO, m2s
©

2015 9 r

T-SWC model. In the Y-axis
is located DOY - Day of
year.
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same area and among the measurement
seasons. The largest scatter of the criterion
values was observed for the destroyed
area according to the coefficients averaged
for all seasons, and among the forested
sites, with the mixed forest standing out.
Moreover, according to the T model, the
variation of the AIC values was always
higher than that of the T-SWC model (Tab.
4). This can be explained by a high devia-
tion of the fluxes calculated from the aver-
age coefficients of CO, fluxes from the real
values of emissions. At the destroyed site
in 2012 (Tab. S4 in Supplementary mate-
rial), the AIC was non-significantly lower
for the T model (AIC = 0.760) than for the
T-SWC model (AIC = 0.730). In 2013 and
2015, the AIC values were not significantly
different, which may indicate similar per-
formances of two models for calculating
emission fluxes from this area.

Modeling CO, fluxes using the T-SWC
model

The T-SWC model showed seasonal fluc-
tuations in the soil CO, emission among
seasons with different precipitation condi-
tions (Fig. 1, Fig. 3). We recorded a maxi-
mum differences of about 20% between the
simulated fluxes for different ecosystems
using the T-SWC model with direct mea-
surements for all considered seasons as a
mean seasonal model error. Interestingly,
in seasons with different moisture condi-
tions the largest difference between the
measured and modeled soil emission fluxes
was observed in the same period of the
year (beginning-mid June), reaching 60%-
80% in some days. The T model often
showed the higher difference with the ob-
served soil CO, emission during the season;
however, the average simulated values of
emissions over the season are close to the
measured ones. Note that in the 2015 sea-
son, when heavy rainfalls were recorded,
both the T-SWC and the T models demon-
strated similar results in soil CO, emission

iForest 16: 86-94

over the season. This fact may indicate that
in the absence of a precipitation deficit, the
use of one factor as predictor, i.e., the soil
temperature, is sufficient to accurately cal-
culate the soil emission fluxes.

All forested areas (lichen pine forest,
feathermoss pine forest, mixed forest)
shared a general pattern: the largest differ-
ences between measured and modeled soil
CO, emission by the T-SWC model were ob-
served mainly in two periods, i.e., the sec-
ond half of June and the second half of Au-
gust, reaching 60% error in some days (Fig.
4). The T model did not detect the peak val-
ues of soil CO, emission and during periods
of maximum growth of fluxes, the differ-
ence between the measured and obtained
by the T model CO, emission was about 25%
+ 4%. Regarding the destroyed site, the dis-
crepancies between the CO, emission rates
measured and simulated using the T and T-
SWC models throughout the 2013 season
were non-significant and amounted to less
than 10%, which is presumably related to
the origin of the site. The absence of struc-
tured soil horizons and ground cover could
reduce the sensitivity of this ecosystem to
moisture conditions. When comparing the
destroyed area with the others, it was evi-
dent that the values of both measured and
modeled soil emission were 6-10 times
lower than in forested areas.

Discussion

In this study the threshold soil moisture
was introduced for the first time as an addi-
tional parameter in the exponential model
of CO, soil emission from the middle taiga
ecosystems of the Central Siberia region.
Our results confirm that during the sum-
mer period moisture conditions play an im-
portant and often decisive role in the dy-
namics of soil CO, emission fluxes, as previ-
ously emphasized in several studies (Ta-
naka 2001, Reichstein et al. 2003, Monson
et al. 2006, Fierro et al. 2007, Cook & Or-
chard 2008, Gaumont-Guay et al. 2014, Liu

et al. 2016, Acosta et al. 2018, Shahbaz et
al. 2022). We compared two models for cal-
culating soil emission on seasonal, annual,
and interannual scales, of which one is cur-
rently widely used, i.e., the Lloyd-Taylor ex-
ponential model.

The threshold soil moisture for each eco-
system considered is a specific value that
can be calculated by the algorithm previ-
ously reported in the study of Makhnykina
et al. (2020). This parameter allows not
only to observe the changes in seasonal dy-
namics of soil CO, emission more accu-
rately, but also to establish how strongly
moisture conditions may limit a specific
ecosystem. The lowest threshold moisture
value was recorded in the feathermoss
pine forest, which indicates its high resis-
tance to changes in the precipitation condi-
tions. The most sensitive was the lichen
pine forest which demonstrates a quick re-
sponse to harsh changes in the amount of
available moisture through changes in the
soil CO, emission rates.

