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Analysis of changes in hydrothermal conditions of growing crops in the forest steppe zone of Ukraine over a
period of 2004-2016 showed that by the average monthly air temperature more than a half of the years under
study and by rainfall nearly a third of the researched period differed significantly from the average long-term
value and were close to extreme weather. Statistical analysis of long-term indicators of the air temperature regime is
evidence of a steady trend towards an increase in average annual air temperature with significant fluctuations in indices in
separate periods from 7.9 + 2.9 to 10.0 + 2.5°C and a decrease in the amount and instability of natural moisture entry.

The influence of weather conditions on the formation of productivity of spiked cereals (winter and spring wheat,
spring barley) and maize was assessed at the current agrometeorological risks in the forest steppe of Ukraine.
Based on the correlation-regression analysis, mathematical models were created that reproduce the depend-
ence of grain yields upon the complex weather conditions of the growing season, the impact of which reached
60-70%. The conditions of eight years (2006-2008, 2011-2014 and 2016), when the hydrothermal index for the
vegetation period was 1.13-1.76, turned out to be optimal by hydrothermal indicators to harvest maize yield at
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5.83-9.47 t/ha. However, the years of 2005, 2009-2010 and 2015 were unfavorable as they received precipita-
tion by 120 mm lower than a norm or 36% of the norm. The rainfall by 37-61% lower than a norm in June-July
and grain yield 3.12-6.51 t/ha were also characteristic of the years mentioned above.

Keywords: hydrothermal conditions, moisture accumulation, hydrothermal coefficient, vegetation period, pro-

ductivity of crops.

Introduction

The global scientific community concludes that the
Earth's climate keeps on changing. Changes that dest-
abilize not only natural ecosystems but also econo-
mies are becoming more widespread. Many modern
challenges, namely the scarcity of fresh water, energy
and food, the biodiversity decline, the increase in the
number and intensity of natural phenomena, the soil
degradation and other problems, are largely due to
the climate alteration. Scientists claim that, in recent
years, climate change in Europe has gathered pace
through the increasing variability in air temperature
and rainfall dynamics (Pachauri and Meyer, 2014; Col-
lins et al., 2013; Huang et al., 2016; Feng and Fu, 2013;
Linetal,, 2016; Fu et al,, 2016; Litvinov et al., 2019).

The issue of the smooth functioning of agriculture,
which is the most important sector of the econo-
my yet the most climate—-dependent and vulnerable,
is particularly important. Adaptation measures are
therefore needed to mitigate the inevitable climate
impacts and their economic, environmental and social
costs. The rational use of agricultural land is a priority
area of sustainable development policy and environ-
mental security while maintaining the sustainability
of agriculture is one of the conditions for stability of
the country (Collins et al., 2013; Huang et al.,, 2016;
Feng and Fu, 2013; Karpenko et al., 2019).

In Europe, for instance in Moldova, the country geo-
graphically close to Ukraine, scientists and farmers
establish facts of climate change with an increasing
frequency. In particular, air temperatures are sup-
posed to rise by an average of 4.1-5.4°C by the end
of this century, and maximum warming will occur in
winter and during the transition period. Over time ho-
rizons of 2010-2039 and 2040-2069, the amount of
precipitation is due to decrease by 9.0 mm and 38 mm,

respectively. While winter and spring precipitations
are expected to slightly increase in quantity during
warm and humid winter periods, however, summer
and autumn periods will be hot and dry (Malienko and
Borys, 2019). Hence, the climate change in the coun-
try over the period until 2050 will lead to a decrease in
crop yields by 10-30% (Mdller et al., 2016a; Nikolaye-
va et al., 2012). Thus, between 1990 and 2015, there
were 11 droughts registered in Moldova. It was es-
timated that, due to unfavorable hydrothermal con-
ditions, the average annual income from agriculture
in 2008 was by 19% lower than in the previous two
years. The drought of 2012, which also had a negative
impact on crop productivity in Ukraine (Schelling et
al., 2003; Vanova et al., 2006; World Agricultural Pro-
duction (WAP) Circular, 2020; Tack and Nalley, 2015;
Lobell and Burke, 2010) led to a decrease in wheat
yields by 16%, maize by 30%, and sunflower by 41%
compared with 2009-2011. According to the studies of
the International Institute for Applied Systems Analy-
sis (IIASA), all the territory will experience a moderate
decrease in wheat yields by 2025 and a significant de-
crease by 25% in 2050, maize yield will wane to 25% in
the central agroecological alteration zone by 2025 and
for almost the entire territory of the country by 2050
(World Agricultural Production (WAP) Circular, 2020;
Tack and Nalley, 2015; Malienko and Borys, 2019;
Miller et al., 2016b).

