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The use of unmanned aerial vehicles for detailed mapping of ecosystems has become increasingly important in re-
cent years. As one of the main terrestrial carbon reserves, peatland ecosystems are of the great interest in obtaining
highly detailed orthophotoplans. At the same time, there is a lack of publications devoted to the total carbon dioxide
fluxes in each type of bog microforms. This paper presents the results of our study, which aimed to develop methods
for mapping peatland microlandscapes and for estimation of integral carbon dioxide fluxes between the peatland
surface and the atmosphere. Based on a highly detailed orthophotoplan compiled using unmanned aerial vehicles,
we assessed the areas of major microform groups (swamps, hollows, and ridges) in a bog located in the Central
Forest State Nature Biosphere Reserve (European Russia). The classification accuracy ranged from 79% to 93%.
The areas of ridges, hollows, and swamps were 0.16 km?, 0.32 km?, and 0.12 km?, respectively. To make an integral
estimation of carbon dioxide fluxes, we used earlier data on carbon dioxide emissions (ecosystem respiration),
uptake (gross ecosystem exchange), and balance (net ecosystem exchange) measured by soil chamber method on
representative experimental plots of respective microform types. After recalculating fluxes to areas of microforms,
the integral values for different classes in the summer seasons of 2014, 2016 and 2017 were 15-91 kg CO, x h'!
for ecosystem respiration, 21-190 kg CO, x h' for gross ecosystem exchange, and from -122 kg CO, x h' to
41 kg CO, x h!' for net ecosystem exchange. The results of the study confirmed that highly detailed orthophoto-
plans, obtained with the use of unmanned aerial vehicles, make it possible to distinguish the boundaries of such bog
microforms as swamps, hollows and ridges with a high accuracy, despite the presence of some errors in the clas-
sification. The study of the structural and functional organisation of the bog should be carried out with considering
its seasonal and interannual dynamics as well as all microform types.
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Introduction

Various peatland types, including the shal-
low peat soils, cover more than 3.46 x 10° km? of
North American and the Eurasian taiga and sub-
arctic zones and store 270-370 x 10" g carbon.
This is about 30% of the total carbon store in soils
of the world (Joosten & Clark, 2002). Peatlands
are the only terrestrial ecosystem to accumulate
carbon in peat deposits on a geological time scale.
Also, they are complex dynamic systems both in
time and space, and therefore traditionally, when
studying their functional properties based on an
integral landscape classification, spatial heteroge-
neity of all peatland components has been taken
into account (Masing, 1974; Wieder & Vitt, 2006).
The spatial structure of mire landscapes as well as
species composition and quantitative characteris-
tics of the vegetation cover have changed consider-
ably, even within a few decades (Bogdanovskaya-
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Gienef, 1969; Johansson et al., 2006), under the
influence of natural and human-induced processes.
Changes in the structural peatland characteristics,
such as the area and canopy density of forested
tracts, surface slope, and microtopography, also
lead to changes in their functional characteristics,
namely rewetting or drainage, increased rates of
peat accumulation or mineralisation in some parts
of the peatland (Minayeva & Sirin, 2012), and, ac-
cordingly, associated biogeochemical processes
(McPartland et al., 2019).

In recent years, biogeochemical processes in
terrestrial ecosystems have been discussed in the
context of climate regulation functions due to the
pressing challenge of global climate change. In
that context, wetland ecosystems act as sinks or
sources of greenhouse gases, with carbon diox-
ide being one of the most important ones (IPCC,
2014; Zamolodchikov et al., 2017). Evidence of a
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declining trend in ground water levels throughout
Europe has been published (Swindles et al., 2019).
Changes in the area ratio of greenhouse gas sourc-
es and sinks in the course of human transformation
of natural ecosystems is the basis for national re-
porting on climate (IPCC, 2014), in particular for
the indicators of «nationally defined contributions
(NDCs)» under the Paris Agreement (Anisha et el.,
2020). For this purpose, it is essential to develop a
system of indicators to characterise greenhouse gas
fluxes based on structural and functional character-
istics of the ecosystems (Kurbatova et al., 2009).
With the assessment of the structural and func-
tional organisation of terrestrial ecosystems being
an overarching priority, the scientific community
needs to optimise existing research methods and
create new ones based on the integration of direct
experimental observations, remote sensing data,
and modelling (Puzachenko et al., 2014).

