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Factors of soil CO2 emission in boreal forests: evidence from Central 
Siberia
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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 CO2 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 CO2 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 R2 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.

Keywords: Boreal Forests, Soil CO2 Emission, Soil Temperature, Soil Moisture,
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Introduction
The spatial and temporal controls of vari-

ability in soil CO2 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  CO2

emission (Es).
Soil  temperature is usually  a factor  that

reliably describes the changes in Es,  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 Q10 function

is used as a measure of variability in the an-
nual soil  CO2 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
Q10 functions  to  describe  the exponential
response  of  Es 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 Es 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  CO2 emissiom  during  drought  was
recorded (Borken et al. 1999, Xu & Qi 2001,

Reichstein et al. 2002, Janssens & Pilegaard
2003,  Yuste  et  al.  2003,  Lavigne  et  al.
2004). Another finding was that higher Q10

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 Es (Duan et al.
2019).

The dependence of the soil CO2 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 Q10 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 Es, 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 Q10 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  CO2 emission of  specific  soils  re-
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lated  to  the  temperature  and  moisture.
The errors in predicting annual Es from the
global models for boreal and arctic regions
are  comparatively  high  as  they  have  low
soil CO2 emission rates (Hursh et al. 2017).

An important issue in considering the de-
pendence of soil CO2 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 CO2 emissions.

It  was previously noted that  for various
ecosystems there are moisture conditions
leading to an increase in soil CO2 emission;
however, as a rule, the range of optimum
values of soil moisture is indicated (Suseela
et  al.  2012).  In  some  studies,  threshold

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
Es is affected by temperature changes. The
reference values of Es 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 CO2 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 CO2 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:

(i) assess the quality of the model for de-
scribing the seasonal dynamics of soil CO2

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 CO2 emissions, soil
temperature and soil moisture

Direct measurements of soil CO2 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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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.

Fig. 2 - Study sites mapping (source: SAS Planet application, Mapbox map).
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ceed 2 m which made it possible to more
reliably estimate the spatial variation in the
soil CO2 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  CO2 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 CO2 emissions
The simulation of  soil  CO2 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  (ii)  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 – eqn. 1):

(1)

where  E0, and  α 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 (β0), specific for
different types of ecosystems (eqn. 2):

(2)

The parameter  β0 was  chosen based on
the  empirical  analysis  of  several  years  of
the  seasonal  soil  CO2 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  CO2 emis-

sion  and  soil  temperature  without  limita-
tion by moisture conditions. In this study,
we used just a linear relationship between
soil  CO2 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 CO2 emission and soil tempera-
ture observations were arranged in a series
of increasing soil moisture; (ii) the linear re-
lationship between  the  CO2 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;  (iii)  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
CO2 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):

(3)

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

(4)

We used the adjusted coefficient of deter-
mination  (Adj.  R2 – 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  L̂ of the model’s likelihood function
and was calculated as (eqn. 5):

(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,
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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
forest

Feathermoss
pine forest

Mixed
forest

Destroyed
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 (m3 m-3) 0.21 ± 0.09 0.26 ± 0.12 0.25 ± 0.10 0.31 ± 0.09

Carbon content (g C kg-1 soil) 13.0 ± 1.5 7.0 ± 3.6 14.9 ± 1.4 7.3

Nitrogen content (g N kg-1 soil) 0.6 ± 0.1 0.3 ± 0.1 0.6 ± 0.2 0.4

C/N ratio 22 23 25 18

Tab. 2 - Values of threshold soil moisture
(β0) for different types of ecosystems (in
m3 m-3).

Ecosystem β0

Lichen pine forest 0.32

Feathermoss pine forest 0.22

Mixed forest 0.25

Destroyed area 0.26

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

Year Soil temperature (Ts) Soil moisture (SWC)

2012 Ts= 1.61·Tp - 5.38 (R2= 0.87) SWC = 4.10·SWCp + 5.10 (R2= 0.83)

2013 Ts= 1.21·Tp - 1.17 (R2= 0.94) SWC = 2.86·SWCp + 4.32 (R2= 0.85)

2015 Ts= 1.20·Tp - 0.73 (R2= 0.86) SWC = 2.74·SWCp + 6.51 (R2= 0.75)

2016 Ts= 1.22·Tp - 1.88 (R2= 0.76) SWC = 3.43·SWCp + 6.75 (R2= 0.74)

2017 Ts= 1.19·Tp - 1.63 (R2= 0.98) SWC = 2.20·SWCp + 14.62 (R2= 0.53)
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ECO2
T =E0⋅exp(α T S )

ECO2
T−SWC=(β 0 E0 )⋅exp(β SWC

2)

ln (ECO2
T )=ln (E0)+α T

ln (ECO2
T− SWC)=ln(β 0E0)+α T+ β SWC2

AIC=2 p−2ln (L̂)
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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 CO2 emission in dif-

ferent ecosystem types based on values of
the coefficients α and β (Tab. 4, Tabs. S1-S4
in  Supplementary  material).  In  this  case,
we considered α as an indicator of sensitiv-
ity  to  temperature  changes  and,  accord-
ingly,  β to moisture. It was fixed that tem-
perature is  mostly affected soil  CO2 emis-
sion  in  the  feathermoss  pine  forest  (α =
0.111), and moisture in the lichen pine for-
est (β = 0.365). The values of α coefficients
were on average 24%-56% lower than the β
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 β 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  β coefficient,
namely: lichen pine forest > mixed forest >

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 R2 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.
R2 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.  R2 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 CO2 emission,
the  maximum  being  about  15-20%,  which
suggests that the soil CO2 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
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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. R2): adjusted R2; (AIC): Akaike
Information Criterion; (*): p<0.10; (**): p<0.05; (***): p<0.01.

