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Abstract—The methane fluxes to the atmosphere from the rice fields in the Rostov oblast (south of the Euro-
pean Russia) are analyzed using the results of field chamber measurements. In addition to the measurements of
methane fluxes at the stages of rice seedlings and full ripeness, the concentrations of methane and hydrogen sul-
fide, Eh, pH, density, and moisture content are determined in water and different horizons of flooded paddy
soils. The methane flux to the atmosphere from a rice paddy varies in the range of 0.195—0.531 mg CH,/ (m?h)
and is on the average 2.1-fold higher at the stage of full ripeness as compared with the stage of seedlings.
The rate of the methane flux to the atmosphere from the surface of dry soils separating rice paddies is on
the average 4.9—12.1-fold lower as compared with the flux from the paddies, varying from 0.034 to
0.045 mg CH,/ (m? h). After flooding the rice paddies, the Eh values decrease in the soils isolated by a water
layer and, as a consequence, the methane concentration in soils increases as well as its fluxes to the atmo-
sphere. According to our assessment, the total methane emission from the rice fields in the Rostov oblast
approximately reaches 1.253 t/day of 150 t/year, which accounts for 0.4—1.5% of the total methane emission

from the soils of the Rostov oblast.
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INTRODUCTION

The global climate change caused by an increase in
the content of greenhouse gases (CO,, CH,4, N,O, and
water vapor) in the atmosphere is currently one of the
relevant ecological challenges [8, 34, 35]. Although
the methane concentrations in the atmosphere are
rather low, this greenhouse gas is the second in impor-
tance after carbon dioxide because of its high capacity
for absorbing long wave radiation [42].

A large part of the atmospheric methane is of a bac-
terial (biogenic) origin and is completely controlled by
the fluxes from the earth’s surface [29, 43]. The total
methane emission to the atmosphere is estimated at
500—600 Tg/yr with annual variations in the sinks and
sources [45]. Rice fields (paddies), being a kind of
intermediate (between terrestrial and aquatic) types of
technogenic landscape [41], are among the main
anthropogenic sources of current biogenic methane in
the atmosphere. The methane emission from 1 m? of
rice paddies frequently exceeds the analogous charac-
teristics of the bogs of the same latitudes. This fact is
explainable with a lower degree of methane oxidation
within rice paddies because it is released into the
atmosphere through rice stems avoiding the influence
of methane-oxidizing bacteria [2, 44].

The Intergovernmental Panel on Climate Change
estimates the annual release of methane from rice fields
at 20 to 100 Tg [34], which accounts for 3—20% of the
total global emissions of all natural and anthropogenic
sources. These volumes of methane emission are based
on the field measurements of its fluxes from the rice fields
of the United States, Spain, Italy, China, India, Austra-
lia, Japan, and Thailand. Note that in the mid-1980s, a
team of the Lomonosov Moscow State University per-
formed a few sessions of field chamber measurements of
methane emission to the atmosphere from the flooded
soils intended for rice growing in the territory of the for-
mer Soviet Union (south of Odessa oblast) [11, 12].

The available estimates of the total methane emission
from the rice fields of the former Soviet Union [1, 13]
and modern Russia [6, 19, 20] were calculated using the
averaged values of 20 and 40 g CH,/(m? year). These
values were recorded by the field measurements of
methane fluxes from the rice paddies worldwide, situ-
ated in humid tropics and subtropics [22, 33, 37].
According to the estimates [6], the total annual methane
emission from the rice fields of Russia amounts to
0.1 million tons and of the former Soviet Union, varies
from 0.14 [1] to 0.25 [ 13] million tons. Note that the con-
tribution of Russian rice fields to the total methane
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Fig. 1. Location map of rice growing area (I and II) in the Rostov oblast. Red dot (/) denotes the site of field measurements of

the methane fluxes from rice paddy.

release in the agrarian sector of Russia on the average
does not exceed 2.5% [19].