Two main methods presently used to experi-
mentally assess CO, fluxes between the atmo-
sphere and the peatland surface are eddy cova-
riance (EC) and chamber measurements. The
EC method provides direct assessments of the
CO, balance at a spatial averaging level compa-
rable to the size of the studied ecosystem. The
EC method has been widely used worldwide
(Lund et al., 2010; Zeng et al., 2020), but only
in isolated instances in Russia (Zamolodchikov
et al., 2011; Miglovets et al., 2014; Krivenok
et al., 2019). Contrastingly, the bulk of experi-
mental data on CO, fluxes, including peatlands,
has been obtained using the chamber method
that allows measuring CO, fluxes at microform
level (Glagolev, 2010; Mikhaylov et al., 2011;
Golovatskaya & Dyukarev, 2012; Molchanov &
Olchev, 2016; Volkova et al., 2017; Bond-Lam-
berty & Thomson, 2018). To assess integration
fluxes for the whole peatland (or its components)
using the chamber measurements, one needs to
know the spatial structure of the peatland and its
seasonal and annual dynamics.

The development of remote sensing methods
using unmanned aerial vehicles (UAVs) provides
new opportunities for environmental research in
various fields. However, the use of UAVs for study-
ing biogeochemical processes is currently still very
limited (Alexander & Harvey, 2014; Lehmann et
al., 2016; Arroyo-Mora et al., 2018). At the same
time, remote sensing from a UAV provides infor-
mation on the structural organisation of peatland
that can be used to assess the functioning of the
mire ecosystem as a whole.
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The purpose of this study was to obtain inte-
grated estimates of CO, fluxes for a bog, using data
from long-term observations of CO, fluxes at the
microtopography level and the results of remote im-
age analyses of the bog using UAVs. This research
is focused on the development of understanding
of the structural and functional organisation of the
southern taiga ecosystems, using modern experi-
mental methods of environmental studies.

Material and Methods

Site description

This research was a part of the South Val-
dai Ecological Observatory «Okovsky Foresty
(SVEO) integrated program of the A.N. Severtsov
Institute of Ecology and Evolution of RAS, located
in the Central Forest State Nature Biosphere Re-
serve (CFR) in Tver Region (European Russia).
The CFR’s ecosystems are objects of long-term
monitoring of biogeochemical and biogeophysical
processes based on integrated studies of various
spatial and temporal resolutions (Kurbatova et al.,
2009; Novenko et al., 2009).

The experimental studies were carried out
on the bog Staroselsky Mokh (Fig. 1). The bog
is located in the southeast part of the Valdai Hills
within the boundaries of the CFR’s buffer zone
(56.47° N, 33.04° W).

Fig. 1. Location of the study area (right panel), and satellite
image of the peat bog. Red line indicates borders of the ridge-
hollow complex; black point in the centre shows the location
of CO, measurements.
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Nosova (2009) and Novenko (2011) dated the
age of near-bottom peat deposits by means of the “C
isotope analysis at some sampling spots. The age var-
ied from 6500 to 9000 years ago (BP), which marks
the beginning of the peatland formation in the boreal
stage of the Holocene. Throughout this period, the
microlandscapes of the mire developed from the eu-
trophic to mesotrophic and then oligotrophic stages.
The study area was formed as a separate peatland and
later merged with other tracts of the peatland. It has
been in steady dynamics over the last 2000 years.

The bog Staroselsky Mokh covers an area of
6.17 km?. The mean peat depth is 3.2 m (maximum
5.5 m). The ground water level (GWL) varies from
10 cm above to 60 cm below the surface. The vegeta-
tion cover of the peatland is typical for bogs in the
southern taiga subzone. The object of this study was
ridge-hollow complexes (RHC) located on the gentle
slopes of the southern domed part of the bog, which
are drained to varying degrees.

According to the accepted mire vegetation zon-
ing system (Safronova & Yurkovskaya, 2015), the
study area is located in the southern taiga subzone,
while the peatland type (Yurkovskaya, 1992) belongs
to the category of Eastern European Sphagnum bogs
that dominate much in European Russia (Sirin et al.,
2014, 2017). The most comprehensive vegetation
descriptions and geobotanical mapping of the bog
were made by Minayeva with colleagues (Botch &
Minayeva, 1991; Minayeva et al., 2007). We divided
25 plant associations to 12 association complexes
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Fig. 2. Examples of dominant bog microforms (16.08.2019). Designations: 1 — swamps, 2 — hollows, 3 — ridges.
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within microlandscape borders based on over 300
geobotanical descriptions. RHC included typical
sparsely forested ridges of Ledo-Sphagnetum fusci
Du-Ruetz, 1921 and hollows with communities of
Rhynchosporion albae Koch, 1926. At the bottom of
the slopes, some hollows have large degraded patches
as a result of rapid hydrology changes and freezing-
thawing processes that have formed mud bottom
flarks, called by some authors «rimpi» (Joosten et al.,
2017). They are completely devoid of vegetation or
have sparse stands dominated by Sphagnum cuspi-
datum Ehrh. ex Hoffm. and Odontoschisma fluitans
(Nees) L.Soderstr. & Vana.

