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Abstract: An eddy covariance (EC) GHG study was conducted at two comparable agroecosystems in
the Central region of European Russia. The study was conducted in 2013 at the RTSAU Experimental
Field with Umbric Albeluvisols (Moscow) and a private farm field with Chernozems in the Pristen
area (Kursk region). Both studies involved barley crops, but the fields differed in climate, soil and
technological conditions. Diurnal values of net ecosystem exchange (NEE) were two times higher
in Kursk than in Moscow. The higher gross primary production (GPP) in Kursk was characterized
by better climate and soil conditions and, partially, by the low intensity practices of semi-organic
farming. GPP dynamics of the two agroecosystems were significantly different only during the
first 50 days of vegetation; however, NEE seasonal differences persisted throughout the growing
period, with the trends changing until the end of barley ripening. General trends for ecosystem
respiration and GPP were determined by the crop phase. NEE seasonal dynamics showed that the
Chernozem agroecosystem was characterized by an almost 2-fold increase in the range of CO; fluxes,
largely determined by hydrologic regime features. Since yield in Kursk was 50% lower than that in
Moscow, it may be concluded that the use of modern fertilizing and crop protection systems converts
a larger portion of GPP into yield mass.

Keywords: agroecology; soil functions; greenhouse gases fluxes; eddy covariance; ecological monitoring;
agroecosystems; NEE; GPP; Reco

1. Introduction

Currently, the entire agri-food system, from farm to fork, is responsible for about
37% of the overall human global greenhouse gases emissions [1]. These estimates include
farm production, food processing, indirect emissions from deforestation and food waste.
However, the single farm production component still counts for about 16-27% of the
total emissions. Recently, a growing interest was shown in carbon sequestration by land,
particularly in relation to the forthcoming challenges imposed by the need to reach carbon
neutrality by about the middle of the century [2,3]. Soils are the most important component
of the biosphere and provide food security for mankind. They also provide regulatory
ecosystem services, including the sequestration of atmospheric carbon, thereby contributing
to climate regulation at the global and regional levels. Over the past two centuries, global
losses of organic carbon in soils were estimated at 8%, as a result of land conversion and
inefficient land-use practices alone. Intensive tillage for crop production leads to an increase
in the amount of carbon dioxide released into the atmosphere, which exacerbates the
greenhouse effect and global warming. Carbon dioxide emissions in more than 123 million
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hectares of agricultural land in Russia emit 290 million tons per year due to plowing.
Russian arable land lost about 2.6 GtC (20%) from its top 0.3 m layer and 3.6 GtC (16%) from
its 0-1 m layer [4]. In general, there is significant potential to improve agronomic practices
to decrease greenhouse gas emissions from crops and to improve cropland management
to sequester additional soil carbon [5]. This can be achieved by implementing practices of
conservation agriculture. These are based on the following practices: no till to minimize
the impact on soils, constant covering of soil with crop residues and cover crops, as well
as extensive use of biological methods, namely humic substances, entomophages, bees,
bacterial and fungal products, etc. Such practices can be implemented on all types of
soils, in all climatic conditions, regardless of the size of farms and agricultural practices [4].
At the same time, climate variability can determine a source of carbon emissions to the
atmosphere and undermine the carbon sequestration potential of agricultural soil [6]. Even
though the soil cover of the Russian Federation plays an important role in the global carbon
cycle, the main components of the carbon cycle are still poorly investigated and require
modern assessment for individual zones and regions of the Russian Federation [4].

