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Abstract—Climate trends for the recent decades and a potential influence of agricultural technologies
on spring wheat yields in the Republic of Tatarstan are analyzed. The authors used data on spring
wheat yields (Federal State Statistics Service) and observations from 18 meteorological stations during
1961-2020. Climate-driven yields were calculated using the Climate—Soil-Yield simulation system.
Yields at a fixed agronomic level were calculated for the periods of 1961-1990 and 1991-2020. It was
established that there are differences in the trends in actual and climate-driven yields for these periods.
Average actual yields for the second period are almost twice as high as those for the first period, but the
rate of their increase does not grow. Average climate-driven yields in 1991-2020 were lower than in
1961-1990 (Mann—Whitney test, p = 0.05). An analysis of agroclimatic resources for individual de-
cades shows that the downward trend in climate-driven yields is linked to a substantial temperature rise
during the growing season and a harsher precipitation regime. The rate of a possible decrease in cli-
mate-driven yields of spring wheat in Tatarstan makes up ~2% per decade during 1991-2020.
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1. INTRODUCTION

The issues of developing the scientific and methodological basis for the agroclimatic monitoring of
regional agricultural systems during climate change based on the Climate—Soil-Yield simulation system
were discussed in [7, 8, 15]. According to the forecast based on climate models, it is expected that the rate
of future warming will be similar to the modern one, and the frequency and intensity of severe weather
events will increase [1, 19, 21]. In these conditions, an important problem is to provide the reasonable as-
sessment of trends in agroclimatic conditions and crops productivity in the main grain cropping regions.
Such assessment should be a base for the informational and analytic adaptation of the Russian agriculture to
observed and projected climate change in accordance with the National Adaptation Plan [3, 5, 6].

According to the Ministry of Agriculture and Food of Tatarstan, about 52% of arable land is allocated
in the structure of crop areas for the cultivation of grain crops, such as winter and spring wheat, pea, oat,
and barley [13]. Spring wheat yields in Tatarstan over the period of 2001-2020 were the highest
(~29.0 centner/ha) among the subjects of the Russian Federation. At the same time, the republic ranks
fifth in the gross yield of spring wheat in Russia and ninth in the crop areas.

Taking into account a leading role of Tatarstan in the grain production and a growing demand for it both
at the internal and external market, the monitoring of the growth and development of crops under observed
climate change is necessary both in the operational practice of services for agricultural producers and man-
agement structures and for developing a regional plan of adaptation to climate change.
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Fig. 1. The schematic map of location of meteorological stations on the territory of the Republic of Tatarstan.

The objective of the present study is the regional agroclimatic monitoring and the assessment of climate
change impacts on agroclimatic resources in the Republic of Tatarstan for the wheat, which is the main
grain crop. The problem is solved on the basis of the modern technology: the Climate—Soil-Yield simula-
tion system, which allows obtaining detailed (in time and space) quantitative estimates of climate change
impacts over a rather long period from 1961 to 2020.

2. DATA AND METHODS

Information database. Monthly data for the period from 1961 to 2020 from the subset of the Climate
database (Izrael Institute of Global Climate and Ecology (IGCE)) were used. The agrometeorological
monitoring was carried out using the observations of air temperature and monthly precipitation at 18 mete-
orological stations on the territory of Tatarstan from 1995 to 2020. The observational data were received in
the Roshydromet PROMETETI software package for hydrometeorological data processing. The schematic
map of the location of the stations is presented in Fig. 1.

Climate—Soil-Yield simulation system. The Climate—Soil-Yield simulation system [20] combines
the Weather—Yield dynamic model, the information database, and the technology for its processing and
analysis. The identification and verification of the system were performed using the data of retrospective
and agrometeorological observations, including soil moisture observations.

The data processing technique and various visualization schemes (tables, graphs, schematic maps) in the
Climate—Soil-Yield system allow the retrospective, operational, and predictive analysis of agrometeoro-
logical conditions on the territory of individual subjects of the Russian Federation. The full list of output
agroclimatic indices and productivity indicators, as well as of extreme weather conditions for the climate
change monitoring with the Climate—Soil-Yield system was given in [9].