Model All years α (SE) β (SE) E0 N Adj. R2 AIC

T 
m

od
el

Lichen pine forest 0.076***
(0.008)

- 0.944 148 0.371 153.114

Feathermoss pine 
forest

0.096***
(0.012)

- 1.095 136 0.325 59.203

Mixed forest 0.062***
(0.010)

- 2.018 138 0.230 162.225

Destroyed area 0.070***
(0.013)

- 0.152 89 0.248 211.743

T-
SW

C
 m

od
el

Lichen pine forest 0.108***
(0.008)

0.365***
(0.045)

0.231 148 0.566 99.391

Feathermoss pine 
forest

0.111***
(0.010)

0.200***
(0.027)

1.143 136 0.519 13.916

Mixed forest 0.064***
(0.009)

0.267***
(0.045)

1.435 138 0.382 132.866

Destroyed area 0.079***
(0.013)

-0.157*
(0.085)

1.407 89 0.267 210.315

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 - 
direct measurements, blue 
triangles - the work of the 
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 CO2 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 CO2 fluxes using the T-SWC 
model

The T-SWC model  showed seasonal fluc-
tuations  in  the  soil  CO2 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 CO2 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  CO2 emission

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
CO2 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 CO2 emission and during periods
of maximum growth of  fluxes,  the differ-
ence between the measured and obtained
by the T model CO2 emission was about 25%
± 4%. Regarding the destroyed site, the dis-
crepancies between the CO2 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 CO2 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 CO2 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  CO2 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 CO2 emission rates.

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

The model of exponential growth of soil
CO2 emission (Lloyd & Taylor 1994) predicts
a permanent increase in CO2 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-
ganière et al. 2012), including soil processes
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Fig. 4 - Seasonal dynamics
of soil emission in different
seasons of measurements

for different ecosystems in
the 2013 season. Red

squares represent the sim-
ulation results for the T

model, green rhombuses -
direct measurements, blue
triangles - the work of the

T-SWC model. In the Y-axis
is located DOY - Day of

year.

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Makhnykina AV et al. - iForest 16: 86-94

which significantly contribute to the forma-
tion of soil CO2 emissions. The introduction
of the threshold moisture content (β0) 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 CO2

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 (β0= 0.22). Our results are consis-
tent  with  previous  studies  carried  out  in
similar ecosystem in the boreal  forests of
Canada (Laganière 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  CO2 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 CO2

with the direct measurements: during peri-
ods of maximum emission the discrepancy
in  the CO2 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 CO2

emission.
The  highest  sensitivity  to  changes  in

moisture  conditions  was  recorded  in  a
lichen pine  forest. Here,  the  dynamics  of
soil CO2 emission along the season was ac-
curately  described  by  the  T-SWC  model.
The largest discrepancy between modeled
and measured CO2 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 CO2 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  CO2 emission,  and
should be carefully considered when mod-
eling  CO2 efflux.  Few  studies  argued that
the annual  CO2 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  CO2 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  CO2 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 CO2 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
CO2 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 CO2 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 CO2 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 CO2 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
CO2 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
CO2 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 CO2.

Authors’ contributions
AM, AP and EV designed the study; IT and

91 iForest 16: 86-94

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Soil carbon dioxide emission in Siberian boreal forests

AP ran simulations with T and T-SWC mod-
els;  AM  and  AP  analyzed  the  data;  AM
wrote the initial draft of the manuscript. All
authors contributed critically to the drafts
and gave final approval for publication.

Acknowledgments
The authors thank all the staff members

of  the  international  research  station
“ZOTTO”  involved  in  the  measurement
process. This study was supported by the
Russian Science Foundation (grant no. 19-
77-30015).  Calculations  were  made  using
partial financing from state assignment to
the Centre for Forest Ecology and Produc-
tivity,  Russian Academy of Sciences (proj-
ect  no.  AAAA-A18-118052400130-7).  Data
collection and discussion were made using
partial  financing  from  RFBR,  Krasnoyarsk
Territory and Krasnoyarsk Regional Fund of
Science (project no. 20-44-243003).