Central Russia is the most important region of Russia’s grain production. According to
the Ministry of Agriculture in the Russian Federation, the Central Federal District accounts
for 16.7% of total sown areas under grains and leguminous plants of Russia and 26% of
the gross yield. Barley is second in importance after the wheat crop, which accounts for
19.7% of gross agricultural production [7]. According to existing climate predictions [1]
over the next 50 years, the temperature increase in Central Russia will be in the range of
1-1.5 degrees in the case of an optimistic forecast (RCP 2.0) and 2-3 degrees in the case of
a pessimistic forecast (RCP 8.5). Rainfall will increase by 10-25 mm per year, according
to the two RCP scenarios, respectively. Thus, Central Russia even in case of a pessimistic
forecast, will remain in a favorable zone (medium and good) for cereal cultivation and
new intensive cultivated land will become available [8]. Thus, it is important to obtain
more information on cropping systems in relation to climatic conditions, particularly since
the European part of Central Russia shows a pronounced climate gradient from North to
South becoming progressively drier and hotter. The static chamber method is the most
common method in Russia for CO; flux assessment, so only soil respiration is measured
directly, while NEE is assessed by NPP direct estimation [9]. Current developments
in the eddy covariance methodology for investigating carbon fluxes at the ecosystem
level make it possible, today, to understand the overall carbon budget and its separate
components, namely photosynthesis and respiration, in relation to seasonal climate and
crop phenology [10]. Most eddy covariance studies in Russia focused on forest ecosystems
and Central Russia is still one of the less GHG-investigated European areas [11], especially
in the case of agroecosystem monitoring. Thus, the most complete study of the terrestrial
carbon budget of Russia is based, among other things, on 14 eddy covariance stations,
none of which represent active agroecosystems, and Central Russia being represented by
a tower located in the spruce forest near Tver (about 100 km north of Moscow) [12]. In this
study, we set up a pair of EC flux towers to measure net ecosystem exchange (NEE) at two
representative agroecosystems of Central Russia belonging to different climate and soil
zones, and technological conditions, but both with the same barley crop.

The objective of this study was to analyze the carbon balance determinants and
their diurnal and seasonal variations in two barley fields located within two contrasting
agroclimatic zones in Central Russia, in the Moscow and Kursk regions, which span
a latitudinal gradient of about 600 km from North to South. At the same time, we wanted
to analyze the interplay of climate conditions and agronomic practices, since the two sites
also represent different Russian agronomic models: a highly intensive and environmental
impact system in Moscow, and a lower input and more sustainable one in Kursk—often
referred to in Russia as “semiorganic farming”. Our investigation attempted to elucidate
the trade-offs between favorable climatic conditions in low intensity cultivation (Kursk)
and the less favorable climate with better crop technologies (Moscow), in the light of
sustainable production.
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2. Materials and Methods

The research was carried out in 2013 on two sites in the Moscow region and in the
Kursk region of Russia. The first site (the Moscow site) was situated at the Precision Farm-
ing Experimental Field of the Russian Timiryazev State Agricultural University (RTSAU:
55°50'14" N, 37°33/56" E), situated in Moscow, Russia. This area belongs to the climate
zone of south taiga. The experimental site has a temperate and continental climate with
distinctive seasons. The mean annual temperature is 3.8 °C, with minimum and maximum
mean temperatures of —6 °C in January and 18.5 °C in July, respectively. The growing sea-
son shows an average daily temperature greater than 5 °C and typically lasts for 175 days.
The average annual precipitation is 550-650 mm: two-thirds of the precipitation is in the
form of rain and one third is in the form of snow. Nearly 40% of the precipitation falls
during the cold period between November and March, and the other 60% falls during
April to October. The soil type is Umbric Albeluvisols (arable sod-podzolic soils under Rus-
sian soil classification), and the topsoil texture is mainly sandy loam. Arable sod-podzolic
soils have around 1% SOC, 5.4 pH (KCl) and NPK medium-enhanced contents. The natural
vegetation in this area consists of mixed forests of the temperate climate.

The second site (the Kursk site) was located on a farmer’s agricultural field near
the urban settlement of Pristen (51°8’44"” N, 36°30'22" E), located in the Kursk region
of Russia. The Kursk site is situated in south of the Moscow site at a distance of about
600 km. The area belongs to the climate zone of forest-steppe. The second experimental
also site has a temperate and continental climate with distinctive seasons. The mean annual
temperature is much higher (4.6 °C), with minimum and maximum mean temperatures of
—6 °Cin January and 20.5 °C in July, respectively. The growing season lasts for 196 days:
from 7 April to 22 October. The average annual precipitation is approximately the same:
550-600 mm. The distribution of precipitations is about the same as in the Moscow region,
but long dry periods are common in the summer. The soil type is Chernozems Luvic
(arable leached deep chernozems on loess-like loam under Russian soil classification),
and the topsoil texture is mainly clay loam. Chernozems are very fertile soils: in this
region they have 3.6-3.8% SOC, 5.5-6.0 pH (H,0O) and NPK high-enhanced contents. The
natural vegetation in this area consists of forb meadow-steppe associations and deciduous
forests in the beams. The total field areas at the Moscow and Kursk sites were 1.55 and
80.84 ha, respectively.