It is known that temperature is among the most
important factors that control methane formation, con-
centration, and fluxes from the soils of rice paddies [3,
24, 36, 38, 44]. That is why. the assessment of methane
emission based on the field measurements of its fluxes
from rice fields in Russia situated in the temperate cli-
mate zone will somewhat differ from the above calcu-
lated values. The differences in rice-growing practices
between the temperate zone and humid tropics—sub-
tropics (for example, [44]) will also influence the annual
methane emission from the rice fields of this county.

The goal of this work was to assess the rate of the
methane flux to the atmosphere from the rice fields in
the Rostov oblast according to the field measurements
in one of the rice paddies of the OOO Energy Agricul-
tural Enterprises (Valuyski and Proletarsk districts,
Rostov oblast).

Specific features of rice growing in the Rostov
oblast. According to the Southern Branch of the Center
of Agroanalytics of 2020 [23], Rostov oblast is the third

among the Russian regions in rice sowing (14300 ha),
after the Krasnodar region (117000 ha) and the
Republic of Dagestan (20200 ha). Currently, the agri-
cultural enterprises situated on the right and left banks
of Manych Lake in the Martynovka, Volgodonsk, and
Bagaevsk districts are involved in rice growing. The
largest of them are the AO Tsimlyanskii (Martynovka
district), OOO Manych-Agro (Bagaevskaya district),
OOO Energy, OOO Primanychskii (both Proletarsk
district), OOO Meliorator, and SPK Bol’shovskii
(both Volgodonsk district). Thus, the Rostov oblast
houses two blocks of rice growing [10]: the first (I) is
situated on the right and left banks of the Veselovskii
and Proletarsk artificial reservoirs, on the Western
Manych River (between Proletarsk and Bagaevskaya)
and the second (II), in the Don River floodplain
(Fig. 1). The areas of rice fields in blocks I and II are
slightly larger than 10000 and 4000 ha, respectively.

The Rostov oblast is the northernmost region of
rice growing in Russia and worldwide; there, rice fields
are formed as paddies s flooded with rather thin layer
of water for half year (spring—summer). Furrows are
plowed in the fields to drive water during flooding.

EURASIAN SOIL SCIENCE  Vol. 56 No.8 2023
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(a)
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(b)

Fig. 2. Measurements of methane fluxes from rice paddy at the stage of (a) rice seedlings and (b) full ripeness and from the surface
of the soils separating rice paddies in (c) May and (d) September 2021.

Note that the changes in the topography of the soil
surface must not exceed 2 cm to provide a uniform
water distribution and prevent wash-off of the seeds.
The rice sowing is commenced when the soil tempera-
ture at a depth of 5 cm rises above 12—14°C. In the rice-
growing zone of the Rostov oblast, these conditions are
met by the end of April—beginning of May [10].

Short flooding is used in the Rostov oblast, that is,
the initial water layer is created immediately after saw-
ing except for the case of seed buried dressing. Water is
discharged for the period of rice germination to restore
the constant layer in paddies at the stage of seedlings
with two—three leaves. Rice is harvested in the early—
middle September. All activities on sawing, mainte-
nance, and harvesting are mechanized.

OBJECTS AND METHODS

The field measurements of the rate of methane flux
to the atmosphere from the flooded soil of paddy 1 at
No. 8