Climate-driven yields as an indicator of crops productivity were calculated in the simulation system
based on actual meteorological and agrometeorological data (observations) at an average (over some years)
agronomic level fixed by the model parameters.

Calibration and verification of the Climate—Soil-Yield system. Soil moisture. In most of the central
regions of the European part of Russia, the observed changes in agroclimatic resources against a back-
ground of ongoing warming are linked to a trend toward the soil drying [10, 11, 17]. The most informative
and practically demanded indicator of the moisture regime of agricultural fields is the observations of soil
moisture carried out at Roshydromet meteorological stations. Due to an insufficient density of the observa-
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Fig. 2. (1) Observed and (2) calculated productive soil moisture on the 8th, 18th, and 28th days of the month in (a, c, e) the

arable (0-20 cm) and (b, d, f') one-meter (0—100 cm) layers in 2020 at three observation stations: (a, b) Bol’shie Kaibitsy,
(c, d) Drozhzhanoe, and (e, ) Aznakaevo.

tion network, the computational methods are important in terms of assessing observed and projected cli-
mate change.

In the Climate—Soil—Yield system, productive soil moisture during the growing season is a result of sim-
ulating the infiltration, evaporation, transpiration, and root absorption of moisture [14]. The correction and
verification of the model were based on the observations of soil moisture under spring grain crops (spring
wheat or spring barley) at individual meteorological stations. Figure 2 presents the calculated and observed
soil moisture in the arable and one-meter layers at Bol’shie Kaibitsy, Drozhzhanoe, and Aznakaevo stations
in 2020. A relative error of calculations is 10-20%, which may be considered as a quite good result, taking
into account an accuracy of determination of actual soil moisture at meteorological stations.

Climate-driven yields. Based on the data of field experiments and literature data, the model constants
were determined at the stage of the model construction: the general constants that do not depend on crops
(the factor of conversion of integral radiation into photosynthetically active radiation, gas exchange coeffi-
cients, cardinal temperature of respiration, etc.) and the specific constants for different crops (the sum of
effective temperatures during interphase periods, the factors of conversion of reproductive organs into the
economic yield, the parameters for calculating biological functions, etc.).

It is obvious that the model whose parameters were identified from experimental data cannot be used for
predicting spatially averaged yields. When passing to the calculation for individual regions, it is necessary
to limit the model “empiricism,” which is achieved by selecting a small number of parameters for optimiza-
tion [14].

Climate-driven yields calculated in the Climate—Soil-Yield system primarily indicate the effects of
climatic factors on the crops productivity. An agronomic level or a level of agricultural efficiency is indi-
rectly determined by the model parameters that remain constant during one or another time period. If there
is a dramatic jump in the level of the land use system and yields increase, the corresponding parameters are
corrected with account of observed trends.

The model parameters were configured for the territory of Tatarstan using the Rosstat (Federal State
Statistics Service) data on yields [12]. The target function was minimized by the least-squares method:

Fa,r,a)= > (Y, -1,

Jj=1LN
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Table 1. The statistical characteristics of spring wheat yields (centner/ha) in the Republic of Tatarstan during
1961-2020 (according to Rosstat)

Period Mean SD C,, % Max Min Amp
1961-1970 12.3 3.5 28 17.3 9.0 8.3
1971-1980 14.3 2.4 17 18.1 9.9 8.2
1981-1990 14.3 5.1 36 21.8 7.8 14.0
1991-2000 20.1 7.9 39 36.9 10.4 26.5
2001-2010 25.8 8.6 33 33.2 33 29.9
2011-2020 22.9 5.9 26 30.6 11.0 19.6

Here and in Table 2, SD is the standard deviation; C, = SD/Mean x 100% is the coefficient of variation; Max is the
maximum value; Min is the minimum value; Amp = Max — Min.

where Y, is the climate-driven yield modeled in the Climate—Soil-Yield model; Y, is the observed yield
(Rosstat); N is the length of observation series; a, 7., a, are the parameters of the model growth and devel-
opment module.

