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Abstract. Ukraine has a developed agricultural sector of the economy,
where agriculture accounts for 10.4% of the gross domestic product. The
relevance of the subject is due to the fact that agricultural production,
which is of strategic importance for the country, is very sensitive to
ongoing climate changes. Therewith, the crop industry is already
undergoing a process of adaptation to the consequences of climate
change and agrometeorological factors, which is manifested in the
expansion of the range of cultivated crops. The purpose of this study
was to predict the adaptability of heat-loving agricultural crops by their
yield in various natural and climatic zones of Ukraine. In the course of the
research, such methods as analysis, synthesis, factor analysis, correlation-
regression, and mathematical-statistical were used. Based on the results
of the conducted studies, the expediency of considering climate change
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to obtain high yields of both conventional agricultural crops and heat-loving ones, which were not typical for
Polissia and Forest-Steppe, is proved. Based on the analysis of the dynamics of crop yields, it is identified that it
is advisable to reorient agricultural production to the cultivation of heat-loving crops - corn, sunflower, soy, and
rapeseed in the Forest-Steppe, which in recent years give the same or slightly higher yields than in the south
of Ukraine. Growing these crops in the Polissia zone is unprofitable - the yield is quite low, so in these regions,
it is worth continuing to grow conventional crops (cereals, legumes, vegetables, potatoes). The established
dependences of crop yields on climatic and agrometeorological factors allowed identifying a complex of factors
that play a major role in the formation of the yield of specific crops. The developed crop yield models based on
multiple correlation allow for predicting it. The results of the study can be useful in planning and optimising the
activities of agricultural enterprises, and agriculture in general, in various natural and climatic zones of Ukraine,

as a strategic branch of the economy

Keywords: climate change; agricultural adaptability; heat-loving crops; abiotic factors; agroecosystems

INTRODUCTION

Timely adaptation of the agro-industrial complex of
Ukraine to climate change is an urgent environmental,
scientific,and industrial problem.The development of a
strategy for the sustainable development of agricultur-
al production in Ukraine should provide for adaptation
measures considering climatic conditions. There are
about 20 predictive models of climate change at the
global level developed by researchers from different
countries of the world (Adamenko, 2019).

According to the results of such studies, by the end
of the 21st century, there may be an increase in tem-
perature by 2-4°C throughout Ukraine (Yatsyuk et al.,
2021; Christidis & Stott, 2021). Climate change trends
are characterised by an upward vector of growth in the
average annual atmospheric temperature,and therefore,
in the next 20 years, there is a high potential risk of fac-
tual loss of arable land for intensive farming not only in
the Steppe zone of Ukraine but also over half of the area
of agricultural land throughout the country (FAO, 2022).

Therewith, Ukraine has all the prerequisites for ef-
fective management and further development of agri-
culture, including: fertile soils, favourable agroclimatic
conditions, established historical traditions of agricul-
tural activities, sufficient availability of labour resourc-
es, etc. Thus, in 2021, the total share of exports of corn,
barley, rapeseed, and sunflower oil on the world export
market from Ukraine amounted to almost 63% (Chumak
et al.,2012; Mirzoeva, 2022).

Changing climatic conditions in Ukraine cause the
shift of the boundaries of agroclimatic zones from south
to north and northwest, causing the development of
unfavourable agrometeorological phenomena, which
are manifested in a lack of moisture and increased
temperatures of atmospheric air and soil. Based on the
current situation, Howden et al. (2007), Romaschenko et
al.(2003) proposed areas of scientific research aimed at
adapting agricultural production to climate change in
Ukraine and at the planetary level in general. According
to 0.G. Tarariko et al. (2016), the most important task
of the agro-industrial complex of Ukraine, given the
inertial nature of agricultural production, is its timely
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adaptation to climate change. Therewith, the scientific
justification of approaches to more efficient use of heat
as additional agricultural resource potential, and mini-
mising possible risks manifested by all sorts of extreme
phenomena that can substantially worsen both the
ecological state of agricultural landscapes and substan-
tially reduce the productivity of agroecosystems them-
selves is necessary. Muller (2009) considers the tran-
sition to organic farming to be the most effective way
to adapt agriculture to changing climatic conditions.

In addition to the problematic consequences, cli-
mate change also has positive aspects. Thus, Stefanovs-
ka and Pidlisniuk (2010) consider the lengthening of
the growing season, the shift to the north of the area
of cultivation of heat-loving agricultural crops, the im-
provement of the physiological state of fruit crops in
winter, and the increase in grain yields under the in-
fluence of an increase in the concentration of CO, in
the atmosphere as positive. Pisarenko and Khlebniko-
va (2015) believe that high crop yields can be caused,
among other things, by an increase in solar activity. As
a result of climate change, it became possible to grow
heat-loving industrial crops - corn, rapeseed, sunflower,
and soybeans in the Polissia and Forest-Steppe zones.
This was also facilitated by the pricing policy, agricul-
tural market conditions and the orientation of agricul-
tural producers to high yields and substantial profits
at low costs. Every year, the volume of production of
these crops is growing, and that of the agricultural
crops typical for growing in these agroclimatic condi-
tions is decreasing (Klymenko et al., 2021). In recent
years, there has been a tendency to increase the area
under heat-loving crops, violate their cultivation tech-
nologies, and, as a result, an increase in the area of
depleted and degraded soils. Thus, agricultural produc-
tion in the Steppe zone is already substantially affected
by the effects of climate change, intensive and exten-
sive farming, and existing imbalances in the structure
of crops. For example, climate changes that manifest
themselves in the form of abnormal droughts, frosts,
and dust storms in recent years have caused substantial




yield losses in all southern regions of Ukraine (Mirzoe-
va, 2022; Pichura et al., 2022).

The purpose of the study is to examine the features
of adaptation and expediency of growing agricultural
crops in new agroecological conditions in various natu-
ral and climatic zones of Ukraine.