EURASIAN SOIL SCIENCE  Vol. 56 2023

the stages of seedlings (two—three leaves) and full
ripeness (before harvesting), as well as from the leveed
soils between the rice paddies (Fig. 2) were performed
on May 28 and September 09, 2021. In addition to
measuring methane fluxes, concentrations of meth-
ane and hydrogen sulfide (3H,S), Eh, pH, soil den-
sity, and moisture content were determined in differ-
ent horizons of the flooded soils (Tables 1 and 2). The
water of rice paddies was assayed for temperature,
concentration of salts, content of particulate matter,
pH, and methane concentration. In September 2021,
methane concentration was determined in the water of
adjacent paddy 2 (47°01'34.64” N, 41°21°44.39” E),
where rice was sown two weeks earlier. In addition, on
June 11, 2022, methane and hydrogen sulfide concen-
trations and the above listed physicochemical charac-
teristics were measured in the water and flooded soils
of two paddies (Table 3), including paddy 1, in which
the experiments on assessing the methane emission
described here were conducted in 2021.
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In the main part of the rice field area, where the
studied rice paddies are located, the soil cover is com-
posed of dark chestnut solonetzic soils.

Water and soils, including soils in rice paddies, were
sampled to assay for methane using certified methods
[16, 17] and additional technical procedures [3, 25].
Test pits were made in the soils separating the paddies to
take 3-mL soil samples from the pit walls (0—2-cm
layer) with a sampler. The flooded soils in rice paddies
were first sampled with a plastic tube of special design
(length, 500 mm and diameter, 45 mm) with sharp edge
and fluoroplastic plunger. Then, 3 mL of soils were
sampled from different horizons (down to 25 cm) of the
extracted core and placed into standard glass vials with
a total volume of 42 mL filled with water with preserva-
tion agent (HgCl,) to the mark (fixed air volume, 5 mL).
The vials are adapted to the headspace analysis and have
screw plastic caps with the openings for needle as well as
resin and fluoroplastic inserts for airtight sealing. After
the sealing, the sample was vigorously shaken to
homogenize the soil samples and avoid methane for-
mation and oxidation in the vial. Concurrently with this
special soil sampling, weighed samples of soil were col-
lected and placed into weighed and numbered contain-
ers to determine soil density and moisture.

The methane concentration in soil and water sam-
ples was determined in a Chromatech-Crystal 5000.2
gas chromatograph with a headspace sampler and
flame ionization detector [16, 17]. The mass fraction
of sulfide sulfur (YH,S) in flooded soils is measured
according to the transformation of sulfides to hydro-
gen sulfide with hydrochloric acid and subsequent
blow-off of hydrogen sulfide with high-purity nitrogen
into sodium hydroxide solution and detection of sul-
fide ions by photometric technique with N,N-
dimethyl-p-phenylenediamine [18].

The pH, Eh, and temperature values were mea-
sured with an Ekotest 2000 portable ionomer immedi-
ately after sampling. The degree of mineralization and
content of particulate matter in the water of rice paddies
were determined according to the standard protocols of
the Federal Service for Hydrometeorology and Envi-
ronmental Monitoring of the Russian Federation [21].

The emission of methane from the surface of rice
paddies and leveed soils was determined directly by
measuring the rate of methane flux using a chamber
technique with the help of stationary accumulation
chamber traps [4, 25, 32] of different sizes and designs.

Two chamber traps were placed in rice paddy 1 to
measure the methane fluxes at the stage of rice seed-
lings (May 2021), namely, small trap 1 with an air
phase volume of 3000 cm? and a base area of 539 cm?
and a large trap 2 with the air volume of 293422 cm?
and a base area of 2206 cm?. The exposure time of the
traps in an accumulation mode was 70 to 120 min. The
accumulation chamber placed between the large and
small traps (Fig. 2a) and the chamber trap with black
polyethylene film (Fig. 2b) were used in the experiment
to determine CO, fluxes, not considered in this paper.

GAR’KUSHA et al.

‘When the methane fluxes were measured at the stage
of full rice ripeness (September 2021), two large cham-
ber traps were placed in the rice paddy 2: trap 1 with an
air phase volume of 293422 c¢cm?® and a base area of
2206 cm? and trap 2 with an air volume of 353000 cm?
and a base area of 2206 cm?. The exposure time of the
traps in an accumulation mode was 130 to 210 min.