References
Acosta M, Pavelka M, Montagnani L, Kutsch W,

Lindroth A, Jusczak R, Janous D (2013). Soil sur-
face  CO2 efflux  measurements  in  Norway
spruce forests:  comparison between four  dif-
ferent  sites  across  Europe  -  from  boreal  to
alpine  forest.  Geoderma  192:  295-303.  -  doi:
10.1016/j.geoderma.2012.08.027

Acosta M, Darenova E,  Krupková L,  Pavelka M
(2018). Seasonal and inter-annual variability of
soil CO2 efflux in a Norway spruce forest over
an eight-year study. Agricultural and Forest Me-
teorology 256- 257: 93-103. - doi: 10.1016/j.agrfor
met.2018.03.005

Barron-Gafford GA, Scott RL, Jenerette GD, Hux-
man TE (2011). The relative controls of tempera-
ture, soil moisture, and plant functional group
on soil CO2 efflux at diel, seasonal, and annual
scales.  Journal  of  Geophysical  research  116:
G01023. - doi: 10.1029/2010JG001442

Birch HF (1964). Mineralisation of plant nitrogen
following  alternate  wet  and  dry  conditions.
Plant  and  Soil  20:  43-49.  -  doi:  10.1007/BF01
378096

Bonanomi  G,  Idbella  M,  Zotti  M,  Santorufo  L,
Motti R, Maisto G, De Marco A (2021). Decom-
position  and  temperature  sensitivity  of  fine
root  and  leaf  litter  of  43  mediterranean spe-
cies. Plant and Soil 464: 453-465. - doi: 10.1007/
s11104-021-04974-1

Bond-Lamberty  B,  Smith  AP,  Bailey  V  (2016).
Temperature  and  moisture  effects  on  green-
house gas emissions from deep active-layer bo-
real soils. Biogeosciences 13:  6669-6681.  -  doi:
10.5194/bg-13-6669-2016

Borken  W,  Xu  YJ,  Brumme  R,  Lamersdorf  N
(1999).  A climate change  scenario  for  carbon
dioxide  and  dissolved  organic  carbon  fluxes
from  a  temperate  forest  soil  drought  and
rewetting effects. Soil Science Society of Amer-
ica Journal 63 (6): 1848-1855. - doi:  10.2136/sss
aj1999.6361848x

Cameron  AC,  Windmeijer  FAG  (1996).  R2 mea-
sures  for  count  data  regression  models  with
applications  to  health-care  utilization.  Journal
of  Business  and  Economic  Statistics  14:  209-
220. - doi: 10.2307/1392433

Chestnykh OV, Grabovsky VI, Zamolodchikov DG
(2021). Carbon in soils in forest regions of Euro-

pean-Ural part of Russia. Forest Science Issues
4 (1): 1-13. - doi: 10.31509/2658-607x-20214113

Cook FJ,  Orchard  VA (2008).  Relationships  be-
tween soil respiration and soil moisture. Soil Bi-
ology  and  Biochemistry  40:  1013-1018.  -  doi:
10.1016/j.soilbio.2007.12.012

Davidson EA, Belk E, Boone RD (1998). Soil wa-
ter content and temperature as independent of
confounded factors controlling soil respiration
in a temperate mixed hardwood forest. Global
Change Biology 4: 217-227. - doi:  10.1046/j.1365-
2486.1998.00128.x

Davidson EA,  Janssens  IA  (2006).  Temperature
sensitivity  of  soil  carbon  decomposition  and
feedbacks to climate change. Nature 440: 165-
173. - doi: 10.1038/nature04514

Duan M, Li A, Wu Y, Zhao Z, Peng C, DeLuca TH,
Sun S (2019). Differences of soil CO2 flux in two
contrasting subalpine ecosystems on the east-
ern edge of the Qinghai-Tibetan Plateau: a four-
year study. Atmospheric Environment 198: 166-
174. - doi: 10.1016/j.atmosenv.2018.10.067

Fekete I, Kotroczó Z, Varga C, Nagy PT, Várbíró
G, Bowden RD, Tóth JA, Lajtha K (2014). Alter-
ations  in  forest  detritus  inputs  influence  soil
carbon concentration and soil  respiration in a
Central-European  deciduous  forest.  Soil  Biol-
ogy and Biochemistry 74: 106-114. - doi: 10.1016/
j.soilbio.2014.03.006

Fierro A, Rutigliano FA, De Marco A, Castaldi S,
De Santo AV (2007). Post-fire stimulation of soil
biogenic  emission of  CO2 in  a  sandy  soil  of  a
Mediterranean shrubland. International Journal
of Wildland Fire 16: 573-583. - doi:  10.1071/WF0
6114

Gaumont-Guay D,  Black TA,  Barr  AG,  Griffis TJ,
Jassal RS, Krishnan P, Grant N, Nesic Z (2014).
Eight  years  of  forest-floor  CO2 exchange  in  a
boreal  black spruce forest:  spatial  integration
and  long-term  temporal  trends.  Agricultural
and Forest Meteorology 184: 25-35. - doi: 10.101
6/j.agrformet.2013.08.010

Gebremichael A, Orra PJ, Osborne B (2019). The
impact  of  wetting  intensity  on soil  CO2 emis-
sions from a coastal grassland ecosystem. Geo-
derma 343: 86-96. - doi:  10.1016/j.geoderma.20
19.02.016

Goebel MO, Bachmann J, Reichstein M, Janssens
IA,  Guggenberger  G  (2011).  Soil  water  repel-
lency and its implications for organic matter de-
composition - is there a link to extreme climatic
events? Global Change Biology 17: 2640-2656. -
doi: 10.1111/j.1365-2486.2011.02414.x

Han M, Shi B, Jin G (2018). Conversion of primary
mixed forest  into  secondary broadleaved for-
est and coniferous plantations: effects on tem-
poral  dynamics  of soil  CO2 efflux.  Catena 162:
157-165. - doi: 10.1016/j.catena.2017.12.004