In this study, all microform types found in the
ridge-hollow complex were combined into three
main classes (Fig. 2). The class «swamps» included
ponds, periodically flooded flarks with a continuous
Sphagnum cover, and degraded mud bottom flarks
with virtually no vegetation. The class «hollows»
contained generally accepted microform types, such
as hollows with no open water and lawns. The class
of «ridges» consisted of flat ridges, high ridges, and
hummocks. Periodically flooded hollows were well
distinguished from permanently flooded ones in the
analysis of seasonal GWL dynamics, as well as visu-
ally in the landscape when comparing images from
different periods. Dominant plant species of each mi-
croform type are shown in Table 1. Scientific names
of vascular plants and mosses are used according to
POWO  (http://www.plantsoftheworldonline.org/)
and Hodgetts et al. (2020), respectively.
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Table 1. Dominant plant species of microform types in the study area

Drosera anglica Huds., Eviophorum
vaginatum L.

Microform Herbaceous plants Shrubs Mosses
Chamaedaphne calyculata (L.) . .
Ridges and  |Drosera rotundifolia L., Rhynchospora |Moench, Andromeda polifolia L., Sp hagn.umf uscum (Schlmp.). H..Klmggr.,
. . S. medium Limpr., S. angustifolium
hummocks |alba (L.) Vahl, Eriophorum vaginatum L.|Rhododendron tomentosum Har-
. L (C.E.O. Jensen ex Russow) C.E.O. Jensen
maja, Vaccinium oxycoccos L.
Scheuchzeria palustris L., Rhyncho- Sphagnum fallax (H. Klinggr.) H. Klinggr., S.
spora alba (L.) Vahl, Carex limosa L., majus (Russow) C.E.O. Jensen, S. cuspida-
Hollows P - Y P

tum Ehrh. ex Hoffm., S. balticum (Russow)
C.E.O. Jensen

Swamps Rhynchospora alba (L.) Vahl

S. cuspidatum Ehrh. ex Hoftm., Odontoschisma
- fluitans (Nees) L. Soderstr. & Vana, Gymno-
colea inflata (Huds.) Dumort.

UAS Platform and Sensor Technique

We photographed the ridge-hollow complex
on 27.07.2019 at 100 m above the surface with
continuous cloud cover to ensure uniform shad-
owless lighting of the entire orthophotoplan. We
used a Mavic 2 Pro (DJI, China) UAV equipped
with the built-in L1D-20c 20-megapixel cam-
era (Hasselblad, Sweden) mounted on a 3-axis
suspension. The camera includes 1-inch sen-
sor (13.2 x 8.8 mm), which allows one shooting
frames of 5472 x 3648 pixels, and a lens with a
focal length of 28 mm and a viewing angle of 77°.
The exposure time was set automatically from
1/120 to 1/320 at a constant F7.1 aperture and a
light sensitivity of 400 ISO. The flight plan was
made in the program Drone Harmony (Switzer-
land) with a front and side overlap of 70% and
a flight speed of 8 m/s. The UAV was equipped
with a built-in GPS/GLONASS system with an
average positioning accuracy of £ 0.3 m.

Data processing and classification

A total of 731 images with 2.4 cm/pixel reso-
lution were obtained. Each image included geolo-
cation data at the central point (latitude, longitude
and altitude in WGS84 geodetic system). All im-
ages were recorded in DNG format and further
processed in Adobe Lightroom 8.3 (Adobe Inc.,
USA), which included the bringing to standard
brightness and contrast. An orthophotoplan mo-
saic (Fig. 3a, Fig. 4a) was composed of georefer-
enced images in Agisoft Photoscan Professional
1.4.5 (Agisoft LLC, Russia).

The boundaries of microform classes based
on the orthophotoplan were delineated in ArcMap
10.6.1 (ESRI Inc., USA). The classification pro-
cedure consisted of the following steps:

1) Establishment of 100 supervision poly-
gons for each of the three classes (ridges, hol-
lows, swamps).

2) Classification using the «Maximum Likeli-
hood Classification» tool that calculates the odds
for a cell to belong to one of the classes based on
the calculated mean value vector and covariance
matrix (Fig. 3b).

3) Application of 50 cycles of the «Majority
Filter» tool to remove small artifacts by replac-
ing raster image cells based on the value of most
adjacent cells.

4) Re-scale of each pixel by four times to fa-
cilitate raster image translation into vector. The
resulting class map is very detailed, and accuracy
of boundaries between classes remains high.

5) Raster vectorisation: 270 000 polygons
were obtained.

6) Using the «Eliminate» tool to remove too
small polygons.