In both measurement intervals, small accumula-
tion chamber traps 3 with an air phase volume of 3000
and 4000 cm?® and a base area of 539 cm? were placed
between rice paddies to measure the methane fluxes
from the surface of leveed soils (Figs. 2c, 2d). The expo-
sure time of these traps in an accumulation mode was 70
and 120—240 min in May and September, respectively.

The used small traps (with an air phase volume of
3000 and 4000 cm?) are plastic polycarbonate contain-
ers with an open base and airtight cap with a special
opening for sampling the gas phase. Before measure-
ments, the traps were placed onto soil surface (includ-
ing the flooded soils in rice paddies) burying them to a
depth of 1.2—2.3 cm; in this process, the cap was
opened for 10—15 min to remove the methane that can
be released from soil while burying the trap. Then the
trap was closed and 2-mL samples were taken with a
syringe though the special opening at certain time
intervals and transferred to standard glass vials for
headspace analysis.

The accumulation chamber traps of a larger size
were constructed of plastic pillars with a metal rod,
plastic rings, and polyethylene covering film (thick-
ness, 60 um). To mix the air and level the methane
concentrations within large traps, a small battery-
operated blower fan was mounted at the lower part of
one of the pillars. The 2-mL air samples collected
from traps with a syringe (through polyethylene film)
with the above-indicated periodicity were placed into
the standard glass vials for headspace analysis filled
with water and supplemented with preserving agent
(HgCl,). After a sampling event, the prick in the poly-
ethylene film was sealed with an airtight scotch tape.

In all cases, a control sample was taken (exposure,
0 min) immediately after mounting the traps. Note
that each sampling was performed in several replicates
(parallel samples). Methane concentration in gas mix-
ture of a standard vial was determined using headspace
analysis as described in [17]. The flux (F) of methane
(mg CH,/(m? h)) was calculated as

F= (CV1><10000><0.0007/(V2ST)) x 60,

where Cis the difference between methane concentra-
tions in 2 cm? of the air sampled with a syringe in trap
after time 7 and in the control sample, uL; ¥V is the
volume of air phase in trap, cm?; V, is the volume of air
phase sampled with syringe in trap, cm?; .S, base area
(inlet), cm?; 7, time of trap exposure, min; 10000,
coefficient for recalculation to m?, cm?/m?; 0.0007,
coefficient for recalculation of uL to mg; and 60, coef-
ficient for recalculation to hours, min/h.
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RESULTS AND DISCUSSION

During the field measurements of the methane
fluxes in rice paddy 1 at the stage of seedlings (late
May 2021), the concentration of methane in paddy
water (water layer to 8—10 cm) near the traps
amounted to 0.87—1.28 uL/dm? (two samples); water
pH, 8.52; water temperature, at 15:30, 31°C; content
of particulate matter, 31.3 mg/dm?; and mineraliza-
tion, 1035 mg/dm?.

The methane concentration one year later in the
water of this rice paddy at the stage of seedlings (early
June 2022) amounted to 1.64—5.54 uL/dm? (two sam-
ples); water pH, 8.01; water temperature at 13:30,
29°C; and mineralization, 648 mg/dm?.

