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Abstract: The peatlands of Western Siberia occupy an area of about 1 million km? and act as important
regulator of carbon exchange between the earth and the atmosphere. Extrapolation of the results of
discrete field measurements of CO; fluxes in bog ecosystems to such a territory is a difficult task,
and one of the ways to overcome it is to use a simulation model such as DNDC. However, using
this model with a specific territory requires ground verification to confirm its effectiveness. Here,
we tested the DNDC model on the largest pristine bog ecosystem of the world, the Great Vasyugan
Mire (GVM). The GVM of western Siberia is virtually undisturbed by anthropogenic activity and is
the largest bog of Northern Eurasia (53,000 km?). Based on various ground-based observations, the
performance of the Wetland-DNDC model was demonstrated (Thale coefficient 0.085 and R? = 0.675
for CO;,). Model input parameters specific to the GVM were constrained and model sensitivity to a
wide range of input parameters was analyzed. The estimated annual terrestrial carbon fluxes in 2019
from the GVM test site are mainly controlled by plant respiration (61%) and forest floor degradation
(38%). The net CO, emission flux was 8600 kg C ha~! yearfl, which is in line with estimates from
other independent studies.

Keywords: greenhouse gas; emission; peatlands; simulation model; Western Siberia; Great Vasyugan
Mire

1. Introduction

Peatlands exert a significant impact on the global carbon (C) cycle and climate
change [1], being the second most important reservoir of long-term carbon storage in
the atmosphere, after the ocean [2], and containing from 15 to 22% of the world’s terrestrial
carbon [3]. Peatlands are unique habitats that cover around 3% of the global land area. As
a result of high moisture, they also store a large amount of organic carbon (OC), taken up
from the atmosphere in the form of CO,, and this ability makes peatlands potential climate
coolers. On the other hand, this C can be released into the atmosphere due to peat moisture
and decreases in OC degradation, thus accelerating global warming [4,5].

The West Siberian Plain is the largest swampy area in the world. The process of
swamping in this area has been occurring for about 10 thousand years. It should be noted
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that the initiation of waterlogging of the territory at the beginning of the Holocene occurred
mainly in dry landscapes with permafrost soils [6]. Currently, the peatlands of Western
Siberia occupy an area of about one million km? and act as an important regulator of
carbon exchange between the earth and the atmosphere [7]. An analysis of pollen diagrams
with absolute radiocarbon dating and calculations of the rate of peat formation over the
past 500 years allowed M.I. Neishtadt to conclude that the process of bogging of the West
Siberian Plain is very active at the present time, growing by about 90 km? annually [8].
Active peat formation is typical for the taiga zone, where the average rate of vertical peat
accumulation during the Holocene is more than 0.8 mm year‘1 [9]. Similar numbers for
the average annual linear growth of peat in a bog landscape area of the European part of
Russia are given by G.F. Kuzmin [10]. The main factor in the accumulation of plant organic
matter in Western Siberia is the south-north climatic gradient [11].

It should be noted that sphagnum-dominated peatlands store more carbon than all
the Earth’s forests, thus playing an important role in the carbon balance of the planet [12].
About 90% of the peatlands of Western Siberia belong to peat bogs with a predominance
of sphagnum. Although peatlands store significant amounts of carbon, their response
to climate change is still uncertain. Recent modeling studies under various climate sce-
narios show that the implementation of all scenarios will lead to an increase in carbon
accumulation in the ecosystem [13-15].

Peat bogs exhibit unique characteristics that affect carbon dynamics. For example,
small changes in the groundwater level or soil and air temperature can change the carbon
balance due to changes in the decomposition of organic matter and/or plant produc-
tion [16-18]. Accordingly, it is important to quantify the processes and dynamics of peat-
land carbon, including greenhouse gas emissions, in order to assess the impact of climate
change on wetland ecosystems and to predict these changes on the global atmospheric
carbon balance under various climate scenarios.

An important feature of the Western Siberia peatlands is an insignificant impact of the
anthropogenic factor, as confirmed by both field observations and remote sensing [19]. This
is evidenced, for example, by a decrease in the concentration of heavy metals in aerosol
fallout in the direction from south to north, despite the fact that the number of oil and gas
enterprises, as the main pollutant of the swamps of Western Siberia, is increasing in this
direction [20]. Huge bog massifs of Western Siberia, untouched by anthropogenic activity,
can be unique natural testing grounds for studying changes in global climatic processes
both in the present and in retrospect of the Holocene period. A special place among the
peat bogs of Western Siberia is taken by the Great Vasyugan Mire (GVM), occupying a
territory of 55,000 km?. Many publications and several monographs are devoted to this
bog massif [21-24]. The total length of the GVM is about 800 km and the width in some of
the parts of it is 300-500 km [6].