MATERIALS AND METHODS

The research period was from 2010 to 2021. The analy-
sis of climate changes was conducted according to me-
teorological (annual average air temperature, maximum
and minimum soil surface temperatures, average tem-
perature of the arable soil layer and precipitation during
the growing season) and agrometeorological (sum of
effective and positive temperatures, reserves of produc-
tive moisture in the arable soil layer, and hydrothermal
coefficient for the growing season) indicators. Technical
agricultural crops were selected to examine the issue
of adaptation to new agroecological conditions - corn,
sunflower, soy, rapeseed (they are more resistant to cli-
mate change) - their yield in different natural zones of
Ukraine (in Polissia, in the Forest-Steppe, and Steppe).

The information database for the research was the
materials of the State Statistics Service of Ukraine; the
Main Department of Statistics in Rivne,Volyn, Zhytomyr,
Vinnytsia, Poltava,Kirovohrad,Kherson,Mykolaiv, Odesa,
and Zaporizhia regions; the Departments of Agro-Indus-
trial Development and Departments of Ecology and Nat-
ural Resources of the above-mentioned regions; mate-
rials of meteorological observations of regional centres
of Ukraine on hydrometeorology and weather stations;
papers of Ukrainian and foreign researchers, periodicals.

The study was conducted using the following gen-
eral scientific, specific scientific,and special methods of
scientific knowledge:

- analysis and synthesis - for collecting and ana-
lysing statistical information on meteorological, agro-
meteorological data and indicators of agricultural pro-
duction; for assessing the factual state, dynamics, and
trends in the development of crop production in the
Polissia, Forest-Steppe, and Steppe zones of Ukraine;

- factor analysis - for detailed analysis of natural
and anthropogenic factors influencing the productivity
indicators of agricultural production of crop products;

- correlation-regression analysis - establishing
the dependence of the yield of corn, sunflower, soy,
and rapeseed on climatic and agrometeorological in-
dicators separately performed based on the values of
correlation coefficients and determination, complex
action - using the multiple correlation function (R),
which characterises the degree of tightness of the re-
lationship between the dependent variable (yield) and
several independent variables (climatic and agromete-
orological indicators). These coefficients were deter-
mined using mathematical-statistical methods, name-
ly regression analysis, using Microsoft Excel software
tools, which allowed forming mathematical models
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for predicting the adaptability of agricultural crops (by
yield indicator) from climatic and agrometeorological
factors. The statistical reliability of regression models
with a small sample of data was checked using the
F- criterion (Fischer's criterion).

RESULTS AND DISCUSSION

The natural-climatic conditions in the territory of
Ukraine are quite favourable for the development of
agricultural production. Therewith, its further intensi-
fication has certain negative consequences. Thus, due
to the increase in the level of anthropogenic load in
Ukraine in 2018, for the first time since 1990, the is-
sue of carbon dioxide in the atmospheric air from ag-
ricultural activities exceeded the volume, which can be
accumulated by forests. Therewith, there is a decrease
in the absorption of greenhouse gases by forests by
about 20%. Depending on management practices and
weather conditions, the flow of greenhouse gases into
the atmosphere from arable land and pastures varies
substantially. Thus, in the early 90s, the introduction of
substantial amounts of organic and mineral fertilisers
provided sufficient absorption of greenhouse gases.
Modern organic application rates have substantially
decreased compared to 1990 and amount to only 5%,
while mineral fertilisers — approximately 88%. In ad-
dition, due to changes in the ratio between industrial
and oil crops, the overall structure of agricultural land
has also been transformed. Thus, the share of industri-
al crops (hemp, sugar beet, flax) decreased from 35%
to 10%, and the share of oilseeds (soybeans, sunflow-
er, rapeseed) increased from 7 to 30%. This radically
changed the trend of carbon dioxide absorption in the
range of 5 million tonnes-eq of CO, to the emission
at the level of 48 million tonnes-eq of CO,FAQ. STAT,,
2022). All this makes it necessary to control the struc-
ture of agricultural land and crop rotations.

Notably, withan increase in the anthropogenic load
on agroecosystems intensifies the consequences of un-
controlled manifestations of climate change. It is estab-
lished that in the Polissia and Forest-Steppe zones of
Ukraine, the average annual air temperature increased
by 0.8-1.0°C over the centuries and by about 0.5°C - in
the Steppe, while the number of natural phenomena
increased by 7-15% (Adamenko, 2019; Klymenko et al.,
2021). Therewith, according to the Ukrainian hydrome-
teorological centre, over the past 30 years, the average
annual air temperature in the whole country has al-
ready increased by 1.2°C. The same trend is established
based on the results of statistical studies, the data of
which are presented on the official FAO website (Fig. 1)
(Ministry of EEP of Ukraine, 2020).

The increase in air temperature from November
to March averages 1.3°C, and from April to October -
1.1°C. Notably, in the entire history of instrumental me-
teorological observations on the territory of Ukraine,
the deviation from the normal air temperature for the
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period of 1989-2019 was the largest. In each subse-
quent decade, since 1991, the air temperature has in-
creased by: 0.5°C in 1991-2000, 1.2°C in 2001-2010,
and 1.7°Cin 2011-2019. Analysis of regional warming

rates for 1975-2019 indicates a substantial rate of in-
crease in atmospheric air temperature in the region -
by 0.61-0.82°C/10 years, while in neighbouring coun-
tries - 0.47-0.59°C/10 years (Adamenko, 2019).

Figure 1. Dynamics of average annual atmospheric air temperature, CO, emissions into the atmospheric air,
and the share of arable land in the structure of agricultural landscapes for 1990-2021

Source: FAQ. STAT, 2022

According to the results of joint study by research-
ers of the Chinese Academy of Agricultural Sciences
(CAAS) Meng Fanhua and Zhou Chian and researchers
of Sumy National Agrarian University, due to the mani-
festation of adverse weather conditions caused by cli-
mate change, the cultivation of winter wheat is accom-
panied by substantial yield instability (Bakumenko et
al., 2019). There is a negative trend in the correlation
between the yield of the main crops and the values
of the average maximum and minimum temperatures
during the growing season. The development of such a
situation may lead to the need for irrigation and those
crops that have not previously required it (Tao et al.,
2006). In accordance with potential changes in climatic
factors, farmers are forced to change the range of crops
grown to those that are more economically feasible.
However, the adaptation of the crop industry to climate
change and shifting climate zones may have substan-
tial promising trends (Kussul et al., 2020).