7) Smoothing the polygon corners and mak-
ing the microform edges as close to the natural
ones as possible with Smooth polygon (Fig. 3c,
Fig. 4b).

A layer with 501 check points (167 points per
class), evenly distributed over the study area, was
created to check the classification accuracy. The
classes of points were automatically defined in
one of the fields and the true classes were manual-
ly recorded in the other field. Then, the «Compute
Confusion Matrix» tool was used to determine the
percentage of correspondence of these two fields
for each class. The confusion matrix (Table 2)
shows vertically the number of points assigned
to a particular class from all points in each class.
For example, out of 167 points assigned by the
algorithm to swamps, 138 points turned out to be
real swamps, 21 hollows, and eight ridges and
hummocks. Producer’s accuracy (%) is the ratio
between correctly classified objects and reference
samples within a class. User’s accuracy (%) is the
ratio between correctly classified objects and the
total number of samples assigned to a class.
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Fig. 3. An orthophotoplan section (A) compared with the ﬁnai classification before (B) and after noise filtration (C), with
swamps in blue, hollows are marked in yellow, and ridges in red.

Fig. 4. Ridge-hollow complex on the orthophotoplan (A) and classified map (B). Designations: red — ridges, yellow — hollows,
blue — swamps.

Table 2. Confusion matrix and accuracy results of classification and class areas

Microforms | Ridges and hummocks Hollows Swamps | Producer’s accuracy, % | User’s accuracy, % | Area, km? | % from total area
Ridges and 145 21 8 8 87 0.16 27
Hollows 17 141 21 79 84 0.32 53
Swamps 5 5 138 93 83 0.12 20
Total 167 167 167 85 85 0.60 100

The final microform classification maps are (20%) were swamps. The area under buildings
presented in Fig. 4b. Semi-automatic object-ori- and wooden plank roads was 0.01 km?.
ented supervised classification and subsequent
noise filtration showed an overall accuracy level CO, flux measurements
of 85%, while the concordance coefficient of au- The measurement technique is described in
tomatic and manual checking was 0.77. The mi- detail in Ivanov et al. (2017). CO, fluxes between
croforms of flooded swamps (93%) were the most  the peatland surface and the atmosphere were
successfully distinguished, as they had higher co- measured using soil chambers in the central part
lour contrast. The classification of ridges (83%) of the ridge-hollow complex, where representative
and hollows (79%) was less accurate, because the microform types, including ridges, hollows and
two classes had relatively similar colour charac- swamps, were selected (Fig. 5SA,B,C).
teristics (Table 2). Classification errors mainly Observations were made during four summer
occurred at smooth boundaries and transitions seasons (June — August) in 2014-2017. Compared to
between microforms, and, in our opinion, had lit- mean long-term data from the weather station «Forest
tle effect on the final area estimation. According Reservey, located 5 km from the measurement spots,
to the obtained estimates, the area of the ridge- the summer periods 2014 and 2016 can be character-
hollow complex was 0.6 km?, of which 0.16 km?* ised as hot with moisture content close to the long-
(27%) were covered with hummocks and ridg- term mean, 2015 as hot and dry, 2017 and 2019 as
es, 0.32 km? (53%) were hollows, and 0.12 km? warm with moisture content above average.
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Fig. 5. Selected microforms for closed chamber flux measurements. Designations: A — Rhynchospora swamp, B — Sphagnum

fallax hollow, C — Sphagnum magellanicum ridge, D — chamber with gas analyser.

CO, fluxes were measured using transpar-
ent cylindrical soil chambers made of plexi-
glass (Fig. 5D). The chambers were 16 cm high
and 19 cm in diameter. They were mounted on
cylindrical bases, cut to 15 cm into the soil.
We made five repetitions on ridges, three rep-
etitions on hollows, and two repetitions on
swamps. The small number of repetitions on
the swamps and hollows were due to the fact
that these were considered one class during the
CO, flux measurements and separated only lat-
er. The chamber was covered with a lightproof
cover to measure CO, emissions (R — ecosys-
tem respiration), and the cover was removed to
measure CO, balance (NEE — net ecosystem ex-
change). Carbon dioxide uptake (GEE — gross
ecosystem exchange) during photosynthesis
was calculated as a difference between R and
NEE (Luus & Lin, 2017). CO, concentration
inside the chamber was measured with the fre-
quency of 1 Hz on Li-820 infrared gas analyser
(Li-Cor Inc., USA). Exposure times were 180—
220 sec. The flux was calculated on the basis of
exponential function in TableCurve 2D (Systat
Software Inc., USA). Negative NEE values cor-
respond to the prevalence of CO, absorption by
ecosystem, while positive values to the preva-
lence of CO, emission to atmosphere.