T-SWC model: estimates for different
ecosystems and different seasons

The model of exponential growth of soil
CO, emission (Lloyd & Taylor 1994) predicts
a permanent increase in CO, emission rates
with increasing temperature (Zeng et al.
2016, Yan et al. 2019). In this study, we as-
sumed that the maximum fluxes would oc-
cur in the middle of growing season; how-
ever, when ecosystems of different origin
and different precipitation conditions are
to be considered, several shortcomings of
this model will become more obvious (Fig.
3, Fig. 4).

The modification of the exponential mod-
el was aimed to obtain adequate estimates
of the dynamic changes in the soil emission
rates along the season. At the beginning of
the growing season, many biological and
physiological processes are activated (Kir-
schbaum 2000, Shibistova et al. 2002, La-
ganiere et al. 2012), including soil processes
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which significantly contribute to the forma-
tion of soil CO, emissions. The introduction
of the threshold moisture content (5,) into
the exponential model of soil emission
makes it possible not only to emphasize
the importance of this factor for the bio-
logical processes occurring in the soil, but
also to account for the peculiarities of a
particular ecosystem.

The use of the T-SWC model allowed to
identify periods of active growth and de-
cline in soil emission rates along the grow-
ing season, which reflect the status of nat-
ural ecosystems as either atmospheric CO,
sink or source (Piao et al. 2008). Although
seasons differed significantly in terms of
precipitation (Fig. 1), the developed model
has proven to adequately reflect the
changes in soil emission both for seasons
with a deficit of precipitation (2012, 2013)
and for waterlogged seasons (2015). The
same evidence holds for all forested areas.

In the feathermoss pine forest, the soil
temperature does not show significant
changes along the season, and the soil
moisture is maintained at a relatively con-
stant level from June to September, due to
the abundant litter and ground cover (here
the moss-lichen layer reaches 20-25 ¢cm in
thickness). We argue that the thickness of
the ground cover in this ecosystem is the
main reason for the lowest threshold soil
moisture (f,= 0.22). Our results are consis-
tent with previous studies carried out in
similar ecosystem in the boreal forests of
Canada (Laganiére et al. 2012) where the
average soil temperature in a coniferous
forest with a mossy ground cover was
lower than in a mixed forest, and reflected
the magnitude of seasonal CO, emission
dynamics. By capturing the peculiarities of
this ecosystem through the value of the
threshold soil moisture in the T-SWC mod-
el, it was possible to obtain a high conver-
gence of the modeled emission flux of CO,
with the direct measurements: during peri-
ods of maximum emission the discrepancy
in the CO, emission rates did not exceed
15%.

Estimates of the T-SWC model for the
mixed forest in this study also showed a
high convergence of direct observation
and modeled soil emission in all the studied
seasons. The largest discrepancy in the
peak emission rates (about 15%) was ob-
served in 2013, which was characterized by
dry conditions throughout the season (Fig.
1). Interestingly, the soil emission flux in
the mixed forest was accurately predicted
by means of meteorological parameters
solely such as soil temperature and mois-
ture. However, some studies noted that
the characteristics of the vegetation cover
(Law et al. 2001, Acosta et al. 2013), the
biomass of roots (Moyano et al. 2008) and
microorganisms (Fekete et al. 2014), as
well as the presence of organic matters in
the soil (Rayment & Jarvis 2000) are signifi-
cant factors in the formation of the soil CO,
emission.

The highest sensitivity to changes in
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moisture conditions was recorded in a
lichen pine forest. Here, the dynamics of
soil CO, emission along the season was ac-
curately described by the T-SWC model.
The largest discrepancy between modeled
and measured CO, fluxes was observed in
2012, when the occurrence of a moisture
deficit (Fig. 1) led to the inhibition of respi-
ratory activity until the middle of the sea-
son (Fig. 4), likely due to the suppression
of many biological processes, such as the
decomposition of soil organic matter, the
activity of soil heterotrophs (Hanson et al.
2000), as well as changes in individual soil
properties-aggregate structure, soil water
capacity, surface tension, and others
(Goebel et al. 2011) as a response to water
shortage.