3. RESULTS AND DISCUSSION
3.1. Observed Yields

The time series of actual spring wheat yields over the period from 1961 to 2020 was considered. The
analysis revealed that spring wheat yields in Tatarstan in the recent three decades have dramatically
increased starting from the late 1990s—early 2000s. During 1961-1990, decadal mean spring wheat
yields varied within a quite narrow range and were equal to 12.3, 14.3, and 14.3 centner/ha, respectively.
During 1991-2020, the decadal mean yield exceeded 20 centner/ha, with a maximum in 2001-2010 equal
to 25.8 centner/ha, even taking into account the abnormal low yield in 2010. Maximum yields increased
almost twice: from ~17-22 centner/ha in 1961-1990 to ~31-37 centner/ha during 1991-2020 (Table 1).

It should be noted that the level of spring wheat yields in Tatarstan did not decrease during the reforma-
tion period in the 1990s, when the crops productivity decline was observed almost everywhere. For exam-
ple, in 1993 and 1994, the mean yield in the republic was 20.5 and 23.9 centner/ha, respectively, with the
mean wheat (spring and winter) yields of 14 centner/ha for entire Russia.

Figure 3 presents the series of actual and climate-driven spring wheat yields from 1961 to 2020 (with the
model configuration for the agronomic level observed in 1961-1990). It also allows tracing trends in crop
areas expressed in percent relative to the mean values for the first decade (1961-1970).

It is clear that the technological component in the yield series became a key one in 1991-2020, while the
series of climate-driven yields had no dramatic jump after 1990. On the contrary, a negative trend was obvi-
ous during 1961-2020 (Fig. 3).

It is known that modern agronomic technologies include diverse components: fertilization, use of
drought-resistant and stress-tolerant varieties, various tillage systems, selection of optimum sowing dates,
crop rotation system, moisture-saving technologies, etc.

The studies have shown that scientifically grounded technologies for applying mineral and organic fer-
tilizers with account of weather conditions have become a dominant factor in crops production [16]. During
2000-2018, according to the Rosstat data, the volume of mineral fertilizers applied to grain and leguminous
crops increased by three times: from 20.5 kg/ha in 2000 to 60.5 kg/ha in 2018. The volume of organic fertil-
izers applied to grain and leguminous crops increased since 2000 by 48% up to 1.2 t/ha in 2018 [2].

Having no similar estimates for individual regions, it may be argued with a high probability that the cor-
responding volume of fertilizers can only be greater for such economically developed region as Tatarstan.

Another important factor is selection work. In Russia, the contribution of selection to the yield growth in
the recent decades is estimated at the level of 30—70%, and its role is expected to increase as negative cli-
mate trends strengthen [2].

The yield growth may be associated with another factor indirectly affecting the productivity. As clear
from Fig. 3, the areas sown with spring wheat in the republic decreased from ~780000 ha in 1961-1970 to
~520000 ha in 2011-2020. It is well known that the yields grow if crop areas are reduced and nonpro-
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Fig. 3. The time series of (/) actual Y, and (2) calculated Y, yields and (3) relative areas sown with spring wheat (percent-
age of the mean values for 1961-1970; the right scale) in Tatarstan. The straight lines are linear trends, the respective linear
trend coefficients b are: (1) 2.6 centner/ha per decade; (2) —0.4 centner/ha per decade; (3) —9% per decade.

Table 2. The statistical characteristics and the correlation matrix for observed (Y,, centner/ha) and climate-driven
(Y, centner/ha) yields and sown areas (S, 10° ha) of spring wheat for 1961-1990 and 1991-2020

Correlation matrix
Parameter Mean SD C,, %
Y, Y S
1961-1990
Y. 13.6 3.8 27.9 1.00 0.60 -0.06
Yu 12.6 3.1 24.6 1.00 -0.23
S 781 116 14.9 -0.23 1.00
1991-2020
Y. 22.9 7.7 33.6 1.00 0.68 -0.34
Y 19.6 5.6 28.6 1.00 -0.38
S 520 69 13.3 1.00

The values with the significance level p = 0.05 are bolded.

ductive land is removed from agricultural use. In this case, the coefficient of correlation between the
observed yields and sown areas for 1991-2020 is —0.38, and the contribution of the trend in the sown areas
to the total variance of the yield series reaches 12%.