The extrapolation of the results of point field measurements of CO; fluxes in bog
ecosystems in such a territory is a difficult task, and one of the ways to solve it is to
use DNDC simulation models. Currently, emission estimates are usually derived from a
combination of field measurements and computer simulations [25]. However, the possibility
of using the model must be confirmed by its effectiveness. In this work, the model was
verified in a typical area of the GVM bog ecosystem.

Emission estimates are usually derived from a combination of field measurements
and computer modelling. While direct measurements provide greenhouse gas emissions
under certain weather conditions, the extrapolation of such estimates to other scenarios
may not provide reliable projections. To achieve this, multiple drivers of greenhouse gas
emissions, which often interact in complex ways and can vary greatly in space and time,
must also be considered [26,27]. Since considerable research efforts would be required to
capture a representative fraction of the variability so that emissions under all conceivable
combinations of field conditions can be estimated, an alternative approach is required. An
emission assessment using mathematical models supported by ground observations may
help to overcome this problem, provided the chosen model simulates the system over a
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sufficient period of time, i.e., is scientifically robust [27]. An important prerequisite for the
use of such models is sufficient input data to represent a significant fraction of the expected
variability found in the field and to calibrate it to the correct spatial scale [28].

Model performance should be assessed by comparing measured and modelled values
in terms of total annual greenhouse gas emissions and seasonal emission characteristics,
and by comparing measured environmental variables with modelled environmental char-
acteristics. Emission simulation models that use simple correlations between variables
generally require less effort, but often provide fewer results when there is large heterogene-
ity or complex feedback in the system, as in the case of wetland greenhouse gas emissions.
Such models typically require more effort, but they incorporate representations of com-
plex processes and interactions within the system and are best suited to reliably predict
and understand site-scale greenhouse gas fluxes under a variety of conditions [29]. Such
modelling has been applied to a range of ecosystems and has been shown to be effective in
different climate zones [30-33].

At present, observations of greenhouse gas exchange with the atmosphere are being
made in model areas of peatlands, in particular in the world’s largest mire, the Great
Vasyugan Mire (GVM), [34-36]. The sensitivity analysis in [37] shows that the most impor-
tant input factors for carbon dynamics in wetland ecosystems are air temperature, water
outflow parameters, the initial carbon content of the peat deposit and the ability of plants
to photosynthesize. However, up to the present, such a sensitivity analysis has never been
attempted for the Western Siberian peatlands. The aim of the study is fill this gap and
assess the parameters of the model most important for the prediction of C emissions from
the terrestrial ecosystems of the GVM. For this, we employed the Wetland-DNDC model
that is most effective for use in Western Siberian peatlands.

2. Materials and Methods
2.1. Study Area

Ground observations were conducted within the northeastern part of the Great Vasyu-
gan Mire in the interfluve of the Bakchar and Iksa Rivers (Figure 1). The Great Vasyugan
Mire is the world’s largest mire system with a total area of 55,051 km? [38], which was
formed about 10,000 years ago as a result of the coalescence of many small mires [39]. The
study was carried out within a pine dwarf shrub-sphagnum vegetation community typical
of Western Siberia (56°58'24,3"; 82°3641,2"). The study area is in its natural state and has
not been subjected to any anthropogenic impact.

Figure 1. Location of the study area (red asterisk) within the Great Vasyugan Mire (highlighted in green).
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2.2. Sampling Design

CO; emissions in the field were measured by the chemical absorption method based
on capturing gaseous CO; released from the soil surface with NaOH [40] once a month
during the vegetation season of 2019, from the 25th of May to the 17th of October. Measure-
ments of the CO; flow were duplicated in parallel with a LI-7810SC Li-COR gas analyzer.
The comparative measurements of CO, emissions by absorption method and by gas anal-
yser [41] showed that the absorption method sizably underestimates (2.5 times) the CO2
flux, which required necessary corrections. Organic matter content in the peat and mineral
soil was analyzed on an Agilent 8890 gas chromatograph with an Agilent 5977B mass
selective detector and a Frontier Lab EGA /PY-3030D pyrolytic cell, Agilent Technologies.
Air temperature (T) and precipitation () were obtained from the meteorological station
near Bakchar village, according to RIHMI-WDC (http://meteo.ru/ (URL accessed on
1 December 2022). Additionally, data from the T and P sensor system installed directly
within the soil profile of the study area was used. Solar radiation was measured directly in
the study area of the Great Vasyugan Mire using a BISR solar radiation meter. Temperature
data for the peat deposits in the layer up to 1 m were obtained using in situ temperature
sensors [42]. The data on the height of snow cover were obtained from ground areal snow
measurements in the study area during the period of maximum snow accumulation in
March 2019.