Integral CO, fluxes were calculated as:

F;c:F XSC’

ave

where, F,_—integral flux (R, GEE, NEE) for
the microform class (kg CO, x h'"), F_— aver-
age flux value for a class over the summer pe-
riod (mg CO, x m? x h'), S_— class area (km?).

The ground water level was measured in
plastic tubes 1.5 m long and 2 cm in diameter,
perforated along the entire length. The tubes
were constantly placed in the peat for three rep-
etitions near each microform type. The water
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level was determined by a hose with a rubber
bulb at the end, with which the air was pumped.
The hose was immersed into the tube until bub-
bles appeared in the water. Then the length of
the removed hose was measured.

Results

CO, fluxes at the ridge-hollow complex
differed greatly, between years as well as be-
tween microform classes. The dynamics as well
as spatial and temporal variability of the CO,
fluxes for 20142015 are described in detail in
Ivanov et al. (2017), where fluxes on ridges and
hollows were combined under one microform
type. Here is general information on CO, fluxes
during 2014-2017 (Fig. 6).

The highest CO, emissions in all the sum-
mer periods were observed on the ridges, while
they were 30-70% lower in the hollows and
swamps which, in general, did not differ from
each other. When comparing summer seasons,
the years 2014-2016 with normal and insuf-
ficient moisturising had similar emission val-
ues, with mean emissions measuring 482—548
mg CO, x m? x h"' on ridges and 186-362 mg
CO, x m? x h' in swamps and hollows. The
wet summer of 2017 was considerably dif-
ferent from the other observation years. This
year CO, emissions were 2-3 times lower
than in the previous years and measured 254
mg CO, x m? x h' on ridges and 92-122 mg
CO, x m? x h'' in swamps. The CO, absorp-
tion during photosynthesis in 2014-2015 was
approximately the same in all microform class-
es (308-391 mg CO, x m? x h'). In 2016, the
absorption of CO, during photosynthesis was
the greatest for all microforms and varied from
439 mg CO, x m? x h' in the swamps to 680
mg CO, x m? x h' on the ridges. In 2017, the
lowest average GEE values for all years were
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observed in the swamps and hollows (202 mg
CO, x m? x h' and 311 mg CO, x m? x h'', re-
spectively), while the absorption on the ridges
was close to the values of 2016, i.e. 659 mg
CO, x m? x h'. In 2014-2015, the CO, bal-
ance in swamps and hollows was close to
zero (from -72 mg CO, x m™ x h'! to 28 mg
CO, xm™ x h"), and above zero on ridges (167—
312 mg CO, x m? x h'). In other years, the bal-
ance for all microforms was negative, i.e. CO,
deposition prevailed over emission, with the
maximum negative values noted in hollows and
swamps in 2016, and on ridges in 2017. Based
on the presented results, the ridge-hollow com-
plex can be characterised as a CO, sink.
According to the data from hydrological
observations carried out under the CFR’s long-
term stationary observation programs, the wa-
ter level in hollows in the central part of the
RHC varied during the summers of 2014-2019
from 5-10 cm above to 20-30 cm below the
surface (Fig. 7). The lowest level was noted in
the dry year 2015, when the water in the hol-
lows dropped to 4-20 cm below the surface, and
in the second half of 2014 when GWL dropped
to 18 cm below the surface. In 2016 and 2019,
the water level was similar and measured 2—-10
cm below the surface. In 2017, due to abun-
dant precipitation, the GWL throughout most of
the summer was above the surface (from -0.5
cm to 4.0 cm). Large differences in the depth
of ground waters lead to a considerable dis-
parity in the ratio of areas of ridges, hollows
and swamps during the summer. In addition,
variation in water level in the peat undoubt-
edly affects the depth of aerated peat layer as
the main source of CO,, as well as the activity