The destroyed area, likely due to anthro-
pogenic causes, showed low sensitivity to
the variation in both moisture and soil tem-
perature (Fig. 4). Indeed, the forest devel-
opment at this site had a few significant
differences in the rate of post-intervention
recovery, including CO, emission rates (Kar-
elin et al. 2020). Seasonal measurements at
this site began five years after the distur-
bance, and now we can assume that the
area origin may have an indirect impact on
the sensitivity to the environmental vari-
ables.

T and T-SWC models comparison

Temperature and moisture conditions
and the climatic characteristics of the mea-
suring season have been proven to signifi-
cantly affect the soil CO, emission, and
should be carefully considered when mod-
eling CO, efflux. Few studies argued that
the annual CO, emission from the soils is
mainly controlled by the temperature and
can be predicted based on this environ-
mental factor only. However, research has
recently focused on small-scale changes in
terms of both temporal and spatial varia-
tion of soil CO, efflux (Scott-Denton et al.
2006, Hashimoto et al. 2015, Zeng et al.
2016, Acosta et al. 2018, Gebremichael et al.
2019). The role of moisture conditions
along the growing season is especially rele-
vant for forest ecosystems which are sensi-
tive to this effect. Mielnick et al. (2001)
noted that the response of soil emission to
changes in moisture conditions can reflect
more accurately the dynamic variation in
the rate of CO, fluxes. For prairie region,
the mentioned authors obtained estimates
that reliably described the seasonal and an-
nual dynamics of soil emission. However,
their model had also a drawback, as it fo-
cuses on certain growing conditions for
which the model was originally created
(Mielnick et al. 2001).

In studies on soil CO, emissions on a sea-
sonal scale, the inclusion of temperature as
the sole predictor in the model has several
disadvantages, such as the lack of seasonal
fluctuations in soil emission due to varia-
tions in the precipitation regime. The in-
consistency of models based only on tem-
perature has already been noted (Xu & Qi

2001, Janssens & Pilegaard 2003, Yuste et
al. 2004). However, according to several
authors, this could also result from the lack
of inclusion of other important factors,
such as the diffusion of gases in the soil, hy-
drodynamic soil dispersion (Moncrieff &
Fang 1999), and the presence of root or
mycorrhizal exudates (Subke et al. 2006,
Kuzyakov 2006), among others. This con-
firms the complexity of the process of soil
CO, emission and its dynamic fluctuations.
However, it is worth noting that multicom-
ponent models including additional sets of
specific variables tend to be more site- or
region-specific, thus losing their general
applicability and transferability to other
ecosystems

In this study, the seasonal dynamics of
soil CO, emission were poorly described by
the T model (Fig. 4) across all forested ar-
eas. In the destroyed area with no ground
cover, the T model accurately reflects the
real CO, fluxes, since in this case, the tem-
perature was a sufficient factor for obtain-
ing adequate estimates of the seasonal dy-
namics of soil emission. The development
of destroyed areas is one of the most wide-
ly discussed at the present time (Yue-Lin et
al. 2008, Han et al. 2018, Karelin et al. 2020)
due to the rapid decline of natural forests
because of anthropogenic actions. How-
ever, the intensity of disturbance and the
recovery period are often determined by
the origin of the ecosystem and by other
local environmental factors (Zhang et al.
2013, Xu et al. 2020). The response of dis-
turbed ecosystems to climatic changes is
also specific and is often determined by
specific regional features.

Conclusion

The suggested model based on tempera-
ture and soil moisture has shown to ade-
quately describe the seasonal dynamics of
soil CO, emission both in different ecosys-
tems and among seasons with different
rainfall. The model parameters reflect the
influence of each of the considered factors
in a specific ecosystem. The model includ-
ing the temperature as unique predictor
can be applied to obtain the average soil
CO, emission over the season but had poor
performances for studying the seasonal dy-
namics.

The model application depends on the mi-
croclimatic characteristics of a particular
ecosystem, namely, a factor that has a lim-
iting effect on the biological processes in
the soil. Further development of the study
can expand the number of sites, types of
ecosystems with different moisture condi-
tions for further modeling the seasonal soil
CO, emissions. The study of moisture con-
ditions as a crucial factor of forest soil car-
bon cycle is promising for better under-
standing the functional role of boreal for-
est ecosystems, whether they act as sinks
or sources of atmospheric CO,.
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