The groundwater level (WTL) observations within the GVM were carried out using
an autonomous differential pressure sensor [42], installed in a specially designed PVC pipe
(piezometer). Measurements of water levels within the GVM were carried out at intervals
of 4 h. Peat moisture was determined by weight method. Botanical composition and degree
of decomposition were determined by a microscopic method based on plant macrofossil
analysis. The density of peat was determined as the ratio of the mass of a dry sample to its
volume. For modeling, we also used data on peat moisture content and specific gravity of
the GVM [43].

The hydrological conductivity was determined under field conditions over the entire
depth of the peat deposit by fixing with the time of filling the sampler of a given volume
after pumping water from the borehole. For this purpose, we have arranged a series of bore-
holes for the entire depth of the peat deposit, via installation of PVC pipes with perforation
of 25-50 cm to each specific depth. The Solinst 425 Discrete Sampling System (Solinst Ltd.,
ON, Canada) and the Solinst 428 sampler were used to conduct the experiment. The redox
potential (Eh) of the water was determined with an HM Digital ORP-200 (HM Digital, Inc.,
Redondo Beach, CA, USA) while the pH value of peat porewater and groundwater was
measured with an HM Digital pH-200 (HM Digital, Inc., Redondo Beach, CA, USA).

2.3. Model Wetland-DNDC

Carbon cycle and greenhouse gas emissions/removals from peatlands are governed
by closely interacting processes between climate, soil and vegetation under highly variable
hydrological conditions. There are several models that allow for the integrating most
of the processes occurring in wetland ecosystems [44]. One of the most comprehensive
model is Wetland-DNDC [37,45,46], which allows the prediction of CO, and CH,4 emissions
taking into account hydrological conditions, vegetation growth/decay and biogeochemical
processes in wetland ecosystems.

In the Wetland-DNDC model, hydrological conditions, soil temperature, plant growth,
soil carbon dynamics, and their processes interact closely. In particular, a hydrological
submodel has been developed to assess the dynamics of the groundwater table. The soil
profile is divided into layers with different characteristics. The layers are then grouped into
two zones: an unsaturated zone above the groundwater table and a saturated zone below.
The hydrological submodel takes into account the groundwater table dynamics, surface
water inflow (e.g., precipitation, surface inflow, snow /ice melt) and outflow (evaporation,
transpiration), as well as water movement within the unsaturated zone. The soil tempera-
ture submodel estimates the average daily temperature of each soil layer by numerically
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solving a one-dimensional (vertical) thermal conductivity equation. The vegetation growth
submodel includes mosses, herbaceous plants, and woody vegetation, and it assumes that
the total daily plant respiration is proportional to the daily gross photosynthesis of the
groundcover vegetation (GPP). Gross photosynthesis is determined by a multiplicative
model of maximum photosynthetic rate per unit effective photosynthetic biomass per hour,
effective photosynthetic biomass of groundcover vegetation, day length and parameters
quantifying the effects of light, temperature and soil moisture, respectively [47]. In the
submodel of soil carbon dynamics, soil carbon fluxes and organic matter decomposition
processes are controlled by anaerobic processes (CH4 production and oxidation). For these
calculations, the groundwater table or the boundary between anoxic and oxygen-free
zone [48] are taken into account, together with available CHy production and oxidation
rates [49,50]. The redox potential is a direct indicator of the anaerobic state of the soil
and is closely related to soil biochemical reactions [51]. Wetland-DNDC uses the redox
potential of layers in the saturation zone to simulate anaerobic effects on decomposition,
CH,4 formation and oxidation. Model inputs include initial (reservoir) conditions (plant
biomass, porosity, soil carbon content, groundwater table depth), water and C flux parame-
ters (lateral inflow / outflow parameters, maximum photosynthetic rate, respiration rate)
and climatic factors (daily maximum and minimum temperatures, precipitation, and solar
radiation). Many input values can be modified by the user based on actual data from direct
field studies. The model outputs include carbon fluxes to the atmosphere, photosynthesis,
plant respiration, decomposition of organic matter and net ecosystem productivity. In
addition, thermal and hydrological conditions (peat moisture, water table position, peat
deposit temperature profile) are taken into account. Calculations of soil C stocks and
decomposition processes in the DNDC are provided in detail elsewhere [52-54]. To apply
the Wetland-DNDC model to peat bogs with a tree layer, recalibration of C decomposition
in litter, dead roots and soil waters is required [55,56].