The climate of Ukraine has the same trends as the
climate of the entire Earth; however, the warming rate
is above the global average. This is the main feature of
the heterogeneity of climate change in Ukraine (Ada-
menko, 2017; Adamenko and Prokopenko, 2011). The
climate change trend in Ukraine is not linearly grow-
ing after 1970-1980 (Fig. 1).
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Studies have shown that over the past 20 years ex-
treme weather phenomena tend to a moderate in-
crease in intensity. There is a rise in summer air
temperature by 1.0-2.0°C and an increase of absolute
maxima of air temperature by 1.0-4.0°C. The expand-
ed number of days with very high temperatures re-
sulted in the growth of heat resources by 200-400°C
as well as the formation of a zone with a heat supply
of more than 3400°C (Fig. 2), a zone of subtropical
agriculture (rice, cotton, grapes) (Adamenko, 2014;
Adamenko, 2017; Adamenko and Prokopenko, 2011).

During the active crop vegetation period, there is an
increase in the aridity of the climate in the areas that
have previously been subject to sufficient humidifica-
tion. The areas of the wet agro-climatic zone (wood-
land area) and unstable moistening (forest steppe) are
decreasing and the dry agro—climatic zone (steppe)
is expanding. The continentality has decreased by
3.0-5.0°C over the last 30 years due to the increase of
winter air temperatures and the decrease of daily flow
in the summer (Fig. 3).

Over the last decades, the climate of Ukraine has
modified, which can lead to a shift in the climatic sea-
sons, changes in the duration of the growing season,
a decrease in the duration of a stable snow cover and
changes in the water resources of local runoff. The
average annual temperature over the years 1991-
2010 increased by 0.8°C, over the period from 1991
to 2016 by 1.0°C, and in 2017 by 1.8°C regarding the
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Fig. 2. The change in the sum of active air temperatures
higher than 10°C
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climatic norm. The changes that occurred during the
annual cycle indicate an increase in the average daily
air temperature in December-January by 1.9-2.0°C, in
March by 2.3°C, in April by 0.5°C, in August by 1.6°C,
in September and October by 1.4-2.0°C (Adamenko,
2014; Bozhko et al., 2005; lvanyi, 2015; Devitt and Pol-
ityuk, 2018).

Thus, the climate changes at both global and region-
al levels tend to lead to large-scale socio-economic
transformations. Therefore, in this context, the prob-
lem of the smooth functioning of agriculture, the
most important sector of the economy yet the most
climate-dependent and vulnerable, is particularly im-
portant in meeting the human food needs.
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Fig. 3. Extension of the zone with low precipitation rates during the crop vegetation period
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Climate change is projected to undermine food secu-
rity. According to the forecasted changes, industrial
production will keep on declining through the mid-
dle of the 21t century and even further. In the case
with wheat, rice and maize in tropical and temperate
regions, the climate change without adaptation will
adversely affect their productivity after the tempera-
ture increase by 2.0°C, although in some places it will
benefit. A global temperature rise by 4.0°C, combined
with an increasing demand for food, will pose signifi-
cant risks to food security worldwide (Lipinskyi, 2002;
Shevchenko et al., 2014; Adamenko, 2017). In Ukraine,
about 45% of extremely fertile black soils due to the
high content of organic matter and favorable struc-
ture of the topsoil can ensure deep water penetration
(Driessen et al., 2000; Malienko and Borys, 2019).

However, more than 30% of the most productive lands
experience a constant moisture deficit. Even in the
“optimal” years, the total rainfall in the arid lands of

b) rainfall (mm) in April-October,2006-2015
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the steppe and southern forest steppe does not ex-
ceed 400-500 mm, which is on the verge of efficient
agricultural production. The situation is exacerbated
in the years with precipitation of 250-350 mm, which
is much lower than the norm (Fig. 4).