The two barley crop fields are characterized by different climate conditions, but they
also represent differences in agronomic practices. The Moscow field was used for barley
planting (Hordeum vulgare L., breed Mihailovsky). Sowing was in early May 2013 and
harvest was on 14 August. The field was treated with a 0.4 kg/ha herbicide mix (florasu-
lam and 2,4-D as the ethylhexyl ester) on 25 May. The yield was estimated on 8 study
plots (50 m x 25 m) evenly distributed over the field, which were harvested by combine
harvester. Grain yield varied from 3.67 to 4.48 tons per ha, and was, on average, 4.08 tons
per ha. This high yield reflects the fact that the field in the Moscow region was cultivated
using intensive technology with fertilizers and herbicides. The Kursk field was also used
for barley planting (Hordeum vulgare L., breeding line Xanadu). Sowing was on 25 April
and harvest was between 14 and 19 August. The Kursk field is cultivated by a small farmer,
whose target is profit, so he is interested in maximum yield at minimum cost. At the Kursk
field, no herbicides were used in 2013, therefore, weeds accounted for about 50% of the
projected cover of the field, which led to a significant reduction in yield. Yield in the
entire Kursk field was collected by combine harvester. For the area around the station,
a 300 m x 300 m square with the station at the center (Figure 1, B-blue square), the yield
was estimated separately from the rest of the field, and the average yield was 2.85 tons
per ha. Both breeding lines belong to the mid-ripening malting barley variety. The dates
of plant development stage changes were observed in both fields. During our study, the
canopy height was 0.00-0.40 m for both sites. The height of crop residues was about 7 cm
and similar for both sites. Thus, the two fields not only differ in climate conditions, but
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they also represent two typical agronomic models of Russia, highly intensive in Moscow
and lower input, less intensive, semi-organic in Kursk.

A. B.

100 m 200m

Figure 1. The layout of two EC stations: (A) station located in Moscow region and (B) station located
in Kursk region. Field positions of stations represented by red pins. Studied field areas are highlighted
with the dashed white lines, areas of footprint filtering highlighted with blue lines.

Agroecosystem CO, fluxes were measured using the eddy covariance (EC) system.
The eddy covariance technique is a statistical method to measure and calculate vertical
turbulent fluxes of greenhouses gases within atmospheric boundary layers [13]. The 3D
wind, gas concentration and other variables are decomposed into mean and fluctuating
components. The covariance between the fluctuating components of the vertical wind
gas concentration is proportional to the measured flux. The EC method can improve our
understanding of C budgets and their relationship with climate and biological variables,
since it can provide continuous, long-term flux information integrated at the ecosystem
scale [13-15].

Eddy covariance and microclimate measurements were conducted at the Moscow
research site during the spring and growing season, and continued until the end of the year
(March-December). Dates of measurements in Kursk were different. All measurements
started on 13 May. Eddy covariance data continued until 11 November, and microclimate
measurements stopped on 18 September. The terrain at the two sites is flat with a sufficient
fetch to meet the basic assumption for the proper application of the EC technique [16].