of CO, uptake by plants. Therefore, to estimate
the CO, fluxes per unit area, we took a narrow
range of ground water levels in hollows in the
central part of the CFR measured on the day
of orthophotoplan survey (+ 1 day), which var-
ied from 0 cm to 2 cm below the surface. The
corresponding dates of CO, flux measurements
in previous years were selected for this range:
21.06.2014,25.06.2014,03.07.2014,21.06.2016,
22.07.2016, 28.07.2016, 05.08.2016, 24.08
2016, 04.06.2017, 21.06.2017, and 15.08 2017.
The selected days with this range of ground
water levels differed considerably in soil and
air temperatures. In 2014, it was quite cool and,
at the GWL from -1 cm to 1 cm, the soil temper-
ature was 14.6 = 0.5°C, and the air temperature
was 18.4 +1.8°C. In 2016, there were the warm-
est days with a soil temperature of 19.1 + 1.1°C
and an air temperature of 26.2 = 3.3°C. In 2017,
the days differed considerably in temperature
conditions. The spread of soil temperatures
was 11°C and air temperatures 13°C, with
mean values close to those registered in 2014
(14.8 £ 4.0°C and 16.6 + 4.4°C, respectively).
These temperature variations resulted in a con-
siderable difference in CO, fluxes for individ-
ual dates as well as between the years. Fig. 8
shows mean relative values of carbon dioxide
fluxes (mg CO, x m™ x h'') for all the selected
dates. Due to differing temperature conditions,
standard deviations fluctuate between 50% and
300%, especially for the CO, balance. Howev-
er, generally, the highest emission and uptake
values were observed on the ridges, and the
lowest in the swamps. A negative CO, balance
(i.e. the predominance of absorption over emis-
sion) was observed mostly in the hollows.
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Having re-calculated relative values of fluxes
separately for each year and microform area (in
km?), the ratio of CO, emission, uptake, and bal-
ance on ridges, in hollows and in swamps changed
(Fig. 9). Differences in emissions between summer
seasons corresponded to those in air and soil tem-
peratures. In the relatively cold years of 2014 and
2017, on average 15 kg CO, x h™' were released in
the swamps, 25-39 kg CO, x h' in the hollows, and
38-51 kg CO, x h"' on the ridges. At the same time
in 2016, the emissions amounted to 91 kg CO, x h'!
on the ridges, 78 kg CO, x h" in the hollows, and
virtually did not change in the swamps. In 2014,
GEE in all microform classes were lower than in

other years, ranging from 22 kg CO, x h'' in the
swamps to 58 kg CO, x h™' on the ridges. In 2016,
the uptake in the hollows was 40% higher than
on the ridges (190 kg CO, x h), despite the fact
that the relative GEE values on the ridges were
higher. The highest GEE values compared with
the other years were also observed in the swamps
(52 kg CO, x h"). In 2017, with pronounced tem-
perature fluctuations, the uptake was at an average
level compared to other years and varied from 21
kg CO, x h'" in the swamps to 90 kg CO, x h™' on
the ridges. A positive CO, balance was only ob-
served on the ridges in 2014 (41 kg CO, x h').
Moreover, NEE values in the hollows and swamps
(-35kg CO, x h"and -8 kg CO, x h™', respectively)
were at the lowest negative range the same year.
The highest negative balance was registered in the
hollows in 2016 (-122 kg CO, x h') and on the
ridges in 2017 (-52 kg CO, x h™).

Integral CO, fluxes from the entire ridge-
hollow complex also varied considerably be-
tween years. The highest CO, fluxes in ab-
solute values were recorded in 2016 (R: 189
kg CO, x h', GEE: 355 kg CO, x h'!, NEE: 188
kg CO, x h'"). In turn, the lowest values in abso-
lute values for NEE (-2 kg CO, x h'") and GEE
(132 kg CO, x h'') were obtained in 2014, and
for R (78 kg CO, x h'") in 2017.
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Fig. 9. Average (+ SD) CO, emission (R), uptake (GEE) and balance (NEE) for summer seasons of 2014, 2016 and 2017 re-

calculated to area (km?) for each microform type.

Discussion

Studies of CO, fluxes in bogs in European Russia
are rather scarce in comparison with those in Asian
Russia, Central and Western Europe, Canada and
Alaska (Glagolev, 2010). Many studies estimated
the spread of soil emission values during the grow-
ing season in the range of 60-950 mg CO, x m? x h'!
(Smagin et al., 2000; Kurets et al., 2007; Glukhova
et al., 2013; Molchanov, 2015), depending on mi-
croform types, weather conditions, as well as mea-
surement and calculation methods. Average CO,
balance values are from -460 mg CO, x m™ x h'' to
970 mg CO, x m* x h'" (Miglovets et al., 2014).
In general, the data we obtained are consistent with
other studies despite they show slightly higher val-
ues in CO, emissions than in most studies.

Many studies also confirm the spatial heteroge-
neity of CO, fluxes following the spatial variation of
environmental factors, primarily the wetland level.
According to various studies (Danev¢ic et al., 2010;
Rahman et al., 2017), there is a well-defined seasonal
and long-term dynamics of the ground water level in
the peatlands, which is also confirmed by our data
(Fig. 7). In our study similarly to a number of other
studies (Minayeva et al., 2003; Tatarinov et al., 2003;
Kurbatova et al., 2004; Strack et al., 2006; Golovats-
kaya & Dyukarev, 2012; Urbanova et al., 2012; Mol-
chanov, 2015; Dyukarev et al., 2019), a connection
between CO, flux values and the ground water level,
temperature of surface peat layers and the species
composition of plants was noted, and a considerable
difference between these parameters at the level of
microforms was shown (Fig. 6, Fig. 9). This indicates
the importance of microform mapping and their area
estimation. A more detailed discussion of these de-
pendencies was presented in Ivanov et al. (2017).