During the years of severe droughts, the negative de-
viation of the grain yields from the average indicators
of the years under study amounts to 0.05 t/ha as a
whole in Ukraine and up to 0.1-0.15 t/ha in the re-
gions of the steppe zone (Adamenko and Prokopen-
ko, 2011; Adamenko, 2017; Kolisnyk et al., 2019). The
analysis of agrometeorological observations shows
that droughts, which can hit more than 50% of the ter-
ritory of Ukraine, occur on average 1 time every 10-12
years. Over the period of 1981-2013, atmospheric and
soil droughts of various intensity (spring—summer,
summer, autumn) were observed in Ukraine almost
every year, and only in 1993 and 1997, they were not
fixed (Adamenko, 2014; Pachauri and Meyer, 2014).
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Fig. 4. Crop yield dependence on hydrothermal conditions, centner/per hectare

5]
£ 70 -+
5
g 601 82008
LE)g 50 - 02003
_"T‘j S 40 m2013
-~ 4
o 30 m 2007
5 20 -

10 -

0 T T L

wheat barley

The purpose of the research was to evaluate the im-
pact of modern climate change on the productivity of
grain crops (winter and spring wheat, spring barley
and maize) in the forest steppe of Ukraine.

Methods

The typicality of weather conditions and the impact of
the method of basic tillage on crop productivity were
objects of the long-term research stationary exper-
iments of the National Scientific Center «Institute of
Agriculture of NAAS». The typical nature of weather
conditions was determined by the amount of rain-
fall and the average daily air temperature for a par-
ticular month of the growing season. The typicality
of hydrothermal conditions was expressed through
Ci according to Manko (2007) and Asfaw (2016), and
the deviation materiality coefficient of hydrothermal
conditions from the norm was defined according to
the recommendations. The mathematical analysis of
the experimental data was performed based on the
correlation coefficient r, and determination D. This
analysis shows to what extent the variability (y), as
a productive sign, is explained by the factor sign (x) -
HTC (World Bank, CIAT, 2016).

The presented results of the correlation-regression
analysis made it possible to assess the influence of
each of the factors and determine the level of sig-
nificance of the studied factors. Calculations based
on correlation models increase the accuracy of the

maize sunflower

analysis and often reveal the shortcomings of the
preliminary analysis. Moreover, this method also pro-
vides an opportunity to solve problems that cannot be
solved by other methods of statistical analysis, such
as, for instance, the division of the influence of many
factors that are interrelated and interdependent.

Results and Discussion

Generalization of the long-term indicators of air ther-
mal regime indicates a steady tendency towards the
increase in the average annual temperature of the air
over the last 13 years. The observation period from
2004 to 2009 was characterized by significant fluc-
tuations in the studied indicators. The largest devia-
tions from the mean value occurred in 2006 and 2007,
which were 1.1°C and 0.7°C, respectively. The results
of the statistical analysis according to which the av-
erage annual air temperature varied from 7.9 + 2.9 to
10.0 = 2.5°C are also evidence of a steady increase
in the air temperature. The air temperature varied
from 10.9°C to -4.0°C and the maximum was from
20.0°C to 24.4°C. Along with this, the results of our
studies revealed a significant amplitude of the air
temperature fluctuations both within individual years
(V =88.2-130.1%) and individual months. The highest
variability of the average monthly temperature was
in the winter months and March, which is confirmed
by the coefficients of variation, which respectively
amounted to 192.05% in December, 68.7% in January,
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Table 1. Statistical indexes of hydrothermal conditions, 2004-2016
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Statistical indexes

Month X+ S. Min, °C Max, °C Coefficient of variation (V), % Standard deviation (S)
temperature, °C
January -42+038 -9 1.5 68.7 2.91
February -35+1.0 -10.9 1.5 98.2 3.46
March 20+08 -2.4 5.9 139.9 2.80
April 10.0+0.3 85 12.4 11.8 1.18
May 16305 13.2 19.2 11.3 1.84
June 19.6+0.4 17.2 21.9 7.9 1.55
July 215+03 20.0 24.4 5.8 1.24
August 20.6+0.4 18.7 243 6.9 1.42
September 149 + 0.4 12.4 17.7 8.8 1.31
October 82+04 5.9 10.2 18.4 1.51
November 33+06 0.5 7.7 645 2.15
December -1.1+£0.6 -4.8 2.1 192.0 217
precipitation, mm
January 382+52 3.0 67.0 49.4 18.9
February 388+54 7.7 74.0 50.5 19.6
March 378+6.3 10.5 84.0 60.3 22.8
April 312+ 6.7 1.1 83.0 77.2 24.1
May 60.6+10.2 18.0 134.0 60.8 36.8
June 614+84 17.0 112.0 491 30.1
July 66.9+17.0 21.0 2520 91.4 61.1
August 544 +133 2.0 191.0 87.9 47.8
September 499+115 3.0 144.0 82.9 41.4
October 378+72 10.0 98.5 68.7 25.9
November 352+53 1.4 66.0 53.9 19.0
December 413+72 6.0 82.0 62.6 258

98.2% in February and 139.9% in March. The slightest
fluctuations in the air temperature were observed in
the summer months (V = 5.8-7.9%) (Table 1).