In the same period (early June 2022), the concen-
tration of methane in the water of rice paddy 3, situ-
ated at a considerable distance from the rice paddy 1
(at the other side of the rice field), varied in the range
of 1.75-3.93 uL/dm? (average, 288 uL/dm?; three
samples); water pH, 8.22; water temperature, at 12:00,
28°C; and mineralization, 6723 mg/dm?. Note that
immediately after rice sowing, a larger amount of
nitrogen fertilizers was applied over the entire area of
rice paddy 3, which most likely explains a high degree
of mineralization of its water. In addition, numerous
gas bubbles with a diameter of up to 5—6 mm periodi-
cally emitting from soils and entering the atmosphere
were observed on the surface of flooded soils in a con-
siderable part of paddy 3, especially, near point 3-2,
where the largest amount of nitrogen fertilizers were
applied. However, any putrid, sulfide, or any other
smells were absent. A burning match held close to the
water surface over the bubbles rising from the bottom
caused no flame. Along with low concentrations of
methane and hydrogen sulfide in water and bottom
sediments of a rice paddy, this suggests a non-methane
and non-hydrogen sulfide composition of gas bubbles.
Application of large amounts of nitrogen fertilizers
most likely activated nitrification processes with the
oxidation of nitrogen ammonium and formation of
nitrates in the aerobic water layer and on the soil sur-
face [9]. Under the transient conditions between aero-
bic and weakly anaerobic situations, observed in the
0—2-cm layer of flooded soils (point 3.2, Eh = 28.4 mV),
the denitrification processes were most likely intensi-
fied with the formation of both molecular nitrogen
(N,) and gaseous nitrogen monoxide and dioxide (NO
and N,O) [7, 9], which are the greenhouse gases
released from paddy fields next in their significance
after methane [27].

During the field measurements of the methane
fluxes in rice paddy 1 at the stage of full ripeness (Sep-
tember 2021), the concentration of methane in water
(layer to 8—10 cm) near the traps amounted to 1.07—
4.52 uL/dm? (mean, 2.56 uL/dm?; six samples); water
pH, 7.43; water temperature, at 13:00, 19°C; and min-
eralization, 632 mg/dm3. The concentration of meth-
ane in the water of adjacent rice paddy 2, where the rice

GAR’KUSHA et al.

ripeness was higher, amounted to 4.62—11.4 uL/dm3
(two samples). In general, the mean methane concen-
tration in water of rice paddies over all samples col-
lected in 2021—2022 (13 samples) was 2.57 uL/dm?,
being by one order of magnitude lower as compared
with the average methane concentration in the Don
River lower reaches, amounting to 44.9 uL/dm? [26].

In May 2021, the concentration of methane in the
upper 10-cm horizon of flooded soils in rice paddy 1
varied in the range of 0.050—0.065 ug/g wet soil
(mean, 0.058 ug/g wet soil) with the maximum con-
centrations in the surface layer (0—2 cm). In Septem-
ber, the methane concentration in flooded soils of this
rice paddy considerably increased in the 5—10-cm
layer and varied along the sampled core from 0.034 to
1.44 ug/g wet soil (mean, 0.34 ug/g wet soil). On the
other hand, pH and Eh values along the sampled core
of wet soils in September decreased: pH, from 7.47—
7.62 (May) to 7.26—7.44 (September) and Eh, from 6.4—
168.6 mV (May) to —114.4...+13.1 mV (September).

In June 2022, the concentration of methane in the
upper 5-cm layer of flooded soils in the rice paddy 1,
with its weakly reducing conditions (Eh = —12.8...
—10.8 mV) and neutral pH (7.19—7.29), amounted to
0.025—0.115 ug/g wet soil with the maximum values in
the surface 0—2-cm layer, as in May 2021. The concen-
tration of hydrogen sulfide maximal over the observa-
tion period (0.211 mg/g wet soil) and 37% moisture
content of flooded soils were recorded in this layer.

The concentration of methane in the flooded soils
of rice paddy 3 in June 2022 varied in the range of
0.014—0.083 ug/g (mean, 0.042 ug/g; eight samples)
with the highest values in the lower horizons. The Eh
values changed from —1.0 to +158.8 mV and pH, from
6.91 to 7.34. The concentration of hydrogen sulfide
was below the detection level (<0.005 mg/g) except for
one sample with the minimum pH values and one of
the lowest Eh values in this observation period.