Previously, multispectral satellite images with
resolution from 2 m to 30 m were actively used

for mire classification (Adam et al., 2010; Sirin et
al., 2014; Terentieva et al., 2016). At the moment,
only satellite images with a resolution of 10-30 m
are freely available. However, it does not allow us
to take into account the areas of individual micro-
forms, which are usually less than this resolution.
This leads to an underestimation of the per unit area
assessments of the mire’s structural components and
allows working only at the level of facies or micro-
landscapes (e.g. a ridge-hollow complex) or expan-
sive homogeneous microforms (e.g. a forested bog).

Due to the high spatial variability of CO, fluxes,
evaluating the contribution of individual microforms
to the total CO, flux, requires not only long-term flux
measurements, but also analysis of the mire struc-
ture. Thus, the quality of any study comparing dif-
ferent scales (e.g. individual microforms vs. associa-
tion complexes) depends on the basemap quality. We
used the maximum likelihood method to classify mi-
croforms based on a high resolution orthophotoplan
obtained by means of a UAV equipped with an RGB
camera. This resulted in an overall high accuracy, es-
pecially for swamps. The accuracy of our estimates
(79-93%) 1s comparable to Becker (2008) who was
one of the first applying highly detailed imaging of
oligotrophic low-sedge pine fen in Finland using an
airship and digital camera for classification of mire
microforms. He also applied a maximum likelihood
classification in ArcGIS with the final accuracy of
84%. Knoth et al. (2013) achieved an accuracy of
91% on a restored bog in Germany using a UAV
equipped with a NIR camera, and the same classifica-
tion method. Lovitt et al. (2018) used the pixel-based
density slicing approach to classify hummocks, hol-
lows and trees obtaining an average accuracy of 84%.

Peatlands are characterised by a wide variety of
microforms (Mercer & Westbrook, 2016; Korpela et
al., 2020), which indicates the need to analyse their
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spatial structure when assessing greenhouse gas fluxes
by various methods. The ground water level largely
determines the ratio of microform areas (Strack et
al., 2006; Rahman et al., 2017; Graham et al., 2020).
Therefore, when analysing the microtopography of the
swamp, it is necessary to take into account the seasonal
dynamics of precipitation and the hydrological condi-
tions of the swamp.

Conclusions

The CO, exchange between bog ecosystems and
the atmosphere is determined by a set of factors, both
abiotic and biotic. Seasonal and inter-annual variabil-
ity of temperature and humidity leads to changes in
the water content of bogs, and as a consequence, to
changes in the CO, balance between the bog surface
and the atmosphere. This study has confirmed that
highly detailed orthophotoplans obtained by means
of UAVs can be used to identify the boundaries of
bog microforms, such as swamps, hollows and ridg-
es, with rather a high accuracy, despite the presence
of some classification errors. The information on the
microform areas in combination with the data from
experimental observations of CO, fluxes on represen-
tative experimental plots lets us approach the assess-
ment of integral CO, fluxes for the bog as a whole.
The integral flux assessment should be carried out
with provision for temporal dynamics of the struc-
tural and functional organisation of the bog, which
requires simultaneous observations of seasonal and
inter-annual variability in the ratio between the bog
microforms and CO, fluxes.