The largest deviations from the norm occurred in 2006
and 2007, which were 1.1°C and 0.7°C, respectively. The
results of the statistical analysis with a variation from
7.9 +2.9t010.0 + 2.5°C (Fig. 5a) prove a steady increase
in the air temperature. Further decreasing of annual
rainfall can be predicted by the trend line (Fig. 5b).

Analysis of the dependence of productivity of
cereals on the meteorological conditions of
cultivation

The established correlation and determination coef-
ficients make it possible to characterize the depend-
ence of wheat and barley yield on the weather condi-
tions of the growing season. The greatest effect of the
air temperature was during June for wheat D = 56.6%
and for barley D = 47.2%, and that of rainfall was
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Fig. 5. Annual change in average daily air temperature (a) and precipitation (b)
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Table 2. Correlation of yields and hydrothermal conditions, 2004-2016

Month

April
May
June

July

April
May
June

July

Coefficient of
correlation, r

0.139
-0.485
-0.752
-0.334

0.067
-0.313
-0.687
-0.203

Temperature, °C

Determination of
correlation, D, %

1.9
23.6
56.6
11.2

0.5
9.8
47.2
4.1

Winter wheat

Spring barley

__ trend line

Coefficient of
correlation, r

0.145

0.716
-0.124
-0.326

0.057
0.675
-0.043
-0.270

2012 2013

2014 2015 2016

Precipitation, mm

Determination of
correlation, D, %

2.1

0.3
45.6
0.2
7.3
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during May D = 51.2% and D = 45.6%, respectively. At
the same time, the relationship between the crop ca-
pacity and the amount of precipitation was direct; how-
ever, it was reversed with the air temperature (Table 2).

Having examined in detail the changes in the distribu-
tion of rainfall that occurred during the growing sea-
son of maize in the studied years, it should be noted
that the first half of the vegetation period (May—June)
was chiefly characterized by the following level of
rainfall: 5 years demonstrated an optimal level of 49.0
mm, 4 of them had an insignificantly lowered level of
37 mm, and during 3 years the monthly amount of
precipitation averaged 128 mm, which was by 78 mm

2020/76/3

above normal or by 146% higher than the norm, and
in the second half of the growing season, on the con-
trary, these indicators decreased (Fig. 6a).

The temperature regime and changes that occurred dur-
ing the analyzed vegetation period of maize indicate the
increase in air temperature by 0.3-2.7°C in July, by 2.6—
4.1°Cin August and by 1.7-3.1°C in September (Fig. 6éb).
In contrast to the rainfall, the air temperature is a less
critical indicator in the formation of corn productivity. An
increase in the sum of active air temperatures during the
growing season in the Right Bank Forest Steppe zone al-
lows expanding the range of hybrids from midseason to
mid-late hybrids, which are more productive.

Fig. 6a. Dynamics of rainfall (mm) during the vegetation period of maize in the forest steppe
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the monthly precipitation for 20142016

Fig. 6b. Temperature (°C) during the vegetation period of maize in the forest steppe
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The hydrothermal conditions (HTC 0.30-1.13) were
unfavorable in 2005, 2009-2010 and 2015 with the
rainfall of 120-288 mm, which was by 120 mm be-
low the long-term amount and made 36%. The rainfall
lower by 37-61% in June-July was characteristic of
these years, but for all that grain yields ranged 3.12-
6.51 t/ha. In the years with an optimal hydrothermal
coefficient (HTC 1.13-1.76), grain yield was in the
range from 6.35 to 9.47 t/ha. Under favorable weather
conditions in 2006 and 2014, the highest levels of yield
were obtained by using chisel tillage (9.47 t/ha), while
the grain harvest was by 27% lower after disking at
the depth of 10-12 cm. The yield reduction following
disking compared with the control and chisel loosen-
ing of the soil in the years with optimal HTC made 0.75
t/ha, and in dry years it was 1.35 t/ha (Table 3).

The unfavorable hydrothermal conditions that have

been observed in recent years and reflected in the
rise of average daily air temperature and precipitation

2020/76/3

deficits have a negative impact on the formation of
corn productivity, as evidenced by the pair correla-
tion coefficient. During May-June with different ways
of basic soil cultivation, the correlation coefficients
indicate a slight inverse dependence of r = -0.245 ...
-0.407, while the average level of r =-0.439 ... -0.524
was observed in July (Table 4).