Note the DNDC model used in this study is applicable to any, even very complex,
type of wetlands. The pristine area of the GVM site studied in this work is consistent
with typical modelling approaches and did not require additional modifications of the
mathematical apparatus.

2.4. Climate

The climate of the study area is continental with long cold winters and short hot
summers. The average air temperature for the period 1970-2019, according to the Research
Institute for Hydrometeorological Information (http://meteo.ru/ (URL accessed on 1
December 2022) is 0.14 °C. In 2020, according to the data from the weather station near
Bakchar village, an absolute maximum average annual air temperature of 3.03 °C was
recorded. The average annual precipitation for the same period is 485 mm (about 30% falls
as snow). The annual amount of precipitation in 2018 was 677 mm, which was the absolute
maximum over the years spanning from 1970 to 2020. The average annual hydrological
runoff in the nearby Bakchar River is 72 mm [57]. The average precipitation in the period we
studied in 2019 was close to the mean perennial annual values and amounted to 431 mm.
During 2019, monthly precipitation ranged from 6-15 mm in February and March to
72-89 mm in June-July. The average monthly temperature in February and November
2019 ranged from —18.2 °C to —12.1 °C, rising to 18.1 °C and 16.0 °C in summer (July and
August). The average temperature for 2019 was 0.88 °C. The air temperature and solar
radiation dynamics used in the model are shown in Figure 2.

Snow cover formed in early November and persisted until mid-April. During this
period, a seasonally frozen layer of 13 to 15 cm depth was formed. In 2019, the snow cover
height was close to the long-term average, with a maximum snow depth of 74 cm, a peat
bog freezing depth of 13 cm. Snowmelt began in early April 2019, and the thawing of
the peat deposit began in mid-April. Full thawing of the peat deposit occurred at the end
of April.
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Figure 2. Annual dynamics of daily air temperature in 2019 according to the Bakchar weather station
(a) and solar radiation (b) in the studied area in 2019.

2.5. Hydrology

The main source of water for the study area of the GVM is atmospheric precipitation.
On average, in 2019, the groundwater level was 21 cm below the ground level; the ampli-
tude of annual fluctuations was 31 cm. The groundwater level raised in mid-April due to
snowmelt, decreased irregularly in May—June and exhibited a minimum in August. During
the springtime, the maximal groundwater levels were observed, exceeding the ground
surface in some years. In 2019, the maximum groundwater levels were recorded on 29
April and were 2 cm below the surface of the peat bog. The average summer low water
level was 21 cm below the surface, which corresponded to the annual average. The summer
low-water period was characterized by a gradual decrease in levels, slightly disturbed
by precipitation, until late August, when the lowest level of 33 cm below the bog surface
was recorded. In the autumn, from September onwards, there was an increase in level
as evaporation decreased, and total precipitation increased (Figure 3a). The maximum
rise of the groundwater table to 20 cm below the surface was recorded on 29 October
(Figure 3b). During the winter period, there was a gradual decrease in level, which started
in November-December and continued until March of the following year due to the lack of
atmospheric feeding of the bog. During this period, the snow cover was formed, and the
peat deposit of the bog was frozen.

Analysis of multi-year data for the period 2013-2020 shows that in 2018 and 2020, the
average annual water levels rise to —18 cm below the surface of the bog, while in 2016,
there was a decrease to —25 cm [57].

§—15 r

Figure 3. Annual dynamics of daily precipitation (P) according to the meteorological station near
Bakchar village (a) and groundwater table (b) in the study area of GVM in 2019.

An important feature of the Western Siberia wetlands is the presence of small lakes
inside the mire; in some cases, the lakes can occupy up to 70% of the land surface [21].
Although these small lakes are also an important source of CO, and CHj fluxes into the
atmosphere [58], they were not considered in the present study, which was focused on
terrestrial part of C emissions.
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2.6. Vegetation

The vegetation of the study area is represented by a pine-shrub-sphagnum plant
community (Figure 4). The tree layer is represented by pine, with a protective cover of
40% (crown density 0.4, height up to 2 m, diameter up to 1.5 cm). The grass-bush layer
includes Ledum palustre 30%, Chamaedaphne calyculata 60%, Andromeda polifolia 5%, Vaccinium
uliginosum 10%, Eriophorum vaginatum 5% and singularly Rubus chamaemorus. Sphagnum
mosses stand out (95-100%), of which 80% are represented by S. fuscum, S. balticum, S.
divinum and S. angustifolium.