3.2. Climate-driven Yields

With the evident growth in the technological component of yields, it is methodologically reasonable to
configure the model parameters characterizing the agronomic level and to provide the further agroclimatic
analysis for two periods: 1961-1990 and 1991-2020, or the “early” and “late” periods. The continuous se-
ries of years (from 3 to 5) was chosen to identify these model parameters. It included good, medium, and
bad years and was close enough to the beginning of the “early” and “late” periods.

The results of the system verification indicate a statistically significant correlation (p = 0.05) between
the model Y,, and actual Y, yields (Table 2). The relative error of calculations is 6.7 and 10.0%, and the
correlation coefficients are equal to 0.60 and 0.68 for 1961-1990 and 1991-2020, respectively.

The high interannual variability of yields was registered in both the first and the last three decades of the
analyzed period. This means that despite the yield growth in the recent decades, the sustainability of grain
production from spring wheat remains at the level of 65-70% (calculated as an extension of the coefficient
of variation to 100%).
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Fig. 4. The variations in (/) actual Y, and (2) calculated Y,, yields of spring wheat in Tatarstan for the periods of (a)
1961-1990 and (b) 1991-2020. The respective estimates of linear trend coefficients (b) and the correlation coefficient
() for 1961-1990: (1) b= 1.2 centner/ha per decade, (2) b= 0.5 centner/ha per decade; = 0.60; for 1991-2020: (1) b=
0.9 centner/ha per decade, (2) b =—0.4 centner/ha per decade; » = 0.68.

3.3. Analysis of Trends in Climate-driven and Observed Yields

The trends in actual and climate-driven yields were analyzed separately for the “early” and “late” peri-
ods.

The linear trend coefficients for observed and climate-driven yields during 1961-1990 were positive
and equal to 1.2 and 0.5 centner/ha per decade or 9.0 and 3.9% per decade (relative to the mean yield). The
respective coefficients for the series of Y, and Y,,, for 1991-2020 had opposite signs and were equal to 0.9
and —0.4 centner/ha per decade or 3.9 and —2.0% per decade (Fig. 4). Thus, against a background of the al-
most two-fold increase in observed yields in the recent three decades, the rate of their growth decreases. It
is noteworthy that the trends toward the yield growth slowdown are also observed in Western Europe [18].

Since the analysis of the yield series does not reveal linear, statistically significant estimates of the linear
trend coefficients using the z-test, its nonparametric analog, the Wilcoxon (or Mann—Whitney) test, was
applied to compare the independent yield samples for 1961-1990 and 1991-2020.

The results allow supposing the presence of a statistically significant difference in the level of actual and
climate-driven yields from the “early” period to the “late” one: an increase in observed yields is statistically
significant at the 1% level (p = 0.01), and a decrease in climate-driven yields is significant at the 5%
level (p =0.05).

As for revealing the presence or absence of the statistical difference in the average yields from decade to
decade, the statistically significant difference was found only from 1981-1990 to 1991-2000 in the series
of observed yields. Thus, the 1990s are the break point of the period.

3.4. Variations in the Parameters of Agroclimatic Resources

The analysis of the trends in the parameters of agroclimatic resources was based on observational data
from Kazan meteorological station.

The estimated trends for the thermal parameters over the warming period since 1976 for the whole
agricultural zone were presented in [4]. It was shown that the trends in the parameters of the thermal regime
remain positive in the entire European part of Russia.

The estimates of thermal parameters for Kazan station presented in Table 3 also indicate positive dy-
namics of heat resources on the territory of Tatarstan. Average air temperature for the growing season of
spring wheat in the recent decade has increased by 1.2°C as compared to the base period. This was a reason
for its shortening and is most often associated with the shortfall of yield. The growing season of spring
wheat became shorter approximately by 10 days, and phenological dates are observed earlier: at the begin-
ning of May.