In general, the concentration of methane in the
flooded soils of rice paddies in all samples collected
during the study (2021—2022, 17 samples) varied in
the range of 0.014—1.44 ug/g (mean, 0.136 ug/g and
median, 0.052 ug/g). These concentrations (omitting
the outlier of 1.44 ug/g) are very low for aquatic
objects [26]. Presumably, this is determined by rela-
tively high Eh values, which, along with the content of
readily decomposable organic matter [3, 26, 11], are
an important factor that controls the methane forma-
tion by methanogenic archaea in both the bottom sedi-
ments in water bodies, water flows [26] and soils [3, 23,
43], including the flooded soils of rice paddies [31, 46].
For example, the critical soil Eh value for the activa-
tion of methane formation according to experimental
data [46] is approximately —150 to —160 mV; note that
the dependence of methane formation on soil Eh in the
range of —230 to —150 mV is inverse exponential [46].
A considerable increase in the rate of methane flux
from flooded soils was observed when the soil redox
potential was below —100 mV [31]. Note that aerobic

EURASIAN SOIL SCIENCE  Vol. 56 No.8 2023



METHANE EMISSION FROM FLOODED SOILS OF RICE PADDIES

0.16 -
g y=0.0173x + 0.0246
2 0.12F R’=00171 ¢ ©
o
2
20 0.08 | i
2 Se.
oy /04./
= 0.04} °
O Qe ®
[ )
0 1 2 3
Density, g/cm?
0.16 -
= y=0.0372x — 0.2164
g 012k R?>=10.0887 . ®
z
20 0.08 | ®
o °
3 °
= 0.041 o
@) LI °®
[}
O 1 1 ]
6.5 7.0 7.5 8.0
pH

1003
0.16
g y=0.0014x + 0.0155
2 012F R2=0.0434 o °
2
g 0.08 - b
= e o0
= 0.04 | °
5 ° ° [\
[ ]
0 15 30 45
Moisture content, %
0.16

= y=—0.0002x + 0.0615
«% 0.12F e . R2=0.2312
z
2 0.08 F
o
3
T 0.04
@)

0 1 1 J

—150 0 150 300

Eh, mV

Fig. 3. Dependence of methane concentrations on physicochemical characteristics of the flooded and dry soils. An abnormal
methane concentration (1.44 ug/g wet soil), untypical of the remaining data array, is discharged from the constructed plots.

conditions do not kill but only inhibit methanogens,
ubiquitous in soils [38], allowing them to maintain
their population in dried rice paddies in a state of low
activity [28] and rapidly increase their abundance and
methane production with the formation of anaerobic
conditions [38].

The untypical (abnormal) value of methane con-
centration (1.44 ug/g) recorded in the 5—10-cm layer
of flooded soils in rice paddy 1 in September 2021 is
explainable with intensive methanogenic processes in
this layer determined, along with anaerobic conditions
(Eh = —101.0 mV), by locally increased amounts of
readily decomposable organic matter represented by
both semidecomposed plant residues (stems, roots,
and so on) and the organic compounds released by
rice roots (root exudates) [2, 39].

In the leveed soils between rice paddies, methane
concentrations increase from 0.013—0.018 ug/g wet soil
in May to 0.026 ug/g wet soil in September 2021. In
general, the methane concentration in leveed soils fits
within the background concentrations characteristic
of automorphic soils of the East European Plain [15].
The pH values (6.58) in leveed soils measured in Sep-
tember are appreciably lower as compared with the
flooded soils, complying with the data on the increase in
pH in the soils after flooding [40]. The Eh value in dry
soils amounted to 246.7 mV, being considerably higher
as compared with the flooded soils of rice paddies.

Analysis of the correlations between methane con-
centration and the studied physicochemical charac-
teristics of soils for the overall data array (Fig. 3)
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demonstrates a statistically significant feedback
between the methane concentrations and Eh values
(r=-0.48, P < 0.01). This confirms that Eh is an
important factor that controls methane formation.
Less pronounced and statistically insignificant direct
correlations (P > 0.05) of methane concentrations
with pH (» = 0.30), moisture content (» = 0.21), and
soil density (= 0.13)) are also observable.