Considering the actual climate changes on the ter-
ritory of Ukraine, the dynamics of meteorological (av-
erage air temperature, maximum and minimum soil
surface temperature, average temperature of the arable
soil layer, the amount of precipitation) and agrometeo-
rological (sums of positive and effective temperatures,
reserves of productive moisture of the arable soil layer,
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hydrothermal coefficient) factors were analysed (Kly-
menko et al., 2021) for the period 2010-2021 in the
Polissia, Forest-Steppe, and Steppe zones.

In Polissia and the Forest-Steppe, the average air
temperature during the growing season is almost the
same and ranges from 13-14°C during the study peri-
od. In the Steppe zone, this indicator is 1.4 times higher
and is in the range of 18-20°C. Changes in the tempera-
ture regime during the warm period of the year affected
the thermal resources of Ukraine. The indicator of the
sum of active air temperatures above +10°C accumulat-
ed during the warm period was used to evaluate them.
Analysis of the dynamics of these amounts for different
periods allowed recording their increase by an aver-
age of 200-400°C. In the far south, a thermal zone has
formed, where the sum of temperatures exceeds 3400-
3700°C - these are the southern districts of Kherson,
Mykolaiv, Odesa, and Zaporizhia regions, where there is
quite enough heat for very heat-loving crops. In addition,
in the previous decade, the heat supply of the Vinnytsia,
Poltava, Kharkiv, and Kirovohrad regions in the period
2010-2019 was the same as that of the Kherson region.
Thus, the regions of the Northern Steppe and Southern
Forest-Steppe of Ukraine are already close to the condi-
tions of the Southern Steppe. However, it is noted that
the increase in the amount of heat is more rapid in the




northern regions (indicated in parentheses in Table 1),
for example, the increase in active temperatures over
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the past decade for the Steppe zone was +150°C, For-
est-Steppe -+200°C,Polissia-+220°C(Adamenko,2019).

Table 1. Sums of active air temperatures above +10°C in agroclimatic zones of Ukraine for different periods

Periods
Agroclimatic zone
1961-1990 1991-2009 2010-2019
Steppe 3145 3400 (+255) 3550 (+150)
Forest-Steppe 2705 2950 (+245) 3150 (+200)
Polissia 2500 2770 (+200) 2950 (+220)

Source: Adamenko, 2019

The sums of positive and effective temperatures
of 10°C and above for the Steppe zone range from
4030-4353°C and 2805-3198°C, respectively (Fig. 2).
For the Polissia and Forest-Steppe zones, the values of

a)

these indicators are the same, changes occurred in the
range of 2805-3245°C and 1190-1350°C, respectively,
which is 1.4 and 2.1 times less than the indicators of
the Steppe zone.

b)

Figure 2. Dynamics of the sum of positive (a) and effective (b) temperatures of 10°Cand above during the growing season

Source: compiled by the authors

The maximum soil surface temperature is slight-
ly higher in the Steppe than in Polissia and For-
est-Steppe (Fig. 3), but in percentage terms, it does
not exceed an average of 8 and 14%. The values of
this indicator for the study period range from 56-64°C
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in Polissia, 55-61°C in the Forest-Steppe, and
62-66°C in the Steppe. It should also be noted that
the Forest-Steppe and Polissia zones are more char-
acterised by extreme temperatures of the minimum
soil surface.
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Figure 3. Dynamics of maximum (a) and minimum (b) soil surface temperatures during the growing season

Source: compiled by the authors

As shown in Figure 3 (b), the minimum soil surface
temperature is substantially higher in the Steppe area

and varies within -2...+2°C. Therewith, in Polissia and in
the Forest-Steppe zone, this indicator is almost the same

Scientific Horizons, 2023, Vol. 26, No. 2
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and ranges from -6..-29°C and -6..-25°C, respectively.
Notably, since 2014, the minimum soil surface tempera-
ture inthe examined zones of Polissia and Forest-Steppe
has not lowered below -13°C and -10°C, respectively.

The average temperature of the arable layer (O-
20 cm) of soil during the growing season (Fig. 4) in

°C 20

16
14
12
10

2010
2011
2012
2013
2014

—— Polissia

18 M

the Steppe zone is 28% and 19% higher relative to the
same indicator in the Polissia and Forest-Steppe zones,
respectively. In general, the value of the average tem-
perature of the arable soil layer for the study period
varied in the range of 11-17°C in Polissia, 14-17°C in
the Forest-Steppe, and 17-20°C in the Steppe.

N

years

2015
2016
2017
2018
2019
2020

Forest-Steppe —#— Steppe

Figure 4. Dynamics of the average temperature of the arable soil layer (0-20 cm) during the growing season of 2010-2021

Source: compiled by the authors

Almost all areas of agricultural crops in Ukraine are
in the zone of risky farming, that is, in areas with a nat-
ural lack of precipitation, where in an excessively dry
year there is a constant risk of loss of harvest volumes
or in a too rainy year - loss of harvest quality, while
global climate change factors only increase such risks.

Depending on the level of natural moisture, the
territory of Ukraine is divided into six typical zones:
excessively humid (4.5% of the territory), humid (30%),
insufficiently humid (16%), arid (20%), dry (22%), and
extremely dry (7.5%). During the period of 1991-2015,
compared to 1961-1990, the area of territories with a
substantial water supply deficit increased by 7% and
already covers almost a third (29.5%) of the area of
Ukraine or 11.6 million ha (37%) of arable land. The
area of the territory with excessive and sufficient at-
mospheric moisture decreased by 10% and amounts to
22.5%, including 7.6 million ha of arable land. Accord-

mm 700

600

500

400

300

200

100
o ~ o~ N <+
~— i ~ i ~
o o o o o
o o~ o~ o o
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ing to the medium-term forecast until 2050, the tem-
perature regime is expected to continue to increase by
1.24°C-1.48°C compared to the current period. Given
this, it can be assumed that the area with insufficient
moisture will increase by 56% and only 28% of the
territory will have humid and excessively humid condi-
tions (Yatsyuk et al., 2021).