Figure 4. Field study area within the Great Vasyugan Mire.

2.7. Peat Deposit

The peat deposit in the study area of GVM is represented by a mixed type. The peat
thickness is 285 cm. In the upper part and up to the depth of 120 cm, the peat deposit is
composed of Sphagnum peat with a degree of decay 5-15%. Down the profile, it changes
to oligotrophic grassy-moss peat, and then to transitional woody-grass peat with a degree
of decomposition up to 15%, which increased in the lower part up to 20%. At a depth
of 150-285 cm, the peat is composed of eutrophic grassy, woody-grass and grass-moss
peat with a degree of decomposition of 20-40%. A more complete description of the peat
deposits of the study area is presented elsewhere [57].

2.8. Model Input Values

The input parameters are presented in the Supplementary Materials. The Wetland-
DNDC input values were used for each submodel. Daily values of atmospheric temperature
(Figure 2a), precipitation (Figure 3a) were retrieved from the meteorological station of the
Bakchar village. Values of solar radiation were measured directly at the study site (Figure 2b).
Groundwater levels were obtained from borehole measurements (Figure 3b). The vegetation
parameters were obtained from field surveys and from published data [41,59-61]. Soil
parameters were based on the results of field studies (Figure 5). The sequence of data input
to the model followed the order climate—hydrology—vegetation—soil.
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Figure 5. Peat moisture, bulk density, botanical composition and degree of decomposition in the
study area of GVM.

2.9. Assessment of Modelling Performance

In order to characterize model performance and check for adequacy of applied equa-
tions, modelling effectiveness coefficients were used, which allow comparing measured
and calculated values between each other.

Determination coefficient or the Nash-Sutcliffe model efficiency coefficient (R?) is

described as:

R2:1_M yzli(%) 1)

Lilyi - ) niz
where y; is observed value, f; is modelled value. In the best-case scenario, the modelled
values coincide with the observed values and R? is equal to 1. The linear least squares
multiple regression R? is equal to the square of Pearson’s correlation coefficient between
observed and modelled data values of the dependent variable.
The Tale coefficient [62] is calculated according to Equation 2:

- \/% le\il (Xreal - Xmodel)2
\/% Zil\il(xreal)z + \/% Zfil (Xmodel>2

where X, is the measured value; X,,,,4. is the calculated value. The T coefficient ranges
from 0 to 1, with most accurate modelling achieved at T = 0. For the modeling of natural
processes, a significance threshold of T < 0.3 is usually accepted.

T @)

3. Results
Modelled Outputs

The input parameters of the model are presented in the Supplementary Materials. The
model outputs include C and N in mass balances, daily climatic conditions, groundwater
level dynamics, carbon and nitrogen storage and fluxes in different compartments of
the ecosystem, as well as annual summary of the most important pools and gas fluxes
occurring in the ecosystem. The model output is the net ecosystem CO, exchange (NEE—
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net ecosystem exchange). In annual and seasonal output, NEE is net ecosystem production
(NEP) or net primary production (NPP), including microbial respiration (RM):

— NEE = NEP = NPP — RM 3)

The gross primary production (GPP) equals net primary production plus autotrophic
respiration (RA):

GPP = NPP +RA or GPP = NEP + RA+ RM (4)

where RA + M is ecosystem respiration (autotrophic and soil) with a positive sign indicating
the direction of flux from the ecosystem to the atmosphere.

Ecosystem estimates of the carbon balance components RA + RM and GPP are possible
based on measurements of the corresponding meteorological indicators. For example, GPP
is reconstructed from photosynthetically active radiation (FAR) and RA + RM is approx-
imated from air or soil temperature. Numerous studies demonstrated that the seasonal
course of daily CO, fluxes depends on weather conditions and follows the dynamics of
FAR, air temperature and humidity.

According to the Wetland-DNDC model:

RA + RM = COs(plant) + CO;,(litter) + CO;(soil) 5)

GPP = GrossPsn and NEE = CO, — GrossPsn (6)

where GrossPsn is the gross photosynthesis of ground vegetation [17].

The simulation results provide detailed, daily information on the distribution of
greenhouse gas fluxes throughout the year. In winter, when biological processes are slowed
down, the fluxes are minimal. Significant fluctuations in the flux are observed during
the growing season. The DNDC model allows testing of the external factors that cause
these fluctuations.

Figure 6 shows all calculated CO; fluxes for the GVM during 2019. The most significant
ecosystem components contributing to the flux calculated via the Wetland-DNDC model
on the annual scale are plant-CO, (5246 kg C ha~1!) and litter-CO, (3294 kg C ha™1).