Experimental measurements show that the amount
of methane emitted from rice paddy 1 varies in the
seedling stage from 0.195 to 0.254 mg CH,/(m? h) with
amean of 0.222 mg CH,/(m? h) and in the stage of full
ripeness, from 0.372 to 0.531 mg CH,/(m? h) with a
mean of 0.472 mg CH,/(m? h). Consequently, the
mean rate of methane flux in the stage of full ripeness
was 2.1-fold higher as compared with the seedling
stage (May). In turn, the rate of methane flux to the
atmosphere from the surface of the soils separating
rice paddies was on the average 4.9-fold lower in May
and 12.1-fold lower in September as compared with
the rate of its flux from rice paddies and amounted to
0.045 and 0.034—0.044 0.045 mg CH,/(m?h), respec-
tively, in May and September.

Analysis of publications ([40, 44] and references
herein) and the above reported data, including the
correlations, suggests that the oxidation processes that
determine the minimum methane concentrations and
its fluxes to the atmosphere are prevalent in the soils
before flooding of paddies. After flooding, the soils
isolated by a layer of water lose oxygen, which results
in a decrease in the redox potential (Eh values), acti-
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vation of methanogenesis, and, as a consequence, an
increase in the concentration of methane in the flooded
soils of rice paddies and its subsequent transfer from
their surface to the atmosphere. Note that the time
interval between the soil flooding and beginning of
methanogenesis in different soils varies depending on
soil structure and physicochemical properties; as a rule,
this takes several days or weeks after flooding [40, 44].

Three mechanisms underlying the transfer of the
methane formed in flooded soils to the atmosphere are
known [5, 44], namely, diffusion through water layer,
evolution within gas bubbles, and passive transport
through the air channels in rice aerenchyma. It is
believed that a larger part of methane (about 90%) enters
the atmosphere via the passive transport in acrenchyma
because this route allows a considerable part of methane
to avoid oxidation in the soil—water system [44]. The
methane bubbles formed when the pore space of
flooded soil is supersaturated with methane and forcing
their way to the soil surface are usually minor contribu-
tors to the transfer of methane to the atmosphere and
this contribution decreases with the plant growth [30].
In the experiments described here, any bubbling was
unobservable because of low methane concentrations in
soils, which rules out any considerable contribution of
this mechanism to the determined rate of methane flux.
However, the gas transfer in the beginning of the season
and in the presence of large amounts of organic matter
is soils or the application as fertilizers may be an import-
ant mechanism of the methane transport to the atmo-
sphere [30]. As for the diffusion of methane through
the superjacent water layer, it is regarded as insignifi-
cant (1-2%) because the diffusion of gases through
water is considerably slower as compared with the trans-
port via the air channels of plant acrenchyma [44].

The formation of hydrogen sulfide is in general
untypical of the examined rice paddies; however, sin-
gle cases of appreciable XH,S concentrations
(0.211 mg/g wet soil) in the 0—2-cm layer of flooded
soils with a reducing situation suggests the sulfate
reduction process in the upper soil layers of some plots.

The Revised 1996 IPCC Guidelines for National
Greenhouse Gas Inventories [40] consolidates a large
volume of information on the variation in methane
emission fluxes from rice fields experimentally mea-
sured in different countries. Summing up these data
demonstrates that the methane fluxes from paddy
fields change from 0.02 to 99 mg CH,/(m? h) and con-
siderably vary not only during the growing season, but
also within a day [40]. A considerable variation range
(approximately 5000-fold) is determined by strong
differences of several factors controlling the rates of
methane formation and emission in both space and
time. In addition to climate, these factors include the
types and texture of soil, its physicochemical charac-
teristics (Eh, pH, and content of labile organic sub-
stances), rice cultivar and growth stage, flooding
regime, and volume of applied organic and mineral
fertilizers [40, 44, 47]. The experimentally measured
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values of flux rates for the flooded chestnut soils of
rice paddies in the Rostov oblast, varying in the range
of 0.195-0.531 mg CH,/(m?> h) with a mean of
0.365 mg CH,/(m? h), fit into the above variation
range but are close to its lower limit. Note that the
measured values of methane emission from the rice
paddies of the Rostov oblast are in general by one
order of magnitude lower as compared with its emis-
sion from the flooded soils in the rice fields of the
Odessa oblast. The latter fluxes range from 0.11 to
5.9 mg CH,/(m? h) for southern chernozem and from
4.0 to 8.3 mg CH,/(m? h) for meadow—bog (gley) soils
[11, 12]. Possible main causes of a lower methane
emission are the differences in rice growing practices,
soils, and climate of the Rostov oblast as northern-
most region of rice growing in the world.