Hanson PJ, Wullschleger SD, Bohlman SA, Todd
DE (1993). Seasonal and topographic patterns
of forest floor CO2 efflux from an upland oak
forest.  Tree Physiology 13:  1-15.  -  doi:  10.1093/
treephys/13.1.1

Hanson PJ, Edwards NT, Garten CT, Andrews JA
(2000). Separating root and soil microbial con-
tributions to soil respiration: A review of meth-
ods and observations. Biogeochemistry 48: 115-
146. - doi: 10.1023/A:1006244819642

Hashimoto S, Carvalhais N, Ito A, Migliavacca M,
Nishina  K,  Reichsten  M  (2015).  Global  spatio-
temporal  distribution  of  soil  respiration  mod-

eled  using  a  global  database.  Biogeosciences
12: 4121-4132. - doi: 10.5194/bg-12-4121-2015

Hebbali A (2020). olsrr: Tools for building ols re-
gression models. R package version 0.5.3, web
site.  [online]  URL:  http://CRAN.R-project.org/
package=olsrr

Hlavac  M  (2018).  stargazer:  Well-formatted  re-
gression and summary statistics tables. R pack-
age version 5.2.1, web site. [online] URL: http://
CRAN.R-project.org/package=stargazer

Howard DM, Howard PJA (1993).  Relationships
between CO2 evolution, moisture content and
temperature for a range of soil types. Soil Biol-
ogy  and  Biochemistry  25:  1537-1546.  -  doi:
10.1016/0038-0717(93)90008-Y

Hursh A, Ballantyne A, Cooper L, Maneta M, Kim-
ball J, Watts J (2017). The sensitivity of soil res-
piration to soil temperature, moisture, and car-
bon supply at the global scale. Global Change
Biology 23: 2090-2103. - doi: 10.1111/gcb.13489

Huxman TE, Snyder KA, Tissue D, Leffler AJ, Ogle
K,  Pockman  WT,  Sandquist  DR,  Potts  DL,
Schwinning S (2004).  Precipitation pulses and
carbon fluxes in semiarid and arid ecosystems.
Oecologia 141: 254-268. - doi: 10.1007/s00442-00
4-1682-4

Janssens IA, Pilegaard K (2003). Large seasonal
changes in Q10 of soil respiration in a beech for-
est.  Global  Change  Biology  9:  911-918.  -  doi:
10.1046/j.1365-2486.2003.00636.x

Karelin D, Goryachkin S, Zazovskaya E, Shishkov
V, Pochikalov A, Dolgikh A, Sirin A, Suvorov G,
Badmaev N, Badmaeva N, Tsybenov Y, Kulikov
A, Danilov P, Savinov G, Desyatkin A, Desyatkin
R,  Kraev  G  (2020).  Greenhouse  gas  emission
from the cold soils of Eurasia in natural setting
and under  human impact:  controls  on spatial
variability.  Geoderma  Regional  22:  e00290.  -
doi: 10.1016/j.geodrs.2020.e00290

Kirschbaum  MUF  (1995).  The  temperature  de-
pendence  of  soil  organic  matter  decomposi-
tion, and the effect of global warming on soil
organic  C  storage.  Soil  Biology  and  Biochem-
istry 27: 753-760. - doi: 10.1016/0038-0717(94)00
242-S

Kirschbaum MUF (2000). Will changes in soil or-
ganic matter act as a positive or negative feed-
back on global warming? Biogeochemistry 48:
21-51. - doi: 10.1023/A:1006238902976

Koerts J, Abrahamse APJ (1970). The correlation
coefficient  in  the  general  linear  model.  Euro-
pean Economic Review 1: 401-427. - doi: 10.1016/
0014-2921(70)90021-8

Kuzyakov Y (2006). Sources of CO2 efflux from
soil and review of partitioning methods. Soil Bi-
ology and Biochemistry 38 (3):  425-448. - doi:
10.1016/j.soilbio.2005.08.020

Laganière  J,  Paré  D,  Bergeron  Y,  Chen  HYH
(2012). The effect of boreal forest composition
on soil  respiration  is  mediated  through varia-
tions in soil temperature and C quality. Soil Biol-
ogy and Biochemistry 53: 18-27. - doi:  10.1016/j.
soilbio.2012.04.024

Lavigne MB, Foster RJ, Goodine G (2004). Sea-
sonal and annual changes in soil respiration in
relation  to  soil  temperature,  water  potential
and trenching. Tree Physiology 24 (4): 415-424. -
doi: 10.1093/treephys/24.4.415