120 - ——plant CO2
w—=t00t CO2
1 = .
00 —litter CO2

=]
o
T

soil CO2
ground vegetation CO2

CO, kg C ha?
3

20 -

Figure 6. Composite calculated CO, fluxes (kg C ha~—! day~') of the Great Vasyugan Mire over 2019.

Figure 7 shows model estimates of the fluxes constituting the carbon balance RA + RM
= CO, and GPP = GrossPsn (NEE = COy — GrossPsn). The net annual NEE value was equal
to 3397 kg C ha~!. The calculated fluxes of CHy are illustrated in Figure 8.
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Figure 7. Calculated carbon balance fluxes of the Great Vasyugan Mire in 2019.
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Figure 8. Composite calculated fluxes of CHy (kg C ha~! day_l) of the Great Vasyugan Mire in 2019.

The total CHy4 flux (net flux) in spring is mainly composed of the CHy (diffusion)
component and later in the summer-autumn season by the CHy (ebullition) component.
The calculated fluxes of N components in the course of the year are illustrated in Figure 9.
The two most pronounced annual N flux components are NO (9360 g N ha~! day~!) and
N,O (3726 g N ha~! day1).
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Figure 9. Modelled estimated N-fluxes (g N ha~! day~!) of the Great Vasyugan Mire in 2019.
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The results obtained in the simulation are consistent with the structure and functioning
of bog ecosystems established in numerous publications that have studied peat bogs of
Western Siberia [9,21,22,59,59,61,63].

4. Discussion
Sensitivity Assessment

The simulation results showed that the NEE values and CH,4 emissions are sensitive
to most of the tested input variables, while WTL and NPP are sensitive to only a few
environmental variables. For example, WTL is primarily influenced by hydrological
conditions and climate (precipitation, temperature). NPP is sensitive to the maximum rate
of photosynthesis (Amax) but responds weakly to lower temperatures. For NEE, the most
important factors are temperature, Amax, plant biomass and soil organic carbon.

Carbon dynamics and CHy4 emissions respond differently to the input factors and are
also strongly influenced by interactions between thermal/hydrological conditions, plant
growth and soil C dynamics. Therefore, it is critical for the model to integrate hydrology,
vegetation, soil and climate when predicting carbon exchange and CH4 emissions in
wetland ecosystems. In work of Taft et al. [64], the effects of different climate and soil input
parameters on modelled greenhouse gas fluxes were assessed. These authors demonstrated
that the predicted CHy flux was only affected by changes in groundwater depth. For a peat
bog in the range of parameters tested, adjusting the input values of drainage efficiency,
the initial NO3;~ concentration at the soil surface, plant vascularization and infiltration
rate had no noticeable effect on the modelled GHG emissions. Adjustments for some
other parameters (e.g., soil pH, water retention layer depth, initial NH; concentration
in soil, microbial activity index and N content in water) had little effect on emissions.
For more than half of the remaining variables tested in the sensitivity analysis, the GHG
emissions showed significant sensitivity to changes in input values. The CO, emissions
were the most sensitive to soil hydraulic conductivity, soil humus and percentage of
persistent litter, humus decomposition rate and maximum biomass production. The N,O
emissions were the most sensitive to the depth of soil organic carbon, forest floor and
humus decomposition rates, clay content, porosity and depth of the groundwater table. The
sensitivity analysis [52] showed that rainfall patterns strongly influenced N,O emissions
from soils. During the simulated year, changes in temperature, precipitation, organic carbon,
clay content and pH had a significant impact on denitrification rates and N,O emissions.

For the GVM case study, we changed the input parameters of the DNDC model to
determine their impact on the result. If the values were unknown, then the input parameters
were assigned the mean values of the range. The optimal values of the input parameters of
the model were chosen in accordance with the simulation efficiency coefficients.

The input parameters of the "soil" model are presented in the Supplementary Materials.
The results of Wetland-DNDC sensitivity analysis to the input parameter “Field capacity”
reflecting the moisture content in a peat layer are presented in Table 1 and Figures 10 and 11.

3
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Figure 10. The modelled annual variations of the impact of “Field capacity” parameter on NEE (a) and
daily variations of the impact of “Field capacity” on NEE (b) based on the Great Vasyugan Mire in 2019.



Atmosphere 2022, 13, 2053

12 0f 18

In Table 1, the “Thickness” is represented by 2 layers: the left value is the thickness of
the organic part of the soil, the right one is the thickness of the mineral part (cm). Layers is
also represented by 2 layers: the left value is the number of layers of the organic part of the
soil, the right one is the mineral part.