To calculate the total methane emission to the
atmosphere from rice paddies of the Rostov oblast, let us
use the mean rate of methane fluxes from the paddy sur-
face, amounting to 0.365 mg CH,/(m? h) and the data
on the area occupied by rice fields in the Rostov oblast in
2020, amounting to 14300 ha (or 143 million m?) [23].
As is mentioned above, short flooding is used in the
Rostov oblast, that is, the initial water layer is created
immediately after emergence of seedlings (end of
May) and is retained to the beginning of full rice ripe-
ness (beginning of September).

According to the calculations, the total emission of
methane from rice fields in the Rostov oblast amounts
to 1.253 t/day (or 1800 m3/day). Assuming that the
period of methane emission from the rice fields in the
Rostov oblast is on the average 120 days over a year
(May to September), the annual emission is approxi-
mately 150 t (or 214000 m?) or 0.4—1.5% of the annual
methane emission from the soils of the Rostov oblast
(9675—40663 t/year [4]). Presumably, this volume of
the total methane emission to the atmosphere from
the surface of rice paddies in the Rostov oblast is
somewhat undervalued because it lacks the results of
field measurements of the methane fluxes during the til-
lering and flowering stages, characteristic of which are
the maximum seasonal rates of methane emission [47].

Recalculation of this average value, 0.365 mg
CH,/(m? h), for the total area of rice paddies in Russia
(approximately 200000 ha [19, 20]) estimates the daily
methane emission from the rice fields of this country
at 17.5 t and the annual emission at approximately
2100 t (or 0.0021 million tons). This value accounts for
only 2.1% of the earlier calculated estimate (0.1 mil-
lion tons [6]) based on the averaged values according
to the measurements in the rice fields situated in other
climatic zones of the world.

CONCLUSIONS

In the period of studies, the methane emission
from the surface of flooded soils of rice paddies varied
in the range of 0.195—0.531 mg CH,/(m? h) and was
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on the average 2.1-fold higher at the stage of full ripe-
ness as compared with the stage of seedlings. The rate
of methane flux to the atmosphere from the surface of
leveed soils, separating rice paddies, was on the aver-
age 4.9—12.1-fold lower as compared with the flux
from rice paddies, varying in the range of 0.034—
0.045 mg CH,/(m? h). Oxidation processes are preva-
lent in the soils before flooding of the rice paddies;
these processes determine low methane concentra-
tions there as well as low fluxes to the atmosphere.
After flooding of rice paddies, the soils isolated by
water layer lose oxygen, which results in a decrease in
the redox potential (Eh values), activation of metha-
nogenesis, and, as a consequence, increase in the con-
centrations of methane in the flooded soils of rice
paddies and methane fluxes to the atmosphere from
their surface. According to approximate estimates, the
total emission of methane from the rice fields of the
Rostov oblast amounts to 1.253 t/day or 150 t/year,
accounting for 0.4—1.5% of the annual methane emis-
sion by the soil in the Rostov oblast. The rates of meth-
ane fluxes from the rice fields of the Rostov oblast cal-
culated basing on field measurements are helpful for
the institutions in southern Russia involved in the
inventories of greenhouse gases in agrarian area.
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