In the agroclimatic zones of Polissia and For-
est-Steppe, the amount of precipitation is 2.1-2.2 times
higher compared to the Steppe zone. The total amount
of precipitation for the study period of 2010-2021
varied in the range of 326-627 mm/year in Polissia,
326-598 mm/year in the Forest-Steppe, and 134-
297 mm/year in the Steppe (Fig. 5). Considering the
fact that the norm of this indicator for sustainable ag-
riculture is 700 mm/year or more (Adamenko, 2019),
today a moisture deficit of 100-150 mm/year is already
determined for the Polissia and Forest-Steppe zones.
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Figure 5. Dynamics of precipitation during the growing season for 2010-2021, mm

Source: compiled by the authors
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In accordance with one of the climate scenari-
0s, which considers the increase in atmospheric air
temperature by 1.5°C, the total climatic balance of
the territory of Ukraine by 2050 will decrease by 45-
115 mm, and its deficit in the Steppe zone is projected
to be 2560 mm, the percentage of territories with in-
sufficient moisture will increase to 56%. The forecast

2050
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model for 2100 indicates a lack of water supply in the
southern, central, and eastern regions - 400-470 mm,
and this corresponds to the current conditions of the
Steppe zone of Ukraine. The percentage of territories
with insufficient moisture can reach 71%, and those
with sufficient moisture will not exceed 12% (Fig. 6)
(Yatsyuk et al., 2021).

2100

Figure 6. Forecast models of the natural water supply of the territory of Ukraine, considering potential climate changes

Source: Yatsyuk et al. (2021)

Another substantial factor that negatively affects
the yield is the lack of soil moisture during the grow-
ing season, the main source of which is precipitation
or irrigation systems of irrigation agriculture. It is the
amount of precipitation that determines the level of
soil moisture supply.As shown in Figure 7,the reserves

of productive moisture of the arable soil layer on the
territory of the Forest-Steppe are higher and during
the period under study varied in the range of 25-
36 mm, which is 1.6 times more than in Polissia (15-
26 mm), and 1.7 times more than in the Steppe zone
(15-21 mm).
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Figure 7. Dynamics of the productive moisture reserve of the arable soil layer (0-20 cm)
during the growing season in 2010-2021, mm

Source: compiled by the authors

The hydrothermal coefficient (HTC), which is an in-
dicator of the moisture content of the territory during
the growing season, is determined. The amount of pre-
cipitation for the period in which the average daily air
temperature is above 10°C and the sum of active tem-
peratures for the same period during 2010-2021 were
considered (Fig. 8).

Ontheterritoryof Polissiaand Forest-Steppe,the HTC
was almost the same, its value ranged from 0.8, which
is typical for dry conditions, to 1.8 - conditions of exces-
sive moisture. In the Steppe zone, it ranged from 0.2-1
(extremely dry conditions - satisfactory moisture). The
average value of the HTCfor the period under review was
1.3 for Polissia and Forest-Steppe and 0.5 - for Steppe.
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Figure 8. Dynamics of the hydrothermal coefficient for the growing season in 2010-2021

Source: compiled by the authors

The yield of agricultural crops is determined by
natural-climatic conditions and organisational-eco-
nomic capabilities, depends on many factors, and
therefore can act as a qualitative complex indicator.

During the study, the yield of heat-loving agricultural
crops in the Polissia, Forest-Steppe, and Steppe zones
was analysed. Figure 9 shows the dynamics of corn
yield for 2010-2021.
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Figure 9. Dynamics of corn yield for 2010-2021., cwt/ha

Source: compiled by the authors

Analysis of the dynamics of corn yield in differ-
ent natural and climatic zones allows concluding that
the most favourable conditions for growing corn were
formed in the Forest-Steppe zone, with an average yield
of 2.1 and 2.4 times higher than in Polissia and Steppe,
respectively (with the exception of 2021). In general, for
the period 2010-2021, the yield of corn varied in the
range of 32-39 cwt/ha in Polissia, 41-89 cwt/ha in the
Forest-Steppe, and 16-75 cwt/ha in the Steppe.

For both corn and sunflower, the Forest-Steppe
zone was identified to be more suitable for cultivation
(Fig. 10). Sunflower yields are on average 3.5 and 1.4
times higher than in Polissia and Steppe, respectively.
In general, for the period 2010-2021, the yield of sun-
flower varied from 1.7 to 13.2 cwt/ha in Polissia, 11.3-

Scientific Horizons, 2023, Vol. 26, No. 2

28.3 cwt/ha in the Forest-Steppe, and 12.6-20 cwt/ha in
the Steppe. Consequently, it is unprofitable to cultivate
sunflower in the Polissia zone, but there is a tendency to
increase its yield in the Forest-Steppe zone and instabil-
ity in obtaining high yields in the Steppe.

For agricultural enterprises located in the Steppe
zone, for many years in a row, the practice of managing
with substantial violations of sunflower cultivation tech-
nology has been inherent, which consists in insufficient
consideration of its biological characteristics and possi-
ble impact on the yield of subsequent crops. As a result,
an unreasonably high share of this crop in the structure of
acreage, which exceeds 15%, causes drying of the upper
and lower layers of the soil, which, in turn, will negatively
affecttheyield of 2-3 harvest following it (Mirzoeva,2022).
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Figure 10. Dynamics of sunflower yield for 2010-2021, cwt/ha

Source: compiled by the authors

The Steppe zone is more suitable for growing soy-
bean (Fig. 11) since its yield is 2.3 and 1.3 times higher
than in the Polissia and Forest-Steppe zones, respec-
tively. During the period under study, there was an in-

crease in soybean yield from North to South in all the
examined zones, indicators fluctuated in the Polissia
zone in the range of 7-21 cwt/ha, in the Forest-Steppe
zone - 11-29 cwt/ha, and 18-36 cwt/ha in the Steppe.
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Figure 11. Dynamics of soybean yield for 2010-2021, cwt/ha

Source: compiled by the authors

The yield of rapeseed is substantially higher in the
Forest-Steppe compared to Polissia, and slightly higher or
close to the yield in the Steppe zone. However, as Figure
12 shows, from 2014 to 2015, there was a decrease in
rapeseed yield by 1.7 times in the Forest-Steppe zone and

by 15 times in the Polissia zone. In the Steppe, on the con-
trary, there is some stability in the yield of this agricultural
crop.In general,rapeseed yield during the study period was
in the range of 0.5-15.1 cwt/ha in Polissia, 20.1-34 cwt/ha
in the Forest-Steppe, and 12.7-24.6 cwt/ha in the Steppe.
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Figure 12. Dynamics of rapeseed yield in 2010-2021, cwt/ha

Source: compiled by the authors
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Based on the above information, the influence of
meteorological and agrometeorological factors on the
yield of heat-loving agricultural crops in Polissia, For-

est-Steppe, and Steppe of Ukraine for the period 2010-
2021 is analysed. Results of calculation of correlation
coefficient values are presented in Table 2.