The CO, fluxes we obtained and calculated for
the unit of microform area are mere estimations. Mea-
surements of CO, fluxes and orthophotoplan imag-
ing performed in various years under diverse hydro-
thermal conditions, as well as combining individual
microform types differing in terms of water regime,
vegetation composition, and position in nano-relief
(ponds, swamps, mud bottom flarks, flooded hollows,
lawns, ridges, hummocks) into three classes, do not
let us fully estimate the total fluxes per unit area for
each summer period. Some inaccurate boundaries and
microforms assigned to a wrong class still pop up here
and there during classification. To further improve ac-
curacy and minimise errors, a high-resolution digital
surface model should be integrated into the classifi-
cation process, which can also be obtained using this
UAV model. Application of tools to remove noise and
artifacts not exceeding 0.5 m? and smooth microform
borders also has its disadvantages, because, in addi-
tion to noise, some real small-size microforms, pri-
marily ridges and swamps, can be assigned to a wrong
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class, which would lead to underestimation of their
contributions to the total CO, flux. In order to further
assess contributions of peatland ecosystems and mi-
croforms to the total carbon flux, we plan to expand
the research of CO, fluxes to other parts of the bog
Staroselsky Mokh, elaborate microform types, iden-
tify their boundaries and dynamics during several sea-
sons, keeping in mind the changes of vegetation and
ground water levels using a highly detailed orthopho-
toplan and digital surface model.
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Byapos yrnepoza. [Ipu 5ToM 10BONIBHO Mano pabotr oTpaxkaeT cymMmapHbie oToku CO, ¢ IIIOmamn Kaxaoro
Tumna 0010THBIX MUKpodopM. B Hamie#t paboTe mpeacTaBiIeHbl pe3y/IbTaTbl HCCICIOBAHNUS, HAIPABICHHOIO Ha
pa3sBUTHE METONI0B KapTorpagupoBanus 60JI0THBIX MUKPOJIAHAIIA(TOB U OLEHKH HHTErpaibHbIX noTokos CO,
MEXy MOBEPXHOCTHIO OosioTa u armocepoid. Ha ocHOBe BbICOKOETAILHOTO OPTO(OTOILIaHA, TIOJIYYEHHOTO C
ucnonb3oBaHueM BITJIA Obl1a BHIMOJHEHA OIIEHKA IUIOMIAd OCHOBHBIX IPYIIT MUKPO(QOPM (TOIH, MOYaXKHHBI,
IPsZbl) BEPXOBOrO 0OJIOTA, PACIONOKEHHOrO Ha Tepputopuu lleHTpanbHO-JIeCHOro rocyIapCTBEHHOTO MPH-
poasoro 6uocheproro 3amoseanuka (EBporneiickast yacts Poccun). TouHOCTh KiTacCH(HUKAIIMKA COCTABUIIA OT
79% 1o 93%. Ilnomanps rpsa, Moyakus u torei coctaBmwin 0.16 km?, 0.32 km? u 0.12 KM?, COOTBETCTBEHHO.
Jlns uHTerpanbHol oneHku motokos CO, ObUIM MCTIONB30BAHBI MPOBEICHHBIE PaHee u3MepeHus smuccun (R),
nenonuposanus (GEE) u 6ananca (NEE) CO, MeT0/10M 110YBEHHBIX KAMED HA PENPE3EHTATUBHBIX KCIIEPUMEH-
TaJbHBIX IUIOIIAKAX, COOTBETCTBYIOIIMX TUIIaM MUKpodopm. [Tocie mepecyera MOTOKOB Ha IUIOIIAAA MUKPO-
(dbopM, HHTETrpalibHbIC 3HAUCHHSI IJIsI PA3JIMUHBIX KIacCOB 3a jeTHue ce3oubl 2014, 2016 u 2017 rr. cocraBmin
15-91 xkr CO, x w' g R, 21-190 xr CO, x y! g GEE u or -122 kr CO, x g 10 41 xr CO, x g g NEE.
Pe3ysbTarhl IPOBEICHHOTO UCCIICIOBAHUS [TOATBEPIMIIN, YTO UCIIOIb30BaHUE BRICOKOCTAIBHBIX OpTO(OTOILIA-
HOB, TIOJYYEHHBIX ¢ MOMOIbI0 BITJIA TO3BOMSET C JOBOIBHO BHICOKOH TOYHOCTHIO BBIICTUTH TPAHUIIBI TAKUX
MHUKPO(HOpPM BEPXOBOTO 00JIOTA KaK TOMH, MOYAKUHBI U TPS/Ibl, HECMOTPSI HA HAJMYHUE HEKOTOPBIX OIIMOOK B
kinaccuukamuu. OOHAPYKEHO, YTO B OTIACIBHBIX CIIyYasX MHKPOJAHIIIA()THI ¢ HU3KMMHU OTHOCHTEIbHBIMU
3HAYCHHUSIMH TIOTOKOB, HO OOJIBIION IUIONIAIBI0 OXBAaTa SIBJISIOTCS JOMHUHAHTAMH IPU UHTETPATbHBIX OI[CHKAX.
[Toka3aHo, YTO HCCIEIOBAHUE CTPYKTYPHO-(PYHKIHMOHAIBHOW OpPraHU3aIl[dK BEPXOBOTO 000Ta HEOOXOAUMO
MIPOBOJIMTH C YUETOM €€ CE30HHOM M MEKIOJJ0BOI TUHAMHUKHU C YSTKHM PA3ICIICHUEM THIIOB MHUKPO(POPM.

Karouenbie ciopa: CO,, GectunoTHbIHN JieTaTelbHbIH anmapar, MeTosl KaMmep, MUKpoTonorpadus, NpocTpaH-
CTBEHHAsl HEOJJHOPOAHOCTh, TOP(SHKUK, YPOBEHb IPYHTOBBIX BOI
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