Law BE, Kelliher FM, Baldocchi DD, Anthoni PM,
Irvine J, Moore D, Van Tuyl S (2001). Spatial and
temporal  variation  in  respiration  in  a  young

iForest 16: 86-94 92

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1093/treephys/24.4.415
https://doi.org/10.1016/j.soilbio.2012.04.024
https://doi.org/10.1016/j.soilbio.2012.04.024
https://doi.org/10.1016/j.soilbio.2005.08.020
https://doi.org/10.1016/0014-2921(70)90021-8
https://doi.org/10.1016/0014-2921(70)90021-8
https://doi.org/10.1023/A:1006238902976
https://doi.org/10.1016/0038-0717(94)00242-S
https://doi.org/10.1016/0038-0717(94)00242-S
https://doi.org/10.1016/j.geodrs.2020.e00290
https://doi.org/10.1046/j.1365-2486.2003.00636.x
https://doi.org/10.1007/s00442-004-1682-4
https://doi.org/10.1007/s00442-004-1682-4
https://doi.org/10.1111/gcb.13489
https://doi.org/10.1016/0038-0717(93)90008-Y
http://CRAN.R-project.org/package=stargazer
http://CRAN.R-project.org/package=stargazer
http://CRAN.R-project.org/package=olsrr
http://CRAN.R-project.org/package=olsrr
https://doi.org/10.5194/bg-12-4121-2015
https://doi.org/10.1023/A:1006244819642
https://doi.org/10.1093/treephys/13.1.1
https://doi.org/10.1093/treephys/13.1.1
https://doi.org/10.1016/j.catena.2017.12.004
https://doi.org/10.1111/j.1365-2486.2011.02414.x
https://doi.org/10.1016/j.geoderma.2019.02.016
https://doi.org/10.1016/j.geoderma.2019.02.016
https://doi.org/10.1016/j.agrformet.2013.08.010
https://doi.org/10.1016/j.agrformet.2013.08.010
https://doi.org/10.1071/WF06114
https://doi.org/10.1071/WF06114
https://doi.org/10.1016/j.soilbio.2014.03.006
https://doi.org/10.1016/j.soilbio.2014.03.006
https://doi.org/10.1016/j.atmosenv.2018.10.067
https://doi.org/10.1038/nature04514
https://doi.org/10.1046/j.1365-2486.1998.00128.x
https://doi.org/10.1046/j.1365-2486.1998.00128.x
https://doi.org/10.1016/j.soilbio.2007.12.012
https://doi.org/10.31509/2658-607x-20214113
https://doi.org/10.2307/1392433
https://doi.org/10.2136/sssaj1999.6361848x
https://doi.org/10.2136/sssaj1999.6361848x
https://doi.org/10.5194/bg-13-6669-2016
https://doi.org/10.1007/s11104-021-04974-1
https://doi.org/10.1007/s11104-021-04974-1
https://doi.org/10.1007/BF01378096
https://doi.org/10.1007/BF01378096
https://doi.org/10.1029/2010JG001442
https://doi.org/10.1016/j.agrformet.2018.03.005
https://doi.org/10.1016/j.agrformet.2018.03.005
https://doi.org/10.1016/j.geoderma.2012.08.027


Makhnykina AV et al. - iForest 16: 86-94

ponderosa  pine  forests  during  a  summer
drought.  Agricultural  and Forest Meteorology
110 (1):  27-43.  -  doi:  10.1016/S0168-1923(01)002
79-9

Lee  TW,  Zaumseil  J,  Bao  Z,  Hsu  J,  Rogers  JA
(2004).  Organic  light-emitting  diodes  formed
by soft contact lamination. Proceedings of the
National Academy of Sciences USA 101 (9): 429-
433. - doi: 10.1073/pnas.0400055101

Levis  S,  Bonan GB,  Vertenstein  M,  Oleson  KW
(2004).  The community land model’s dynamic
global vegetation model (CLM-DGVM): techni-
cal description and user’s guide. Terrestrial sci-
ences. Section Climate and Global Dynamics Di-
vision,  National  Center  for  Atmospheric  Re-
search, Boulder, Colorado, USA, pp. 66.

Liu B, Mou C, Yan G, Xu L, Jiang S, Xing Y, Han S,
Yu J, Wang Q (2016). Annual soil CO2 efflux in a
cold  temperate  forest  in  northeastern  China:
effects of winter snowpack and artificial nitro-
gen  deposition.  Scientific  Reports  6  (1):  81.  -
doi: 10.1038/srep18957

Liu  Z,  Kimball  JS,  Parazoo  NC,  Ballantyne  AP,
Wang WJ, Madani N, Pan CG, Watts JD, Reichle
RH, Sonnentag O, Marsh P, Hurkuck M, Helbig
M, Quinton WL, Zona D, Ueyama M, Kobayashi
H,  Euskirchen  ES  (2020).  Increased  high-lati-
tude photosynthetic carbon gain offset by res-
piration carbon loss during an anomalous warm
winter to spring transition. Global Change Biol-
ogy 26 (2): 682-696. - doi: 10.1111/gcb.14863

Lloyd  J,  Taylor  JA  (1994).  On the  temperature
dependence of soil respiration. Functional Ecol-
ogy 8: 315-323. - doi: 10.2307/2389824

Luo YQ, Zhou XH (2006). Soil respiration and the
environment.  Higher  Education Press,  Beijing,
China, pp. 328.