Table 2. Results of the correlation coefficient calculation

Indicators

meteorological

agrometeorological

S o
Name of = g2 g2 =
TS E%S E%S o 2T
the culture ot 2w/ S+ ® 22w
o) — E:l— E:;‘- S® o
o X n @ = n ¥ o =9
o x a (= a o ©
S T — £ > 8
= == s RS 95
ru“ wn B v = (Dg
I
=

amount of
precipitation
sum of effective
temperatures
sum of positive
temperatures
productive
moisture
reserves
HTC

corn -0.20 0.18 -0.50 -0.32 -0.29 -0.33 -0.11 -0.40 -0.19
sunflower 0.36 0.07 0.50 -0.16 0.18 0.22 0.65 0.42 -0.06
soybean 0.23 -0.43 0.09 -0.01 0.07 0.23 0.68 0.45 -0.23
rapeseed -0.29 0.42 -0.28 -0.22 -0.33 -0.42 -0.51 -0.42 -0.02
Forest-Steppe

corn 0.42 0.32 0.68 -0.34 0.09 0.14 0.62 0.26 -0.08
sunflower 0.46 0.60 0.69 -0.24 -0.32 0.27 0.73 0.28 -0.38
soybean 0.57 0.66 0.72 -0.11 0.13 0.30 0.80 0.56 0.00
rapeseed 0.38 0.10 0.56 -0.54 -0.20 0.01 0.41 0.14 -0.14

corn 0.00 0.65 0.29 0.27 -0.07 -0.06 0.19 0.61 0.06
sunflower -0.18 0.22 0.05 0.07 -0.45 0.02 0.02 -0.03 -0.27
soybean 0.29 0.54 0.06 0.60 -0.25 0.18 0.02 0.49 -0.35
rapeseed 0.28 0.47 0.59 -0.29 -0.24 0.31 0.54 0.11 -0.33

Source: compiled by the authors

Analysis of the results of calculating the correlation
coefficient shown in Table 2 allows concluding that each
individual factor taken from the examined factors does
not have a substantial importance in the formation of
crop yields.This is confirmed by the results of correlation
analysis - in most cases, an insubstantial relationship
was established (r<0.7). Therewith, the results obtained
allowed for establishing limiting factors of influence on

the yield of heat-loving industrial crops. These include
the average temperature value, the sum of positive tem-
peratures,and the soil surface temperature (r=0.57-0.80).

A mathematical analysis of the data was performed
using the multiple correlation coefficient to confirm the
overall effect of the limiting factors established as a
result of the study on crop yields. The results of calcu-
lation are presented in Table 3.

Table 3. Results of the multiple correlation coefficient calculation

Factors

Name of the culture ;
meteorological

agrometeorological

meteorological and agrometeorological

corn 0.819 0.573 0.997
sunflower 0.568 0.862 1
soybean 0.634 0.817 0.997
rapeseed 0.699 0.617 0.968
Forest-Steppe
corn 0.739 0.782 0.927
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Table 3, Continued

Factors

Name of the culture -
meteorological

agrometeorological

meteorological and agrometeorological

Forest-Steppe

sunflower 0.933 0.925 0.998
soybean 0.891 0.934 0.975
rapeseed 0.658 0.637 0.813
Steppe

corn 0.942 0.766 0.999
sunflower 0.823 0.153 0.967
soybean 1 0.979 1
rapeseed 0.84 0.452 0.992

Source: developed by the authors (Klymenko et al., 2021; Sobko et al., 2021)

The results of calculating the multiple correlation
coefficient (Table 3) give grounds to assert that it is the
combined effect of meteorological and agrometeoro-
logical factors that has a substantial impact on the yield
of the considered agricultural crops in the territories of
the examined agroclimatic zones. The greatest depen-
dence of yield on the group of meteorological factors
was identified for corn in Polissia (R=0.819), sunflower
in the Forest-Steppe (R=0.933), soybeans in the Steppe
(R=1); on agrometeorological factors — in Polissia for

sunflower (R=0.862), soybeans in the Forest-Steppe
(R=0.934) and Steppe (R=0.979); on meteorological and
agrometeorological factors together - for sunflower in
Polissia (R=1) and Forest-Steppe (R=0.998), soybeans in
the Steppe (R=1).

Regression models are proposed (Table 4), which
consider meteorological and agrometeorological fac-
tors characteristic of the Polissia, Forest-Steppe, and
Steppe zones of Ukraine to predict the yield of the con-
sidered agricultural crops.

Table 4. Regression models of crop yields

Name of the F-criterion
Group of factors Regression models
cultural tour P<0.05 F.
1 2 3 4 5
POLISSIA
climatic y=2.86"x,+0.23"x,-0.36"x,-0.53"x ,+0.002"x.-14.02 3.2 3.05
g agrometeorological y=-0.03"x,+0.01"x,-0.2"x,+0.25"x,+52.27 3.36 1.15
o . . * * * * * *
climatic and y=18.53 x1—0.07* xz—0.66*x3—0.61*x4+0.01 X,-0.05"x - 29 2475
agrometeorological 0.02"x,+0.13"x,-2.32"x,-97.87
A y=-5.79"x,+0.04"x,+0.58*x,+0.17*x +
o climatic 100.04*x25+89.863 4 3.33 0.59
g agrometeorological y=-0.07"x,+0.05"x_+0.14"x,+0.44"x,-41.58 3.48 5.69
(=
c
5 L y=-182.73"x,+3.19"x,+7.33*x,+9.45"x,-0.11"x,+0.5"x +0.12"x-
” opodmaticand ' 129142792+ T sm 12.38
g 9 1357.24
climatic y=9.36"x,-1.57"x,-0.19"x,-0.4"x,+0.004"x.-17.97 3.2 1
c
©
_“0; agrometeorological y=-0.05"x,+0.04"x,+0.34"x,-1.55"x.-38.51 3.36 4.74
a climatic and =-32.17"x,-0.59"x,+0.61"x,+1.1*x -0.05" X+ 29 24.75
agrometeorological 0.04"x,+0.11"x,-0.46"x,+16.18"x,+111.01 ) )
. climatic y:-5.37*x1+1.3*x2-0§55;x3-0.31*x4-0.01*x5+ 3.2 1.44
(]
g agrometeorological y=-0.02"x,-0.02"x,-0.25"x,-1.59"x,+79.79 3.36 143
© . . * * * * * *
= climatic and y=37.75"x,+0.95"x,-1.01"x,-1.68"x,+0.05"x,-0.09"x - 29 392