EC measurements in fetch-limited conditions can be achieved by shortening the
measurement height [16], so that the sampled area can be tuned to the area of interest;
an anemometer and gas analyzer were, therefore, installed just above the edge of the
roughness layer, at a height 1.4 m. The maximal height of the crops was 0.4 m, so the
top edge of the roughness layer had to be lower than 1.2 m. The EC system included
a three-axis sonic anemometer (CSAT-3, Campbell Scientific Inc., Logan, UT, USA) and
enclosed path infrared gas analyzer (IRGA, LI-7200, Li-COR Inc., Lincoln, NE, USA).
The flux data were recorded at 20 Hz by a data logger (CR1000, Campbell Scientific Inc.,
Logan, UT, USA) at 30 min intervals. Meteorological parameters were measured simultane-
ously with the same array of sensors, including net radiation (NR01, Hukseflux Thermal
Sensors B.V., Delft, The Netherlands), air temperature and relative humidity (HC2S3,
Campbell Scientific, Inc., Logan, UT, USA) and heat flux at the depths of 8 cm (HFP01,
Hukseflux Thermal Sensors B.V., Delft, The Netherlands). Soil temperature and water
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content were measured at 3 depths (5, 20 and 50 cm) with a multi-parameter sensor (CS650,
Campbell Scientific Inc., Logan, UT, USA). Photosynthetic photon flux density (PPFD) (LI-
190SB, Li-Cor Inc., Lincoln, NE, USA) and precipitation (TE525 MM tipping bucket gauge,
Texas Electronics, TX, USA) were also measured during the study. All meteorological data
were measured every 10 s and then averaged half-hourly. The eddy covariance direct
measurements are the net carbon dioxide fluxes, as the balance between photosynthesis
and ecosystem respiration, here defined as Net Ecosystem Exchange, NEE.

Raw data were processed using the eddy covariance processing software EddyPro,
version 6.2 [17] to determine NEE with an averaged half-hourly period. Data processing
followed standard methods and included coordinate rotation with tilt corrections, linear
detrending, despiking, time lag corrections, correction of low-pass filtering effects with
Moncrieff [18] and Webb-Pearman-Leuning (WPL) [19] correction. Snow melting and
canopy growth as affecting surface roughness were included in the model according to
the EddyPro standards. Footprint distances (1D footprints) were estimated according
to the “simple footprint parameterization” [20] on a half-hourly basis. For the Moscow
station, half-hour flux measurements with footprints crossing the border of the field were
filtered out. Since for the Kursk field, yield was assessed for the area around the station—
a 300 m x 300 m square—with the station at the center, any footprints not fitting in this area
were filtered out. Quality-control tests for fluxes (1 to 9 flags) were performed according to
Foken [21]. Subsequently, quality filtering was applied to the half-hour flux data according
to the following rejection criteria: (1) incomplete half-hour measurements; (2) NEE with
quality flag values of 8 or 9; (3) data with the cumulative 70% flux footprint originating
outside the footprint borders of the Moscow or Kursk fields, respectively (Figure 1, blue
lines); (4) excessive spikes of NEE exceeding 30 for the half-hour of monthly averaged data.
Negative nighttime CO; fluxes were also removed from the datasets. After post-processing
and quality filtering, 48.0% of the CO; flux data for the tower in Moscow and 53.0% for the
tower in Kursk were suitable for analysis. The gaps in PPFD values were filled by linear
regression based on the values of the air temperature (R? = 0.45). The gap-filling of the
eddy covariance and meteorological data was performed through methods proposed by the
Eddy covariance gap-filling and flux-partitioning tool of the Department of Biogeochemical
Integration at the Max Planck Institute for Biogeochemistry-REddyProc [22]. The methods
used were similar to Falge et al. [23] but consider both the co-variation of fluxes with
meteorological variables and the temporal autocorrelation of the fluxes [24].

A paired samples ¢-test was used to test the significant differences in diurnal variations
of NEE between the tower in Moscow and the tower in Kursk. In all tests, a significance
level of 0.05 was used. Quality filtering, flux gap filling and statistical analysis were
performed using R language [25].