Makhnykina  AV,  Prokushkin  AS,  Vaganov  EA,
Verkhovets SV, Rubtsov AV (2016). Dynamics of
the  CO2 fluxes  from  the  soil  surface  in  pine
forests  in  Central  Siberia.  Journal  of  Siberian
Federal University - Biology 3 (9): 338-357. [in
Russian] - doi:  10.17516/1997-1389-2016-9-3-338-
357

Makhnykina  AV,  Prokushkin  AS,  Menyailo  OV,
Verkhovets SV, Tychkov II, Urban AV, Rubtsov
AV, Koshurnikova NN, Vaganov EA (2020). The
impact  of  climatic  factors  on  CO2 emissions
from  soils  of  middle-taiga  forests  in  Central
Siberia: emission as a function of soil tempera-
ture and moisture. Russian Journal of Ecology
51 (1): 46-56. - doi: 10.1134/S1067413620010063

Martins CSC, Nazaries L,  Delgado-Baquerizo M,
Macdonald CA,  Anderson IC,  Hobbie  SE,  Ven-
terea RT, Reich PB, Singh BK (2017). Identifying
environmental drivers of greenhouse gas emis-
sions under warming and reduced rainfall in bo-
real-temperate forests.  Functional  Ecology 31:
2356-2368. - doi: 10.1111/1365-2435.12928

Mielnick PC, Dugas WA, Johnson HB, Polley HW,
Sanabria  J  (2001).  Net  grassland  carbon  flux
over a subambient to superambient CO2 gradi-
ent.  Global  Change  Biology  7:  747-754.  -  doi:
10.1046/j.1354-1013.2001.00445.x

Moncrieff JB, Fang C (1999). A model for soil CO2

production  and  transport  2:  application  to  a
florida Pinus elliottii plantation. Agricultural and
Forest Meteorology 95: 237-256. - doi: 10.1016/S
0168-1923(99)00035-0

Monson RK, Lipson DL, Burns SP, Turnipseed AA,
Delany  AC,  Williams  MW,  Schmidt  SK (2006).

Winter forest soil respiration controlled by cli-
mate  and  microbial  community  composition.
Nature 439: 711. - doi: 10.1038/nature04555

Moyano FE, Werner LK, Rebmann C (2008). Soil
respiration fluxes in relation to photosynthetic
activity  in  broad-leaf  and  needle-leaf  forest
stands.  Agricultural  and  Forest  Meteorology
148: 135-143. - doi:  10.1016/j.agrformet.2007.09.
006

Oberbauer SF, Gillespie CT, Cheng W, Gebauer R,
Serra AS, Tenhunen JD (1992).  Environmental-
effects on CO2 efflux from riparian tundra in the
northern foothills of the Brooks Range, Alaska,
USA. Oecologia 92: 568-577. - doi: 10.1007/BF00
317851

Parzen E, Tanabe K, Kitagawa G (1998). Selected
papers of Hirotugu Akaike. Springer, New York,
USA, pp. 432. - doi: 10.1007/978-1-4612-1694-0

Piao SL, Ciais P, Friedlingstein P, Peylin P, Reich-
stein M, Luyssaert S, Margolis H, Fang JY, Barr
A,  Chen AP,  Grelle  A,  Hollinger DY,  Laurila  T,
Lindroth  A,  Richardson  AD,  Vesala  T  (2008).
Net carbon dioxide losses of northern ecosys-
tems in response to autumn warming. Nature
451: 49-52. - doi: 10.1038/nature06444

Pleshikov  FI  (2002).  Forest  ecosystems  on  the
Yenisei  meridian.  Nauka,  Novosibirsk,  Russia,
pp. 358.

Qi Y, Xu M, Wu J (2002). Temperature sensitivity
of soil respiration and its effects on ecosystem
carbon  budget:  nonlinearity  begets  surprises.
Ecological Modelling 153: 131-142. - doi: 10.1016/S
0304-3800(01)00506-3

R Core Team (2020). R:  a language and environ-
ment  for  statistical  computing.  R  Foundation
for  Statistical  Computing, Vienna, Austria. [on-
line] URL: http://www.r-project.org/

Raich J, Schlesinger WH (1992).  The global car-
bon dioxide flux in soil respiration and its rela-
tionship  to  vegetation  and  climate.  Tellus  B:
Chemical and Physical Meteorology 44 (2): 81-
99. - doi: 10.3402/tellusb.v44i2.15428

Raich JW, Potter  CS (1995).  Global  patterns of
carbon dioxide emissions from soils. Global Bio-
geochemical Cycles 9 (1): 23-36. - doi: 10.1029/9
4GB02723

Rayment  MB,  Jarvis  PG  (2000).  Temporal  and
spatial variation of soil CO2 efflux in a Canadian
boreal forest. Soil Biology and Biochemistry 32
(1): 35-45. - doi: 10.1016/S0038-0717(99)00110-8

Reichstein M, Tenhunen J, Roupsard O, Ourcival
JM, Rambal S, Dore S, Valentini R (2002). Eco-
system respiration in two Mediterranean ever-
green Holm Oak forests:  drought  effects  and
decomposition  dynamics.  Functional  Ecology
16:  27-39.  -  doi:  10.1046/j.0269-8463.2001.005
97.x

Reichstein M,  Rey A,  Freibauer A,  Tenhunen J,
Valentini R, Banza J, Casals P, Cheng Y, Grünz-
weig JM, Irvine J, Joffre R, Law BE, Loustau D,
Miglietta F, Oechel W, Ourcival JM, Pereira JS,
Peressotti A, Ponti F, Qi Y, Rambal S, Rayment
M, Romanya J, Rossi F, Tedeschi V, Tirone G, Xu
M,  Yakir  D  (2003).  Modeling  temporal  and
large-scale spatial variability of soil respiration
from  soil  water  availability,  temperature  and
vegetation productivity indices. Global Biogeo-
chemical Cycles 17 (4): 1104. - doi:  10.1029/2003
GB002035