agrometeorological

0.1%x,+0.82°x,-18.28"x,-161.39
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Table 4, Continued

1 2 3 4 5
FOREST-STEPPE
N y=-15.77"x,+3.61*x,+1.51*x,-4.05"x, .+
climatic 10.02*x5+2154.94 3 4 3.2 1.83
g agrometeorological y=-0.23"x,+0.14"x -0.33*x-1.91"x.-30.61 3.36 3.65
o
climatic and y=32.48"x,+6.07"x,+4.97"x,+24.01"x,+0.05" 29 154
agrometeorological X;-0.48"x,+0.02"x,-10.6"X,+23.27"X,-224.35 : )
_ climatic =-8.4"x,+1.66"x,+0.85"x,+0.43"x,-0.02"x .+ 39 10.04
g 56.25
% agrometeorological y=-0.09"x,+0.05*x,+0.45"x-8.6"x,-10.66 3.36 14.33
p} . . * * * *. * * *
o climatic and. =-3.76"x,+1.32 x2+1.2§ x3+4.9£t x,-0.02"x,-0.08"x,+0.02"x,- 29 2475
agrometeorological 1.49"x,+3.35"x,+15.11
climatic y=-4.68"x,+2.07"x,+0.57"x,-0.57"x,+0.01"x,.-21.16 3.2 5.64
C
3 agrometeorological y=-0.07"x,+0.05" x,+0.47*x,-1.92*x -47.46 3.36 15.62
o
>
2 climatic and y=4.11"x,+1.84*x,+0.91"x,+4.02*x,+0.01"x,-0.11"x,+0.02"x, - 29 475
agrometeorological 1.54"x,+3.65"x,-91.25 ’ ’
- climatic =-1.15"x,+0.62"x,+0.14"x,-1.99"x,+40.72 3.2 1.13
[}
& agrometeorological y=-0.06"x,+0.03*x-0.03*x,-1.91"x,+22.63 3.36 1.62
[
& climatic and y=8.64"x,+0.58"x,-0.34"x,-2.8"x,-0.01"x,- 59 0.49
agrometeorological 0.08"x,+0.01"x,+0.3*x,-0.24"x,-26.82 : ’
STEPPE
climatic y=-4.34"x,+1.28 xz—z‘r.ég X, +3.3"x,-0.13*x+ 39 1214
g agrometeorological =-0.02"x,+0.02"x,-3.41"x,-4.17*x,+60.55 3.36 3.5
climatic and. y=-10.1*x1+0.59*x2-5.3:x3+0.12*§4+0.06*x5-0.02*x6+0.06*x7- 29 2475
agrometeorological 3.08"x,-33.06"x,+50.38
= climatic =-1.24"x,+0.73"x,-0.53"x,-0.07"x,-0.01"x.-5.64 3.2 3.19
[}
2 agrometeorological =-0.01"x,-0.29"x,-0.49"x,+38.39 3.36 0.05
[
§ climatic and. y=2.46"x,+1.73"x,+1.65",-9.85"x,-0.05"x+ 29 397
agrometeorological 0.04"x,+0.32"x,+8.3"x,-53.59
. y=5.32"x.-2.49*x,-2.17*x,-3.15"x,-0.02"x +
c climatic 1 215769 4 5 4.39 24.75
©
% agrometeorological =-0.26"x,+0.23"x,+5.29"x,-57.3"x,-317.82 4.53 16
climatic and y=-1.87"x -2.85*x. +0.04"x -0.01"x, +95.35 41 -37.13
agrometeorological 2 3 6 7
= climatic y=1.17"x,+2.42"x +1.08"x,-3.49"x,-0.02"x.-91.13 3.2 3.67
(]
@ agrometeorological y=-0.01"x,+0.02*x_+0.77"x,-4.22*x -60.37 3.36 0.58
[}
Q H H * *. *. * *. * *.
© climatic and y=-4.34"x,+1.45"x,-0.88 x3+*4.95 X, -0.02%x,+0.04"x,+2.44"X - 29 12.25
agrometeorological 4.53"x,-238.62
x, — average air temperature for the growing season, °C; x, - maximum soil surface temperature during the growing
season, °C; x, - minimum soil surface temperature during the growing season, °C; x, - average temperature of the
Y arable soil layer (20 cm) during the growing season, °C; x, - the amount of precipitation during the growing season,
2 mm; x, — the sum of effective temperatures of 10°C and above for the growing season, °C; x, - the sum of positive

>F

Ic table

temperatures of 10°C and above for the growing season, °C; x, - reserves of productive moisture in the arable soil
layer (0-20 cm) during the growing season, mm; x, — hydrothermal coefficient (HTC) for the growing season.

- the regression model is statistically substantial P<0.05 (condition F is observed) (Klymenko et al., 2021)

Source: compiled by the authors

The trends established as a result of the study are
confirmed bya number of researchers.Thus,researchers of
the Scientific Centre for Aerospace Research of the Earth
of the National Academy of Sciences of Ukraine (Lyalko et
al.,2020) established thataccording to the average annual
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indicators of gross primary productivity of vegetation
cover, the most highly productive territories include the
western regions (with the exception of Khmelnitska and
Ternopil) and Zhytomyr region using MOD17 A3 satellite
images. Most of Podillia (Vinnytsia, Ternopil, Khmelnytska




regions), the remaining northern regions and the Cher-
kasy region form a normally productive part of the terri-
tory of Ukraine. Other administrative regions belong to a
moderately productive part of the territory of the state.