The data on total precipitation, Selyaninov’s hydrothermal coefficient (HTC), and moisture coefficient
presented in Table 3 show that the most favorable moisture conditions were observed during the decade
from 1971 to 1980, when more than 200 mm of precipitation was registered during the growing season of
spring wheat, and the HTC varied within 1.1-1.5. During the “late” period, the amount of precipitation was
smaller than during the base period by 40—50 mm or 22—-28%, which is significant for the zone of moderate
wetting.
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Table 3. The variations in the indices of agroclimatic resources for the growing season of spring wheat during
1961-2020 according to Kazan meteorological station

Period | Ym% | Dug | Des | Noday | 7°C | Tme | Romm | HTC | EE, | W20 1 P20s
mm mm

1961— 100 |May 9 |August8 92 17.0 20.1 180 1.14 0.55 33 17

1990

(base)

1961— 100 |May 11 |August 10 92 16.9 18.6 151 0.97 0.50 31 14

1970

1971- 97 |May7 |August8 94 16.8 18.1 202 1.27 0.57 35 20

1980

1981 104 |May 8 |August6 91 17.5 20.1 188 1.19 0.58 33 18

1990

1991- 86 |May5 |July31 88 17.3 21.1 131 0.86 0.48 34 12

2000

2001— 91 [May3 |July30 89 17.5 19.8 169 1.08 0.53 31 12

2010

2011- 83 |May5 |July28 84 18.2 19.1 138 0.89 0.49 36 12

2020

The calculations were performed in the Climate—Soil-Yield simulation system. Yy, is the estimated climate-driven
yield relative to the mean for 1961-1990; D\, is the date of seedling; De,q is the date of yellowing; N is the length of
the growing season; 7'is average air temperature over the growing season; 7y, is maximum air temperature over the
growing season; R is total precipitation over the growing season, mm; HTC is the Selyaninov’s hydrothermal coeffi-
cient over the growing season; E/E is the moisture coefficient over the growing season; £ is evapotranspiration over
the growing season, mm; E is evaporation over the growing season, mm; /20 is soil moisture in the arable layer (0—
20 cm) at the moment of vegetation renewal; W20 is soil moisture in the arable layer (0—20 cm) in June.

There are also negative decadal trends in the HTC and moisture coefficient (£/E,) dynamics. For ex-
ample, the mean HTC for the last decade was 0.89 or 78% of the mean value for the base period, which is
above the limit of the criterion for the severe event “drought” (HTC < 0.6), but indicates insufficient
moisture.

The variations in moisture reserves in spring at the beginning of vegetation from decade to decade in
both the “early” and “late” periods do not point out any worsening of moisture conditions. Moisture re-
serves are maintained at a rather high level in the arable soil layer (31-36 mm). This result is consistent
with the previous estimates of trends toward the spring precipitation growth [4]. At the same time, in sum-
mer, starting from the second 10 days of June, when spring wheat can be in the critical phase (“blossom-
ing—earing”) for the growth and development, soil moisture decreases (W205 = 12 mm). In some years,
moisture in the arable layer can decrease to the critical level (<10 mm).

Thus, it can be stated that in the last three decades, when growing spring wheat, agricultural producers
of grain in Tatarstan faced the shortage of soil moisture more often than before the 1990s.

Table 4 presents the estimates of the agroclimatic indices for the period from 2011 to 2020, which il-
lustrate a wide range of their variations. Among the years with large shortfall of grain (~40% relative to the
mean level), 2013 and 2015 stand out. The thermal stress in these years was the highest: the average tem-
perature over the growing season was 18.8 and 19.1°C, with the normal equal to 17.0°C. In 2013, the
amount of precipitation was almost twice smaller than the normal, and soil moisture was completely ex-
hausted already by mid-June. The growing season lasted only 80 days and ended at the earliest time: at the
beginning of the third 10 days of July. The crop loss made up 43% (2013) and 38% (2015).

4. CONCLUSIONS

The Ministry of Agriculture of the Russian Federation worked out a long-term strategy for the develop-
ment of the grain complex of the country until 2035. Its implementation will make it possible to maintain
the food security of the country at a high level and to hold its position on the international grain market. The
resulting estimates of the trends in agroclimatic resources and productivity of spring wheat in the Republic
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Table 4. The variations in the indices of agroclimatic resources of the spring wheat growing season during
2011-2020 according to Kazan meteorological station