Rencher AC, Pun FC (1980). Inflation of R2 in best
subset  regression.  Technometrics  22:  49-53.  -

doi: 10.2307/1268382
Roby MC, Scott RL, Barron-Gafford GA, Hamer-

lynck EP, Moore DJP (2019). Environmental and
vegetative controls on soil CO2 efflux in three
semiarid ecosystems. Soil Systems 3 (1): 6. - doi:
10.3390/soilsystems3010006

Scott-Denton  LE,  Rosenstiel  TN,  Monson  RK
(2006). Differential controls by climate and sub-
strate over the heterotrophic and rhizospheric
components of soil respiration. Global Change
Biology 12: 205-216. - doi: 10.1111/j.1365-2486.200
5.01064.x

Shahbaz M, Bengtson P,  Mertes JR, Kulessa B,
Kljun N (2022). Spatial heterogeneity of soil car-
bon exchanges and their drivers in a boreal for-
est.  Science  of  the  Total  Environment  831:
154876. - doi: 10.1016/j.scitotenv.2022.154876

Shibistova O, Lloyd J, Evgrafova S, Savushkina N,
Zrazhevskaya  G,  Arneth  A,  Knohl  A,  Kolle  O,
Schulze  E-D (2002).  Seasonal  and  spatial  vari-
ability  in  soil  CO2 efflux  rates  for  a  central
Siberian  Pinus sylvestris forest. Tellus B 54 (5):
552-567. - doi: 10.1034/j.1600-0889.2002.01348.x

Subke JA, Inglima I, Cotrufo MF (2006). Trends
and methodological  impacts  in  soil  CO2 efflux
partitioning:  a  meta-analytical  review.  Global
Change Biology 12 (6): 921-943. - doi: 10.1111/j.13
65-2486.2006.01117.xr2006

Suseela V, Conant RT, Wallenstein MD, Dukes JS
(2012). Effects of soil moisture on the tempera-
ture  sensitivity  of  heterotrophic  respiration
vary  seasonally  in  an  old-field  climate change
experiment. Global Change Biology 18: 336-348.
- doi: 10.1111/j.1365-2486.2011.02516.x

Tanaka  K  (2001).  Multi-layer  model  of  CO2 ex-
change in a plant community coupled with the
water budget of leaf surfaces. Ecological Mod-
elling 147: 85-104. - doi:  10.1016/S0304-3800(01)
00413-6

Wickham H, Averick M, Bryan J,  Chang W, Mc-
Gowan LDA, François R, Grolemund G, Hayes A,
Henry L, Hester J, Kuhn M, Pedersen LT, Miller
E, Bache SM, Müller K, Ooms J, Robinson D, Sei-
del DP, Spinu V, Takahashi K, Vaughan D, Wilke
C, Woo K, Yutani H (2019). Welcome to the tidy-
verse. Journal of Open Source Software 4 (43):
1686. - doi: 10.21105/joss.01686

Xu M, Qi Y (2001). Soil surface CO2 efflux and its
spatial and temporal variations in a young pon-
derosa  pine  plantation  in  northern  California.
Global Change Biology 7: 667-677. - doi:  10.104
6/j.1354-1013.2001.00435.x

Xu C, Qu JJ, Hao X, Zhu Z, Gutenberg L (2020).
Monitoring  soil  carbon  flux  with  in-situ  mea-
surements and satellite  observations  in  a for-
ested region. Geoderma 378: 114617. - doi: 10.10
16/j.jag.2020.102156

Yan  T,  Qu  T,  Song  H,  Sun  Z,  Zeng  H,  Peng  S
(2019). Ectomycorrhizal fungi respiration quan-
tification and drivers  in  three differently-aged
larch plantations. Agricultural and Forest Mete-
orology 265: 245-251. - doi:  10.1016/j.agrformet.
2018.11.024

Yue-Lin L, Otieno D, Owen K, Yun Z, Tenhunen J,
Xing-Quan R, Yong-Biao L (2008). Temporal var-
iability in soil CO2 emission in an orchard forest
ecosystem.  Pedosphere  18 (3):  273-283.  -  doi:
10.1016/S1002-0160(08)60017-X

Yuste JC, Janssens IA, Carrara A, Meiresonne L,
Ceulemans R (2003). Interactive effects of tem-
perature and precipitation on soil respiration in