The examination of the trend in the dynamics of
yield of heat-loving crops is confirmed by the results
of the study by O.S. Budziak, (2022). Due to the increase
in the sum of effective temperatures, favourable condi-
tions have emerged In the Western Forest-Steppe zone
for growing heat-loving crops such as sunflower, corn for
grain, soybeans, etc. The area under them is constantly
growing, which causes changes in the structure of both
acreage and agricultural landscapes. In 2000-2021, the
area of crops increased rapidly - under soybeans (20
times), rapeseed (5 times), corn for grain (4 times), and
sunflower (2 times). The change in land use manage-
ment practices from grain-feed to grain-technical was
also caused by an economic factor (Budziak et al., 2022).

Poliovyi (2019) notes that the total amount of pre-
cipitation for the year and for the growing season can-
not be a reliable initial criterion for assessing the real
moisture supply of agricultural crops during the grow-
ing season.The data obtained by the researcher indicate
that the processes caused by global warming have sub-
stantially worsened the supply of moisture to plants. It
was identified that the reserves of productive moisture
under winter wheat in the soil layer of 0-100 cm, with
almost the same amount of precipitation in June-July of
2013-2018, were half as much as in 1985-1990. There
is a gradual aridisation of the territory. Although due to
an increase in the amount of winter precipitation and
its better assimilation by the soil if it freezes slightly
early spring moisture reserves somewhat increase, in
summer there are clearly pronounced downward trends.

An increase in air and soil temperature during the
growing season of agricultural crops,combined with in-
creased winds and a decrease in relative humidity, sub-
stantially increases the evaporation of moisture, which
leads to a worse moisture supply for plants, even if the
amount of precipitation does not decrease (Poliovyi
et al., 2019). The hydrothermal coefficient established
in the course of the study, which is an indicator of the
moisture content of the territory during the growing
season, confirms this trend.

In the modern agricultural production of Ukraine, a
special place is occupied by corn,which is characterised
by high potential productivity compared to other grain
crops. Since 1998, the area under corn and sunflower
crops in Polissia has substantially increased. Previously,
agroclimatic conditions were not favourable for grow-
ing these heat-loving crops in the Polissia zone, since
they did not have time to ripen at insufficient tempera-
tures. However, due to climate change, this has become
attainable, and in some areas, it is now possible to
get even two harvests from one field per season (Liu
et al., 2021; Johnston & Chiotti, 2000). Over the past
20 years, the acreage under corn in the Polissia zone
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has increased by 98,843 hectares, and sunflower - by
126,963 hectares, while in the Steppe zone these ar-
eas are 361,551 hectares for corn and 473,044 hect-
ares for sunflower. Over the past decade, the area of
corn crops in Ukraine has increased more than 2 times
and amounts to about 5 million tonnes despite the fact
that according to scientific recommendations, the opti-
mal area of corn sowing for grain and silage in Ukraine
should be within 3 million hectares (FAO, 2022).

Corn yields in Ukraine almost doubled from 2000
to 2021 - from 27 cwt/ha (2000) to 50 cwt/ha (2021).
The maximum vyield of corn in individual agricultural
enterprises located in the Forest-Steppe zone, under
the conditions of production intensification, reached
170-180 cwt/ha (Tkachuk & Bondarenko, 2022).

Notably, the cultivation of not only conventional
agricultural crops but also heat-loving ones forms a
tendency to intensify the development of degradation
processes of the soil cover, which in turn causes an in-
crease in the area of degraded and depleted soils. This
is due to a violation of the technology of agricultural
production when growing heat-loving crops on unrea-
sonably large areas. A study by V.S. Chumak et al. (2012)
allowed establishing that “with one ton of the main
product of rapeseed, 65 kg of nitrogen, 24 kg of phos-
phorus, and 42 kg of potassium are removed from the
soil, sunflower - 43 kg, 17 kg, and 10 kg, respectively,
corn 24 kg, 9 kg, and 22 kg, respectively”. Thus, a nega-
tive balance of nutrients in the soil is formed, which can
only be partially compensated by the introduction of
mineral and organic fertilisers. Due to this, in the con-
ditions of intensive farming, there is a decrease in soil
fertility, which leads to a decrease in yield (Stepanenko
et al.,2011; Klymenko et al., 2021).

It is necessary that climatic and agrometeorologi-
cal indicators are within certain optimal limits to ob-
tain the planned yield of agricultural crops (Hanson et
al., 2007; Khudaverdiyeva, 2022), which is confirmed
by the environmental laws of J. Liebig (the law of the
minimum) and V. Shelford (the law of tolerance). The
processes taking place in the agricultural sector due to
climate change are ambiguous. Fast and excessive heat
accumulation caused by them can lead to a reduction
in the growing season, premature ripening of crops, and
a decrease in yield (Petersen, 2008; Nelson et al., 2014).

T.I. Adamenko (2019) states that there is a high
probability of the transition of Polissia and Western For-
est-Steppe from a zone of sufficient moisture to azone of
unstable and insufficient moisture.This is due to the fact
that in the coming years not only an increase in air tem-
perature is to be expected, but also a decrease in precipi-
tation.This trend requires attention and further research.