3. Results

Meteorological and environmental conditions were quite different for the two eddy
covariance stations located in the two different climate zones. Since the Kursk field is
600 km south of the Moscow field, higher daily PPFD values were observed for the Kursk
field. Summertime modal PPFD values were 600 umol m—2 s~ and 400 umol m~2 s~ for
the Kursk and Moscow fields, respectively (Figure 2a). Nevertheless, daily and seasonal
temporal PPFD patterns were similar for both fields. Daily PPFD reached its maximum
three times: at the end of May, at the end of June and at the middle of August. There
was a sharp decline after the first maximum for a week in mid-June that is typical for
the European part of Russia. The average 7-day PPFD started to decrease gradually
after the end of August. Minimal average monthly PPFD was registered at both sites
during November-December (18 pmol m~2 s~ 1) and maximal ones were detected in June
(414 pmol m~2 s~ 1) at the Moscow site, and in July (659 pmol m~2s71) at the Kursk site.
The difference in mean soil temperature at a 5 cm depth was significant for both fields
(Figure 2b). The average monthly soil temperature at a 5 cm depth was higher than 15 °C
from May to August at the Moscow site, and from April to August at the Kursk site.
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Monthly precipitation (mm) is presented in Figure 2c. The total precipitation during the
growing season was about 200 mm at the Moscow site and about 120 mm at the Kursk site;
it is approximately one-third and one-fifth of the total precipitation per year, respectively.
The amount and dynamics of precipitation and corresponding soil water content at the
studied plots differed distinctly. During the first part of the growing season soil water
content (SWC) at the Kursk field was higher, due to the better moisture-retention capacity
of chernozem (Figure 2c). The peak of SWC detected at the Kursk field was associated with
heavy rain in mid-May. For the Moscow field, the highest SWC was detected at the end of
vegetation season in response to repeated rain events.
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Figure 2. Seasonal variations of (a) daily mean photosynthetic photon flux density, pmol-m 2.5~

(PPFD), (b) daily soil temperature at 5 cm depth C° (Tsoil), (c) daily precipitation sum (mm) and daily
mean volumetric soil water content (SWC) at 5 cm depth, during the growing season and the end of
the year (from the end of April to the mid of September) at the eddy covariate station at Moscow
(dark dots, solid lines and black bars) and station at Kursk (empty dots, dashed lines and grey bars).

The NEE diurnal patterns clearly showed significant inter-seasonal and inter-site
differences (Figure 3). Diurnal patterns of NEE were considerably higher in amplitude for
the Kursk site, which reached the highest NEE peak in May and June. For the Moscow
field, NEE values were about zero during March, when the soil was covered with snow.
Snowmelt in mid-April did not change the NEE diurnal dynamic much. CO; fluxes
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increased after crop emergence in May. The Kursk site showed similar uptake values and
dynamics in both May and June. In May, the higher diurnal differences between sites
were driven by different crop development stages: in Moscow the phonological phase was
from seedling to tillering, while it was milky-wax ripeness in the Kursk field. Maximum
CO, uptake was observed in June, with average values about —15 pmol CO, m~2 s~ ! and
—7.5 umol CO; m~2 57! for the Kursk and Moscow fields, respectively. The NEE moved
from a positive value (release) to a negative value (uptake), and CO, uptake increased from
7:00 h gradually, until peak values were achieved between 11:00 and 14:00 h. CO, uptake
then declined through the afternoon and turned to a release of CO, after 19:00 h. The
duration of positive and negative values changed clearly across different months, because
of their differences in photoperiod (the time between sunrise and sunset). Average NEE was
negative in June and July for both fields. Low uptake in August can be clearly explained by
harvesting. There was no significant uptake or diurnal dynamics of CO, in autumn and
winter. Mean values of CO, release during this period were about 1 umol CO; m~2s~!
for the Moscow field and about 2.5 pmol CO, m~2 s~ ! for the Kursk field. Significant
differences in diurnal variations of NEE between the two eddy covariance stations were
found in May, June, July and September. Significant differences in August were observed
only for daytime.

NEE for two towers, diurnal
4 5 6

10 15 20 0 5 10 15 20 0 5 10 15 20
Time of day (Hour)

Figure 3. Diurnal patterns of monthly averaged net ecosystem CO, exchange (NEE) at the eddy
covariate station in Moscow (triangles) and station in Kursk (empty dots) during the growing season
and end of year, 2013. Black bars denote 95% confidence intervals of the hour averages.