Year Y, % Dheg Deng N,day | T7.,°C | R,mm | HTC E/E, w20, W20,
mm mm
2011 85 May 5 July 31 84 18.9 239 1.51 0.64 29 29
2012 76 April 24 |July 15 83 18.1 108 0.72 0.47 42 7
2013 57 May 4 July 22 80 18.8 104 0.69 0.38 27 3
2014 87 May 10 |July 30 82 18.5 108 1.71 0.41 26 13
2015 62 May 10  |July 28 80 19.1 121 0.79 0.42 38 6
2016 77 April 30 |July 21 83 18.0 64 0.43 0.37 33 5
2017 119 May 9 August 10 94 16.7 182 1.16 0.60 43 18
2018 87 May 9 July 29 82 18.0 105 0.71 0.49 44 9
2019 79 May 3 July 28 87 17.8 153 0.99 0.48 33 8
2020 100 May 6 August 1 88 17.8 191 1.22 0.65 47 19

The designations are the same as in Table 3. The calculations were performed in the Climate—Soil-Yield simulation
system.

of Tatarstan over the recent decades can be considered in the context of informational and analytical sup-
port of this strategy.

The temperature rise during the growing season in combination with the observed positive trends in the
degree of aridity of the territory causes a decrease in the climate-driven yields of spring wheat from 1991 to
2020. A statistically significant decrease in climate-driven yields was revealed from 1961-1990 to 1991—
2020, i.e., positive trends in climate-driven yields in 1961-1990 changed into negative ones in 1991-2020.
No significant fluctuations in the climate-driven yield were found on the decadal scale, and they remain at
the level of its interannual variability.

The resulting estimate of the rate of the decrease in climate-driven yields at the level of —2.0% per de-
cade during 1991-2020 cannot be considered insignificant, taking into account that it is comparable in
absolute value with the rate of the increase in observed yields (3.9% per decade).

The analysis of changes in the agroclimatic indices and the assessment of a measure of their impact on
productivity demonstrated that the Climate—Soil-Yield system as a modern technology based on which
current climate change in Tatarstan is simulated can also be used for an adequate assessment of future
changes in the agricultural sphere of the republic.

Another essential component of the developed technology for evaluating the productivity variations is
the planned operational 10-day agroclimatic monitoring on the territory of Tatarstan for updating and de-
tailing the resulting estimates for different agroclimatic zones and separate administrative areas.

FUNDING
The research was supported by Russian Science Foundation (grant 22-27-20080).

REFERENCES

1. The Roshydromet Second Assessment Report on Climate Change and Its Consequences in the Russian Federation
(Roshydromet, Moscow, 2014) [in Russian].

2. V. Ya. Gol'tyapin and R. Z. Mamedov, Analysis of the State and Development of Selection and Processing of
Grain Crops (Rosinformagrotekh, Moscow, 2019) [in Russian].

3. Report on Climate-related Risks in the Russian Federation, Ed. by V. M. Kattsov and B. N. Porfir’ev (Roshyd-
romet, St. Petersburg, 2017) [in Russian].

4. Report on Climate Features in the Russian Federation in 2021 (Moscow, 2022), https://www.meteorf.gov.ru/im-
ages/news/20220324/4/Doklad.pdf [in Russian].

5. V. M. Kattsov, I. M. Shkol’nik, S. V. Efimov, A. V. Konstantinov, V. N. Pavlova, T. V. Pavlova, E. 1. Khleb-
nikova, A. A. Pikaleva, A. V. Baidin, and V. A. Borisenko, “Development of a Technology for Probabilistic Fore-
casting of Regional Climate in Russia and Construction of Scenario Projections of Changes in Climatic Impacts

RUSSIAN METEOROLOGY AND HYDROLOGY Vol. 48 No. 1 2023



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

ASSESSMENT OF AGROCLIMATIC RESOURCES AND SPRING WHEAT 71

on Economic Sectors. Part 1. Problem Statement and Numerical Experiments,” Trudy GGO, No. 583 (2016) [in
Russian].

. National Plan of Activities for the First Stage of Adaptation to Climate Change for the Period until 2019,

http://static.government.ru/media/files/OTrFMr1Z1sORh5NIx4gLUsdgGHyWIAqy.pdf [in Russian].
V. N. Pavlova, P. Calanca, and A. A. Karachenkova, “Grain Crops Productivity in European Russia under Cli-

mate Change in Recent Decades,” Meteorol. Gidrol., No. 1 (2020) [Russ. Meteorol. Hydrol., No. 1, 45 (2020)].