On the basis of mathematical and statistical calcula-
tions regarding the typicality of hydrothermal condi-
tions in terms of precipitation and air temperature, it
was found that the conditions in the context of the 121
period were significantly different from the long-term
conditions over the last 50 years. The increase in the
sum of active air temperatures (2300-3400°C) during
the maize growing season in the Right Bank Forest
Steppe zone, which have been particularly different
over the last five years, makes it possible to expand
the range of more productive hybrids for sowing with
a higher number of FAQ.

Table 3. influence of the method of basic tillage and hydrothermal conditions on maize yield, 2005-2016, t/ha

Years grouping by Ploughing at the
weather conditions 7S HTC depth
of 28-30 cm
(control)
2006 1.49 8.44
2007 1.29 7.76
2008 1.76 7.02
) 2011 1.30 7.53
Optimal by HTC
2012 1.23 6.10
2013 1.25 6.19
2014 113 8.26
2016 0.66 8.53
Average 7.48
2005 1.03 3.92
2009 0.92 5.17
Unfavorable by HTC
2010 1.13 3.68
2015 0.39 6.08
Average 471

Maize yield, t/ha

Flat-cut tilling at the = Chisel ploughing at Disking at the
depth the depth depth

of 28-30 cm of 43-45 cm of 10-12cm
8.30 9.47 7.33
6.68 6.68 6.35
7.14 6.86 6.88
7.25 7.34 7.32
6.28 6.21 6.35
5.90 6.16 5.83
7.96 8.24 8.02
8.18 8.71 7.73
7.21 7.46 6.98
3.88 3.76 3.90
5.14 6.51 5.58
4.36 4.32 3.12
5.62 5.90 5.24
4.75 5.12 4.46

Note. The yield of maize for 2005-2012 is given according to the reports of the Department of Soil and Weed Control NSC «Institute of

Agriculture of NAAS».
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Table 4. influence of precipitation and temperature on maize yield by different methods of soil tillage

Factor Month Ploug:;r;?hat the
of 28-30 cm
(control)
May 0.496
June 0.203
Precipitation, mm July 0.173
August -0.026
September -0.093
May -0.245
June -0.317
Temperature, °C July -0.524
August -0.346
September -0.250

Conclusions

It has been ascertained that the specifics of the dy-
namics of precipitation during the vegetation period
of early spring cereals (wheat, barley) as well as late
spring crops (corn) indicate certain changes in time
with a tendency to increase their volume in May-June
and a significant decrease in July-August. Drastic
changes in the amount of precipitation particularly in
2011-2015 are evidence of their atypy, and the chang-
es in air temperature indicate climate changes in the
Right Bank Forest Steppe zone towards aridity.

By the average monthly air temperature more than a half
of the years studied (2004-2016) and by rainfall nearly
a third part of the researched period differed significant-
ly from the average long-term value and were close
to extreme weather. The statistical analysis of long-
term indicators of the air temperature regime shows a
steady trend towards an increase in the average annual
air temperature with significant fluctuations in indices

Different ways of basic soil cultivation

Flat-cut tilling at the Chisel ploughing at the Disking at the
depth depth depth

of 28-30 cm of 43-45 cm of 10-12.cm
0.551 0.576 0.467
0.234 0.183 0.300
0.173 0.092 0.070
-0.081 -0.185 -0.033
-0.075 -0.109 -0.118
-0.370 -0.452 -0.347
-0.389 -0.315 -0.407
-0.439 -0.450 -0.522
-0.323 -0.432 -0.519
-0.276 -0.137 -0.177

in separate periods from 7.9 + 2.9 to 10.0 + 2.5°C. The
actual average annual figures of sums of precipitation
indicate a decrease in the amount and instability of the
natural moisture receipt.

The productivity of spring wheat and barley and win-
ter wheat depended on the complex of weather con-
ditions in May and June, with the effect on the yield of
the crops reaching60-70%.

The conditions of eight years (2006-2008, 2011-2014
and 2016), when the hydrothermal index for the veg-
etation period was 1.13-1.76, turned out to be optimal
by the hydrothermal indicators to harvest maize yield at
5.83-9.47 t/ha. However, the years of 2005, 2009-2010
and 2015 were unfavorable as they received precipitation
by 120 mm lower than a norm or 36% of the norm (aver-
age long-term value for the last 50 years). The rainfall by
37-61% lower than a norm in June—July and grain yield
3.12-6.51 t/ha is a salient feature of these years.
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