During the growing season, daily NEE, Reco (ecosystem respiration) and GPP showed
distinct seasonal patterns at both fields (Figure 4), which indicates their responses to the
combined effects of climate and zonal field locations. During early May, the daily GPP
and Reco values for the Moscow crop site were low; and the daily NEE values at the site
were about 1 g C CO, m~2 d~! (released CO, to the atmosphere) (Figure 4). From the
middle of May, the NEE started to grow to the value of 2 g C CO, m~2 d~!. The increase
driver was Reco, while GPP was still about zero. The dynamics of all three variables
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were quite different for the Kursk field because the development of barley, in this case,
began earlier: at the beginning of May, the barley was already at the milky-wax ripeness
phase, so the daily NEE, Reco and GPP show higher values. With biomass development
and temperature increase, the GPP and Reco at these two sites increased gradually and
reached their peak values in mid-June for the Moscow field, and in early June for the Kursk
field. Simultaneously, the NEE decrease continued until the same dates when it reached
its negative peak: —4.0 g CCO; m 2 d~! and —6.2 g C CO, m~2 d~! for the Moscow
and Kursk fields, respectively. The NEE peaks coincided with high PPFD and still high,
but decreasing, SWC (Figure 2) for both agroecosystems. The NEE, at the Moscow site,
retained approximately the same values until the end of June and started to grow in the
beginning of July, reaching its maximal summer values at the beginning of August and
then slowly decreasing until the end of the year. At the Kursk site, the NEE started to
grow immediately after it had reached its negative peak at the beginning of July; it crossed
the zero point at the end of June, after which point only the CO; release to atmosphere
was observed. The NEE showed several positive peaks coinciding with periods of relative
warming during the second part of the summer and the beginning of the autumn. The
differences in moving average values were significant. The 7-day running average of daily
NEE showed the transition from CO, adsorption to CO; release to the atmosphere on
30 June for the tower at Kursk and 26 July for the tower in Moscow. From the end of July
to the beginning of September, the field in Moscow is characterized by much lower values
of daily NEE compared with the Kursk field.

(=]
Ln
1

Day of the vear

Figure 4. Seasonal variation in daily NEE, Reco and GPP in growing season and the end of 2013 at
the EC stations in Moscow (small crosses) and in Kursk (empty dots). Lines represent 7-day running
mean values for station in Moscow (dotted line) and for station in Kursk (solid line).

Although the difference in climate zone GPP dynamics was quite similar for both
sites, after reaching peak values in mid-June (12 g C CO, m~2 d~! for the Kursk field and
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75gCCO, m 2 d ! for Moscow), the GPP decreased to 1 g CCO, m 2 d ! in the middle
of August (the time of harvest) for both sites. The GPP pattern showed several local minima
on the gradually declining curve, different in amplitude, but coinciding in locations, for
both sites. The first minimum was related to the cold snap in mid-June and the second may
be explained by the low SWC values due to low precipitation during the period before the
second decade of July (Figure 2). Values of daily GPP different from zero during August
and the beginning of September may be explained by the photosynthetic activity of stubble
in the fields in Moscow and in Kursk, and some weeds remaining after harvesting in the
field in Kursk.

The daily Reco values for the Kursk site were constantly above 2.5, and above
3gCCO;m 2d! for the Moscow site. However, the daily Reco patterns were simi-
lar and matched in dynamic temporal changes. It seems that the depressions are associated
with the decreases in SWC and the Reco peaks correspond well with periods of rain.

During September, October and November, values of GPP, Reco and NEE for fields
were falling, with the decrease in solar radiation and temperature. Each of these two agroe-
cosystems showed a net CO, release.

During the growing season, the number of net uptake days for the Kursk and Moscow
fields was 85 and 67 days, respectively. The GPP and Reco for the growing season were
consistently higher at the Kursk site than at the Moscow site: the cumulative GPPs were
613 g C CO,; m~2 and 334 g C CO, m~?2 (for Kursk and Moscow, respectively) and cu-
mulative Recos were 525 g C CO, m~2 and 248 g C COy m~2 (for Kursk and Moscow,
respectively). On the other hand, cumulative NEE were similar (—89 g C CO, m~2 and
—86 g C CO, m~2, respectively, see Table 1.