Table 1. Modelled annual variants of the Wetland-DNDC sensitivity analysis for input interval
parameters of soils.

Parameter Parameter Values R? X NEE X CHy
112 0.60 2425 258

0.75 1225 0.67 2452 202

Thickness 05125 0.67 2502 119
03127 0.64 1663 46.5

01129 0.59 113 40.0

0.4 0.67 2476 117

0.95 0.67 2476 117

Hydrological conductivity 1.5 0.67 2476 117
2.05 0.67 2476 117

2.6 0.67 2477 117

0.46 0.66 1521 118

0.58 0.66 2127 118

Porosity 0.69 0.67 2502 119
0.81 0.67 2244 116

0.92 0.67 2749 117

0.2 0.67 2749 117

Wilting point 0.45 0.67 2749 117
0.7 0.67 2749 117

4130 0.67 2749.4 117

Layers 2115 0.65 1881 46.7
1115 0.58 81.2 40.6

They are characterized by almost constant simulation efficiency coefficients (T = 0.86
and R? = 0.59), the weak influence of the “Field capacity” parameter on annual CHy flux
and a stronger influence on annual NEE flux. The “Field capacity”-NEE relationship could
be approximated by a regression function [65], which allowed for the determination of the
maximum (optimum) value of Fieldmax = 0.75.
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Figure 11. Modelled daily variations of the Wetland-DNDC model NEE sensitivity analysis to the
“Field capacity” input parameter for Great Vasyugan Mire in 2019.
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It is important to note that sensitivity analysis revealed a strong effect of peat volumet-
ric density (in the range 0.10 to 1.38 g cm~3) on the GHG fluxes and soil humus leading
to occasional failure of the model. GHG emissions of the Wetland-DNDC model (using
annual fluxes of NEE and CHy, fluxes as examples) showed low sensitivity to changes in
input values of “Hydrological conductivity” (R? = 0.67), “Wilting point” (R? = 0.67) and
«Clay organic» (R? = 0.60). NEE and CH, emissions were more sensitive to the “Thickness”,
“Porosity” and “Layers”, whose optimum values were determined from the condition of
maximum R? and annual NEE.

An analysis of the sensitivity of the Wetland-DNDC model to changes in the range
of input parameters revealed insensitivity to sedge or grass layer parameters (R? = 0.52),
weak sensitivity to upper-story layer parameters (R = 0.23) and strong sensitivity to moss
layer parameters (R> = —0.63). We therefore focused on the correction of optimal moss
layer parameters, among which «Alpha» (range from 0.01 to 0.40) and “Max Psn” (range
from 5.85 to 17.2) were especially interesting (Table 2). The optimal values of “Alpha” and
“Max Psn” parameters are determined from the condition of maximum R? (0.63 and 0.59,
respectively). Note that, at optimal values of “Alpha” and “Max Psn” parameters, the
quality of moss layer model increased (R? = 0.41). A similar situation arises in the case of
the upper story: “Site fertility class” (in the range 1.4 to 2.7) with an optimum value of Site
opt =1.42857, determined by maximum R? = 0.50 and GHG emission; «Wood» (in the range
6545 to 81102) with optimum Woodopt =60,000 (by maximum R? = 0.57); insensitivity to
“Bud C” (in the range 50 to 950) and “Wood C” (in the range 1380 to 10,430). Note that with
optimal values of the «Site» and “Wood” parameters, the quality of the model increased
(R? =0.43).

Table 2. The modelled annual variants of the Wetland-DNDC sensitivity analysis to the moss layer
input parameters.

Parameter Parameter Values T R? X~ NEE X CHy
04 0.11 —0.16 2375 408
0.2 0.11 —0.10 2389 408
0.1 0.10 0.00 2415 408
0.05 0.09 0.18 2459 408
Alpha 0.02 0.08 0.50 2562 408
0.01 0.07 0.63 2683 408
0.005 0.11 0.22 2837 408
0.001 0.34 —4.09 3206 408
17.2 0.38 —28.0 1414 408
12 0.28 —10.3 1874 408
9 0.19 -3.16 2186 408
6 0.08 0.44 2543 408
Max Psn 5.85 0.08 0.50 2562 408
55 0.07 0.59 2608 408
5.0 0.07 0.59 2674 408
3 0.19 —1.11 2959 408
1 0.42 —6.13 3282 408

It should be noted that the effectiveness of the Wetland-DNDC simulation model
strongly varies across different regions of the world (Table 3). Nevertheless, the model
shows the highest efficiency in all regions (R?) for soil temperature, which largely deter-
mines the activity of biochemical processes in plants and soil microorganisms.