. V.N. Pavlova and A. A. Karachenkova, “Assessment of Changes in Climate-driven Productivity of Spring Wheat

in the Agricultural Zone of Russia,” Fundamental’naya i Prikladnaya Klimatologiya, No. 4 (2020) [in Russian].

V. N. Pavlova, A. A. Karachenkova, and S. E. Varcheva, “Regional Monitoring of Agroclimatic Conditions of
Yield Formation in a Changing Climate,” Trudy GGO, No. 596 (2020) [in Russian].

Yu. P. Perevedentsev, K. M. Shantalinskii, and N. A. Vazhnova, “Spatiotemporal Variations of Major Parameters
of Temperature and Humidity Regime in the Volga Federal District,” Meteorol. Gidrol., No. 4 (2014) [Russ.
Meteorol. Hydrol., No. 4, 39 (2014)].

Yu. P. Perevedentsev, K. M. Shantalinskii, B. G. Sherstyukov, A. A. Nikolaev, V. V. Gur’yanov, T. R. Au-
khadeev, N. A. Mirsaeva, and A. V. Antonova, “Climate Change in the Republic of Tatarstan in the 20th—21st
Centuries,” Rossiiski Zhurnal Prikladnoi Ekologii, No. 4 (2018) [in Russian].

Rosstat (2020), www.gks.ru/wps/wem/connect/rosstatmain/rosstat/ru/statistics/enterprise/economy [in Russian].
Agriculture in Tatarstan: Features, Products, and Interesting Facts, https:/fb.ru/article/327421/selskoe-hozy-
aystvo-tatarstana-osobennosti-produktsiya-i-interesnyie-faktyi [in Russian].

O. D. Sirotenko, Mathematical Modeling of Water and Heat Regime and Productivity of Agroecosystems
(Gidrometeoizdat, Leningrad, 1981) [in Russian].

O. D. Sirotenko and V. N. Pavlova, “Observed Climate Change and Dynamics of Agricultural Productivity in
Russia,” Trudy GGO, No. 565 (2012) [in Russian].

A. P. Fedoseev, Agrochemistry and Weather (Gidrometeoizdat, Leningrad, 1979) [in Russian].

E. A. Cherenkova, M. Yu. Bardin, and A. N. Zolotokrylin, “The Statistics of Precipitation and Droughts during
Opposite Phases of the Quasi-biennial Oscillation of Atmospheric Processes and Its Relation to the Yield in the
European Part of Russia,” Meteorol. Gidrol., No. 3 (2015) [Russ. Meteorol. Hydrol., No. 3, 40 (2015)].

N. Brisson, P. Gate, D. Gouache, G. Charmet, F.-X. Oury, and F. Huard, “Why Are Wheat Yields Stagnating in
Europe? A Comprehensive Data Analysis for France,” Field Crops Res., 119 (2010).

“IPCC, 2019: Summary for Policymakers,” in Climate Change and Land: An IPCC Special Report on Climate
Change, Desertification, Land Degradation, Sustainable Land Management, Food Security, and Greenhouse
Gas Fluxes in Terrestrial Ecosystems, Ed. by P. R. Shukla, J. Skea, E. C. Buendia, V. Masson-Delmotte,
H.-O. Portner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz,
S. Neogi, M. Pathak, J. Petzold, J. P. Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, and J. Malley
(2019), https://www.ipcc.ch/srccl-report-download-page/.

V. N. Pavlova, A. A. Karachenkova, S. E. Varcheva, and N. M. Sinitsyn, “Assessment Approach of the Spatial
Wheat Cultivation Risk for the Main Cereal Cropping Regions of Russia,” in Landscape Modelling and Decision
Support, Ed. by W. Mirschel, V. V. Terleev, and K.-O. Wenkel (Springer, Cham, 2020).

USDA-FAS. Grain: World Markets and Trade (United States Department of Agriculture, Foreign Agricultural
Service, 2016), http://www.fas.usda.gov (Accessed July 15, 2017).

RUSSIAN METEOROLOGY AND HYDROLOGY Vol. 48 No. 1 2023