Table 1. Cumulative values of carbon balance of the two study sites.

Site NEE Cumulated Reco Cumulated GPP Cumulated Light Use Efficiency
(gCCO, m2) (gCCO, m2) (gCCO, m2) (g C CO; m~2/umol ph m—2)
Moscow 248 334 0.86
Kursk 525 613 0.67

GPP, which is directly linked to photosynthesis, is an indicator of biomass production.
We have put daily GPP curves together in one plot and have shifted them in order to
synchronize the time of planting as the zero time (Figure 5).

Although the difference in climate zone GPP dynamics was quite similar for both
sites, after reaching the peak values in mid-June (12 g C m~—2 d~! for the Kursk field and
75gCCO;m2d~! for Moscow), the GPP decreased to 1 g C m~2 d~! at the time of
harvest for the two sites. This can be explained by the fact that, in mid-June, the barley
in Moscow and Kursk was at the stage of grain ripening and the CO, uptake activity
decreased. Thus, the main GPP dynamic driver was the different crop development stage:
the Kursk barley was sown earlier and had a longer growing period than the Moscow
barley. Furthermore, higher GPP values were also due to better climate and soil parameters
in Kursk: higher PPFD, temperature and soil moisture.

Linear mixed modeling was performed to predict GPP dynamics in relation to daily
soil temperature at a 5 cm depth, daily photosynthetic available radiation, daily mean soil
water content at a 5 cm depth and stages of barley development (see Table 2). Multiple R?
for the models was 0.87 for the Kursk field and 0.88 for the Moscow field. ANOVA shows
that the influence of crop stage is much greater than the influence of other parameters, and
in Moscow this effect is two times stronger than in Kursk. The GPP in Kursk was strongly
influenced by soil water content, due to a long dry period.
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Figure 5. GPP in growing season shifted at the seeds time (0—point) for EC stations in Moscow (small
crosses) and Kursk (empty dots). Lines represent 7-day running mean values for station in Moscow
(the dotted line) and for station in Kursk (solid line). Vertical lines show the conventional boundaries
of the stages of crop development: a—seeds, b—germination, c—sprouting, d—tillering, e—leaf tube
formation, f—milky ripeness, g—wax ripeness, h—complete ripeness and hharvest.
Table 2. ANOVA of the linear mixed models predicting GPP dynamics in relation to five parameters:
Tsoil, Tair, PAR, SWC and phase of barley development for EC station in Moscow and station in Kursk.
Degrees of Freedom Sum of Squares % Total Mean Squares F Value Significance
Kursk
Tsoil 1 62,603 1.7% 62,603 15.489 exl
Tair 1 191,195 51% 191,195 47.305 i
PPFD 1 255,245 6.9% 255,245 63.153 i
SWC 1 1,305,364 35.1% 1,305,364 322.973 i
Phase 8 1,430,050 38.5% 178,756 44.228 i
Residuals 117 472,881 12.7% 4042
Total 3,717,338 100.0%
Moscow
Tsoil 1 10,037 1.0% 10,037 7.4275 **
Tair 1 7436 0.7% 7436 5.5025 *
PPFD 1 5364 0.5% 5364 3.9698 *
SWC 1 134,794 13.1% 134,794 99.7504 i
Phase 8 748,859 72.9% 93,607 69.2715 i
Residuals 89 120,267 11.7% 1351
Total 1,026,757 100.0%

! Significance codes: **—yp < 0.001, **—p < 0.01, *—p > 0.05.
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4. Discussion