93 iForest 16: 86-94

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

http://www.R-project.org/
https://doi.org/10.1016/S1002-0160(08)60017-X
https://doi.org/10.1016/j.agrformet.2018.11.024
https://doi.org/10.1016/j.agrformet.2018.11.024
https://doi.org/10.1016/j.jag.2020.102156
https://doi.org/10.1016/j.jag.2020.102156
https://doi.org/10.1046/j.1354-1013.2001.00435.x
https://doi.org/10.1046/j.1354-1013.2001.00435.x
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/S0304-3800(01)00413-6
https://doi.org/10.1016/S0304-3800(01)00413-6
https://doi.org/10.1111/j.1365-2486.2011.02516.x
https://doi.org/10.1111/j.1365-2486.2006.01117.xr2006
https://doi.org/10.1111/j.1365-2486.2006.01117.xr2006
https://doi.org/10.1034/j.1600-0889.2002.01348.x
https://doi.org/10.1016/j.scitotenv.2022.154876
https://doi.org/10.1111/j.1365-2486.2005.01064.x
https://doi.org/10.1111/j.1365-2486.2005.01064.x
https://doi.org/10.3390/soilsystems3010006
https://doi.org/10.2307/1268382
https://doi.org/10.1029/2003GB002035
https://doi.org/10.1029/2003GB002035
https://doi.org/10.1046/j.0269-8463.2001.00597.x
https://doi.org/10.1046/j.0269-8463.2001.00597.x
https://doi.org/10.1016/S0038-0717(99)00110-8
https://doi.org/10.1029/94GB02723
https://doi.org/10.1029/94GB02723
https://doi.org/10.3402/tellusb.v44i2.15428
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1016/S0304-3800(01)00506-3
https://doi.org/10.1016/S0304-3800(01)00506-3
https://doi.org/10.1038/nature06444
https://doi.org/10.1007/978-1-4612-1694-0
https://doi.org/10.1007/BF00317851
https://doi.org/10.1007/BF00317851
https://doi.org/10.1016/j.agrformet.2007.09.006
https://doi.org/10.1016/j.agrformet.2007.09.006
https://doi.org/10.1038/nature04555
https://doi.org/10.1016/S0168-1923(99)00035-0
https://doi.org/10.1016/S0168-1923(99)00035-0
https://doi.org/10.1046/j.1354-1013.2001.00445.x
https://doi.org/10.1111/1365-2435.12928
https://doi.org/10.1134/S1067413620010063
https://doi.org/10.17516/1997-1389-2016-9-3-338-357
https://doi.org/10.17516/1997-1389-2016-9-3-338-357
https://doi.org/10.2307/2389824
https://doi.org/10.1111/gcb.14863
https://doi.org/10.1038/srep18957
https://doi.org/10.1073/pnas.0400055101
https://doi.org/10.1016/S0168-1923(01)00279-9
https://doi.org/10.1016/S0168-1923(01)00279-9


Soil carbon dioxide emission in Siberian boreal forests

a temperate maritime pine forest. Tree Physiol-
ogy 23 (18):  1263-1270. -  doi:  10.1093/treephys/
23.18.1263

Yuste JC, Janssens IA, Carrara AR (2004). Annual
Q10 of soil respiration reflects plant phenologi-
cal patterns as well as temperature sensitivity.
Global Change Biology 10: 161-169. - doi: 10.1111/j.
1529-8817.2003.00727.x

Zeng N, Mariotti A, Wetzel P (2005). Terrestrial
mechanisms of interannual CO2 variability Glob-
al  Biogeochemical  Cycles 19 (1):  GB1016. -  doi:
10.1029/2004GB002273

Zeng X, Song Y, Zeng C, Zhang W, He S (2016).
Partitioning  soil  respiration  in  two  typical
forests  in  semi-arid  regions,  North  China.

Catena 147: 536-544. - doi: 10.1016/j.catena.2016.
08.009

Zhang X, Izaurralde RC, Arnold JG, Williams JR,
Srinivasan R (2013). Modifying the soil and wa-
ter assessment tool to simulate cropland car-
bon flux: model development and initial evalua-
tion. Science of the Total Environment 463: 810-
822. - doi: 10.1016/j.scitotenv.2013.06.056

Supplementary Material

Tab. S1 - Models coefficients for the lichen
pine  forest  site  for  each  season  of  mea-
surements. 

Tab. S2 - Models coefficients for the feath-
ermoss pine forest site for each season of
measurements. 

Tab. S3 - Models coefficients for the mixed
forest  site  for  each  season  of  measure-
ments. 

Tab.  S4 -  Models  coefficients  for  the
destroyed  area  for  each  season  of  mea-
surements.

Link: Makhnykina_4097@suppl001.pdf

iForest 16: 86-94 94

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1016/j.scitotenv.2013.06.056
https://doi.org/10.1016/j.catena.2016.08.009
https://doi.org/10.1016/j.catena.2016.08.009
https://doi.org/10.1029/2004GB002273
https://doi.org/10.1111/j.1529-8817.2003.00727.x
https://doi.org/10.1111/j.1529-8817.2003.00727.x
https://doi.org/10.1093/treephys/23.18.1263
https://doi.org/10.1093/treephys/23.18.1263
http://iforest.sisef.org/pdf/Makhnykina_4097@suppl001.pdf

	Factors of soil CO2 emission in boreal forests: evidence from Central Siberia
	Introduction
	Materials and methods
	Study area
	Measurements of soil CO2 emissions, soil temperature and soil moisture
	Modeling seasonal soil CO2 emissions
	Parameterization and estimation of model coefficients

	Results
	Model coefficients estimation
	Modeling CO2 fluxes using the T-SWC model

	Discussion
	T-SWC model: estimates for different ecosystems and different seasons
	T and T-SWC models comparison

	Conclusion
	Authors’ contributions
	Acknowledgments
	References
	Supplementary Material