CONCLUSIONS

This study confirmed that climate changes take an active
part in the complex process of forming the productivi-
ty of agroecosystems of Polissia, the Forest-Steppe, and
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the Steppe of Ukraine, considering which will allow ag-
ricultural enterprises to obtain high yields of both con-
ventional agricultural crops and heat-loving ones. Crop
yields are largely determined, along with other factors,
by climatic and agrometeorological factors. The obtained
results of correlation analysis allowed establishing lim-
iting factors of influence on the yield of corn, sunflow-
er, soy, and rapeseed, namely: the average value of air
temperature, the sum of positive temperatures and soil
surface temperature (r=0.57-0.80). The complex effect
of meteorological and agrometeorological factors has a
more substantial impact on the yield of the considered
agricultural crops in the territories of the examined agro-
climatic zones (R>0.7). The greatest dependence of yield
on the group of meteorological factors was identified for
corn in Polissia (R=0.819), sunflower in the Forest-Steppe
(R=0.933), soybeans in the Steppe (R=1); on agromete-
orological factors - in Polissia for sunflower (R=0.862),
soybeans in the Forest-Steppe (R=0.934) and Steppe

climatic and agrometeorological factors, there is an ur-
gent need to quickly adapt to the variability of natural
conditions and search for optimal methods of agricul-
tural activity. Following the strategy of sustainable de-
velopment, in the post-war period, it will be necessary
for Ukraine, as an independent state with strong ag-
ricultural potential, to restore agricultural production
with high crop yields, considering the potential risks of
natural and anthropogenicorigin. It is suggested to fore-
cast the adaptability of agricultural crops in different
natural and climatic zones of Ukraine by yield indicator
using the developed regression models, most of which
are statistically reliable with an error level of no over
5% (P<0.05) to solve this problem. Further research will
be aimed at investigating the possibility of introducing
other agricultural crops into crop rotations, their adap-
tation to new agroecological conditions, and the possi-
ble consequences of such actions for agroecosystems.

(R=0.979); on meteorological and agrometeorological ACKNOWLEDGEMENTS
factors together — for sunflower in Polissia (R=1) and  None.
Forest-Steppe (R=0.998), soybeans in the Steppe (R=1).
Considering the forecasts of further increase in CONFLICT OF INTEREST
air temperature, which leads to substantial changes in  None.
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AHoTauif. YKpaiHa Ma€e pO3BMHYTWUIA arpapHuii cektop ekoHoMiku, ae 10,4 % BanoBOro BHYTPILUHbOrO MPOAYKTY
NpUNagaE Ha CinbCbKe rocnoaapcTBo. AKTyanbHiCTb TEeMU 0BYMOBAEHA TUM, LLO CiIbCbKOrOCNoAapcbke BUPOOHULITBO,
fKe M€ CTpaTeriyHe 3HAYeHHN AN KpaiHW, AyXe YyTAMBe A0 KNIMaTUYHWMX 3MiH, Wo BiadysawTbes. [pn ubomy
BXE€ NPOXOAWTb MpoLecC agantauil pOCAMHHMLBKOI ranysi A0 HacniAKiB 3MiHW KniMaTy Ta arpoOMeTeoponoriyHmx
dakTopiB, WO NPOABASETLCS Y PO3LUMPEHHI CNEKTPY BUPOLLYBAHUX CiNbCbKOrOCNOAapCbKUX KynbTyp. MeTol AaHoro
LOCNimKeHHS 6yno NporHo3yBaHHS a4anTUBHOCTI TENN0NOHUX CiIbCbKOrOCNOAAPChKMX KYNbTYP 33 iX BPOXAMHICTIO
B Pi3HMX NPUPOAHO-KNIMAaTUUYHMX 30HaX YKpaiHW. Y npoueci gocnigkeHb 6yno BUKOPUCTaHO Taki METOAM, SIK: aHanis3,
CUHTe3, MaKTOPHUIM aHani3, KopenauiiHo-perpeciiHnii, MaTeMaTMKO-CTaTUCTUUYHMIA. 33 pe3ynbTaTaMu NpoBefeHnxX
[OCNiAXeHb AOBeAEHO AO0LINbHICTb BPaXyBAHHSA KNiMAaTUUYHMX 3MiH ANS OTPUMAHHS BUCOKUX BPOXKAIB K TPAAULLIMHUX
CiNbCbKOroCnoAapCbKUX KybTyp, Tak i TennontobHux, aki He 6ynun Tunosumu ans lMNonicca Ta Jlicocteny. Ha niacraBi
aHani3y AMHAMIKW BPOXAMHOCTI CiNbCbKOroCnoA4apCbkux KynsTyp 6yno BCTAHOBNEHO, WO Ha TepuTopii Jlicocteny
[OLiNbHO 3AiMCHIOBATM MEepeopieHTALLI0 CiNbCbKOrOCNOAAPCbKOr0 BMPOOHMUTBA HA BMPOLLYBAHHA TENAONHOHUX
KYNbTyp — KYKYPYZ3M, COHSILLHMKA, COi, pinaky, ki B OCTaHHIi pPOKM Oat0Tb Taki X abo W Aelo BMLL Bpoxai Hix
Ha NiBAHI YKkpaiHu. BupoliyBaHHS X umx KynbTyp Yy lonicbKi 30HI € 36MTKOBUM — BPOXAMHICTb JOCUTb HU3bKA,
TOMY B LMX perioHax BapTO MPOLOBXYBaTWM BMPOLLYBATWU TPaAMLiMHI KynbTypu (3epHOBi, 3epHOH6060BI, OBOYEBI
KynbTypu, KapTonnw). BCTaHOBNEHI 3aneXHOCTi BPOXAMHOCTI CiflbCbKOrOCNOAAPChbKUX KYAbTYp Bif, KAIMAaTUYHUX
i arpoMeTeoponoriYHMX YMHHUKIB A03BOAUAWN BUSBUTU KOMMAeKC ¢akTopiB, WO BiAirpalTb roNOBHY pofb Yy
(hOpMyBaHHI BpOXal KOHKPETHUX KynbTyp. Po3pobneHi Moaeni BpoOXaiHOCTI CinbCbKOrOCNOAAPCHKMX KYNbTYp Ha
OCHOBI MHOXWHHOI KOpensuii A03BONAOTb 3A4IACHIOBATM ii NPOrHO3yBaHHSA. Pe3ynbtat focnigmKeHHsS MOXyTb ByTu
KOPWUCHMMM NPU MAaHYBAHHI Ta ONTUMI3aLii AiSNbHOCTI CiIbCbKOroCNoAapChKMX NiANPUEMCTB, i B LLIIOMY CiNbCbKOMO
rocnojapcTsa, B PisHUX NPUPOOHO-KNIMaTUUHMUX 30HaX YKpaiHu, K CTpaTeriyHoi ranysi eKOHOMiKu

KnwouoBi cnoBa: 3MiHa kniMaTy; alanTUBHICTb CiZIbCbKOrO rocnoAapCcTBa; Tennonto6Hi KynbTypu; abioTuuHi dakTopy;
arpoekocucTeMm
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