The cumulative NEE, GPP and Reco values calculated throughout the vegetative
season (118 and 129 days for Kursk and Moscow, respectively) show that the Kursk field
has the higher GPP compared with the Moscow field (613 and 334 g CO, m ™2, respectively)
and a higher Reco compared with Moscow (525 and 248 g CO, m 2, respectively). The
differences in GPP and Reco are explained by the more favorable conditions at the Kursk
site, due to its mild climate and more available energy radiation. Both GPP and Reco,
being higher in Kursk, balance out in terms of carbon sequestration, yielding a similar
value (—86 and —89 g C CO, m ™2, respectively, for the vegetative season). Despite similar
carbon sequestration values, the grain yields of the two sites differ significantly: the Kursk
site yield is 2.85 t ha~!, while that of the Moscow site is 4.08 t ha~!. Our reported yield
in Moscow is slightly above the average yield for this crop in the region [26]. This could
be explained by the technological conditions applied, since the site in Moscow belongs to
the university experimental station. On the other hand, according to Semikin et al. [27],
the barley crop yield on experimental farms in the Kursk region, with a good technology
protocol, should range from 7.2 to 3.5 t dry matter in relation to climate variability. Thus,
the reported yield in our experiment of 2.85 t ha™! is significantly lower than the average
for the region, even in unfavorable climate conditions. This result can be explained by the
lack of weed control treatments on the Kursk region field. The biomass of weeds ranged
from 40 to 60% of the total, contributing to a larger extent to greater GPP, Reco and low
yield differences. Weed photosynthetic and respiration enhancement occurs at the expense
of lower carbon efficiency on the development of grain yields.

The slope of GPP versus PPFD is somewhat different between the two sites, showing
a higher light-use efficiency in Moscow (0.86) than in Kursk (0.67). Also, this result could
explain the better response of the Moscow yield, particularly at the onset of the growing
season when light is more limiting.

Thus, the investigated fields not only differ in climate conditions, but they also rep-
resent two typical agronomic models of Russia, the highly intensive model in Moscow
and a lower input, less intensive, semi-organic model in Kursk. In southern taiga zone,
represented by the field in Moscow, only the intensive form of farming is economically
profitable; it is not possible to find other forms of farming at present because the land is
simply abandoned. In the Chernozem zone there may be different forms of farming, but
the semi-organic form is more common there.

This study with two eddy covariance stations situated within two contrasting climate
zones of Central Russia, on the same barley crop, showed significant differences in the
behavior of the carbon balance components. In our previous investigation of the Moscow
site, its carbon balance was compared to adjacent fields with vetch and oat mix being
grown [28]. The maximum NEE difference between the Moscow and Kursk fields reached
2.2 g CCO,; m~2d !, while for two neighboring sites in Moscow, the maximum difference
was only 0.3 g C CO, m~2 d~!. Considering the differences in Reco and GPP between
Moscow and Kursk, the observed differences for the two neighboring Moscow fields with
different crops, are negligible. Thus, differences in the behavior of the carbon balance
components for the two towers in Moscow and Kursk were determined to a large extent by
their location in different natural zones.

5. Conclusions

This study with two eddy covariance stations situated within two contrasting climate
zones of Central Russia, on the same barley crop, showed significant differences in the
behavior of the carbon balance components. Climate conditions favor photosynthesis (and
respiration) at the southernmost site in Kursk in comparison with Moscow. The enhanced
carbon dynamics of the Kursk barley, however, does not reflect in better yields for Kursk
compared with Moscow. The Kursk site performances were rather lower due to a highly
inefficient weed-control practice. This difference is also noteworthy because, despite the
two sites showing similar carbon sequestration during the vegetative season, the difference



Agronomy 2022, 12, 1606 12 of 13

in yield for the Moscow site shows the importance of good technology and agronomic
practices in achieving sustainable production. In the light of the potential expansion
of crop areas, as suggested by climate scenarios, in the northern and eastern regions of
the Russian Federation [8], despite favorable climate effects, more attention should be
placed on technological and precision-framing practices to obtain both increased yields
and, at the same time, sustainable production. It is also interesting to notice that despite
great differences in yield and GPP, NEE is rather similar between the two sites, which
points to a moderate carbon sequestration. Unfortunately, we could not entirely close the
year balance to consolidate this result, but this finding suggests that a good agronomic
technology could both respond to increase the yield, while simultaneously contributing
to environmental sustainability targets. The current studies are the first steps to better
quantify the role of Russian agriculture in the balancing of greenhouse gases. A more
detailed analysis on the Life Cycle Assessment of barley production will be finalized based
on the current results and considering total greenhouse gas emissions of such production,
as the subject of a following paper.
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