In the present case of the test site in the GVM during 2019, for CO; (plant + soil), the
Tale coefficient was T = 0.085 and the coefficient of determination was R? = 0.675. Therefore,
the Wetland-DNDC greenhouse gas emission simulation biogeochemical model adequately
reproduced the measured GHG fluxes and demonstrated a sufficient performance in the
western Siberian peatlands.
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Table 3. Effectiveness of the Wetland-DNDC simulation model.

Wetlands Coefficient of Determination

R2 =0.52 at N = 468 for groundwater level;
R2 =0.91 at N = 59 for soil temperature;

Wetlands in North America [37] R2 =0.76 at N = 214 for CH4 fluxes;
R2 =0.49 at N = 266 for NEE ecosystem net
productivity

R2 = 0.71 for groundwater level;
Wetlands in Florida [65] R2 =0.62 for CH4 fluxes;
R2 =0.75 for NEE

R2 =0.79-0.86 for GPP

Peat bog in Canada [66]

R2 = 0.86-0.87 for ecosystem respiration

Wetlands in northeastern and southwestern

2 _
China, Canada and the USA [67] R” =0.84 for CHy fluxes

R2 = 0.89 for soil temperature;
Alpine wetlands in Qinghai-Tibet Plateau R2 = 0.86 for ecosystem respiration;
[68,69] R2 = 0.81 for gross primary GPP;
R2 = 0.52 for NEE ecosystem net productivity

R2 = 0.66-0.88, for groundwater level;
R2 = 0.83 for soil temperature;
R2 =0.66 and E = 0.61 for soil CO, flux

Forest watershed (160 ha) in South Carolina,
USA, [70]

5. Conclusions

The vast Western Siberian wetlands exhibiting a major impact on the global carbon
cycle and climate change. However, for assessing the greenhouse gas balance of the area
of about 1 million km?, it is important to take into account the spatial heterogeneity of
landscapes. Direct point measurements of greenhouse gas fluxes in bog ecosystems do
not provide sufficient spatial and quantitative coverage for quantifying emissions from
a large bog territory. Therefore, a model was used that allows, based on remote sensing
data, to estimate greenhouse gas fluxes in different compartments of wetland ecosystems.
For this, we chose a typical area of the Great Vasyugan Mire in western Siberia, and we
tested the Wetland-DNDC simulation biogeochemical model to calculate greenhouse gas
fluxes from the terrestrial ecosystems. We demonstrate adequate efficiency of the model
(Nash-Sutcliffe coefficient of 0.675 and Tale coefficient of 0.085), which is comparable with
that reported in other wetlands of the world.

An analysis of the sensitivity of the Wetland-DNDC model to the input factors revealed
low sensitivity of CO, fluxes to the sedge or grass layer, weak sensitivity to the upper tree
layer, but high sensitivity to the moss layer. The model is also highly sensitive to the bulk
density parameter. Field water capacity has a weak influence on annual CHy4 flux and a
stronger influence of on annual NEE. In addition, the low sensitivity of annual NEE and
CHy fluxes to changes in such input parameters as “Hydroconductivity”, “Wilting Point”
and “Clay Organics”. The NEE and CH,4 emissions in the model are more sensitive to
changes in the input values of “Thickness”, “Porosity”, and “Layers”. These results are
generally consistent with the structure and functioning of bog ecosystems, as established in
previous works on the Western Siberian wetlands.

It is important that the model is well suited to the conditions of bog/mire ecosystems
and allows us to consider the impact of hydrothermal factors (temperature, precipitation,
groundwater level) on the greenhouse gas fluxes from the land surface. The results obtained
make it possible to better define research priorities when collecting primary data in the
field. This should allow for further application of this model for the whole western Siberian
territory based on remote sensing data.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13122053/s1, Table S1: Input parameters of the Wetland-
DNDC model and their values for the Great Vasyugan Mire.
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Abbreviations

GVM Great Vasyugan Mire

NEE net ecosystem exchange

NEP net ecosystem production

NPP net primary production

GPP gross primary production

GrossPsn  gross photosynthesis of ground vegetation (groundcover)
RM microbial respiration

RA autotrophic respiration

RA +RM  ecosystem respiration (autotrophic and soil) with a positive sign indicating
the direction of flux from the ecosystem to the atmosphere

FAR photosynthetically active radiation

RA +RM  ecosystem respiration (autotrophic and soil) with a positive sign indicating
the direction of flux from the ecosystem to the atmosphere

GrossPsn  gross photosynthesis of ground vegetation

WTL groundwater level
Amax maximum photosynthetic rate
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