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Aim. To determine the trends in precipitation patterns, the precipitation productivity, and the cumulative impact of
the change in air temperature and precipitation levels on cereal yield, including corn and spring barley, throughout the
vegetation cycle stages. Furthermore, the examination of the alterations in the climate suitability, crop yield shortfall,
and their specific characteristics within in the soil-climatic zones of Ukraine during 1981-2010 years Methods. In
order to accomplish the outlined aims conventional and more specific research methods were used: 1) An analytical-
synthetic approach — to examine the existing state-of-the art research; 2) A statistical approach — to assess the intensity
and significance of changes in agroclimatic conditions pertaining to crop cultivation; 3) A comparative analysis — to
determine the specificities mentioned under 2) in soil-climatic zones of Ukraine and in different stages of plant devel-
opment; 4) A climatic approach — to characterize precipitation levels and to evaluate their impact on crop productivity;
5) modelling — to assess the effect of changes in precipitation amounts on the productivity of corn and spring barley,
to assess the cumulative impact of the variations in surface temperature and precipitation on climate productivity
and yield shortfall of these crops; 6) application of abstract and logical method — to formulate the generalizations
and draw conclusions based on the findings. Results. During the years 1981-2010, Ukraine experienced changes in
precipitation patterns and increased air temperature throughout the vegetation cycle of corn and spring barley in dif-
ferent soil-climatic zones. These changes had implications for climate suitability and crop productivity. In the Polis-
sia region, although there were increases in precipitation during most of the crops’ growth cycle, the changes were
insignificant and had a minimal impact on crop productivity, except during certain periods. Similarly, the cumulative
coefficient of temperature and precipitation productivity showed low probability for changes in climate suitability and
yield shortfalls in the entire Polissia region, maintaining avorable cultivation conditions for corn and spring barley.
In the Forest-Steppe region, precipitation changes varied. There was an increase in the amount of precipitation in the
western Forest-Steppe. The speed of these changes was 10-20 % in 10 years in certain areas, leading to decreased corn
and spring barley productivity by 3—-6 % over the same duration. The central Forest-Steppe witnessed increases and
decreases in precipitation levels during specific crop development stages, negatively impacting productivity. The east-
ern Forest-Steppe had increased precipitation deficits during the vegetation cycle, resulting in reduced productivity.
Overall, the changes in precipitation and the increased air temperature had unfavorable effects on field crop cultivation
in the Forest-Steppe, particularly in the central region. Corn yield shortfalls of 3—5 % and spring barley yield shortfalls
of 2-3 % were observed over each 10 years. In general, however, for spring barley favorable agroclimatic conditions
persisted throughout the Forest-Steppe, and corn cultivation remained favorable in the western and satisfactory in
the central and eastern areas. In the Steppe region, changes in precipitation levels were minimal, with fluctuations of
5 % over each 10 years. However, significant variations in moisture levels occurred during specific crop development
stages. An increase in precipitation levels during the stage milky ripeness-middle dough phase of corn resulted in
3 % yield decrease over each 10 years. Spring barley benefited from increased precipitation during the tillering stage
and decreased precipitation during the stagemilky ripeness and middle dough stages, leading to higher (precipitation)
productivity. Overall, the considerable increase in air temperature and changes in moisture conditions in many cases
adversely affected corn and spring barley cultivation, especially in the southern Steppe. These changes led to a 7—
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10 % decrease in corn climate suitability cultivation and 3—4 % decrease in spring barley over each 10 years. Corn
cultivation conditions in the southern Steppe were deemed unsatisfactory, while those for spring barley remained sat-
isfactory. Yield shortfalls due to the changes in air temperature and precipitation from 1981 to 2010 were 35-40 % for
corn and 22-25 % for spring barley. Conclusions. The changes in precipitation and air temperature in Ukraine have
significant implications for field crop productivity throughout the vegetation cycle. Decreases in precipitation levels
during crop ripening stages and higher precipitation deficits during certain vegetation stages have resulted in reduced
precipitation suitability and lower crop productivity. When combined with increased air temperature, these changes
further contribute to decreased climate productivity and increased yield shortfalls for corn and spring barley. The most
pronounced effects are observed in the Steppe region, particularly in the southern Steppe, where corn yield shortfalls
due to air temperature and precipitation changes from 1981 to 2010 reached 35—40 % of the maximum potential yield
under optimal climatic conditions, compared to 22-25 % for spring barley In contrast, the agroclimatic conditions
for corn and spring barley cultivation in Polissia remained favorable throughout the observation period (1981-2010),
regardless of changes in air temperature and precipitation. In the Forest-Steppe zone, conditions were favorable for
barley cultivation and satisfactory for corn in the central and eastern areas. Abnormally high air temperatures coupled
with precipitation deficits have resulted in higher yield shortfalls for cereals in significant areas of the country. The
combination of increased air temperature and drier conditions underscores the diminishing potential of dryland farm-
ing in Ukraine, particularly in the Steppe region.

Key words: corn, spring barley, agroclimatic conditions, climate suitability, climate change, temperature increase,

precipitation change, precipitation productivity, yield shortfall.
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INTRODUCTION

Climate change has a considerable effect on agricul-
tural production and food safety in the world and re-
quires efficient solutions for their adjustment (Asseng
et al, 2015; Lobell et al, 2011; FAO, 2021). Modelling
and empirical research demonstrated that the observed
climate changes led to significant variability in many
crops (Field et al, 2014; Challinor et al, 2014; Bassu et
al, 2014; Lesk et al, 2016; Polevoy et al, 2007; Bala-
bukh, 2017, Balabukh et al, 2021). It was determined
that this effect depended considerably on geographic
location and the crop involved. In northern regions of
the world, where air temperature increased consider-
ably in spring and summer, there was an increase in the
duration of the vegetation period and its heat provision,
the conditions for the cultivation of many crops became
more favorable and probably would be improved in
short- and middle-term (Darwin et al, 1995; Cuculeanu
et al, 1999; Isik and Devadoss, 2006; Xuhui Wang et al,
2014 Shrestha et al, 2013). Due to climate changes in
these northern cool climate regions, there is generally
an increase in crop yield, new varieties are introduced,
the crop cultivation areas are expanded and there is a
possibility to obtain increased yield (Wang et al, 2014).
However, in southern warm climate regions of the
world, negative consequences of the climate change
on crops are much more significant than the positive
ones, and the tendency will accelerate with further tem-
perature increase (Wang et al, 2014; Isik and Devadoss,

32

2006; Fishman, 2016). The increase in the recurrence
and intensity of extreme weather phenomena, especial-
ly waves of heat and droughts, conditioned the shortage
of moisture and nutrients, a decrease in the productivity
and quality of cereals, reduced agricultural production
and affected the food safety in the world (Parkes et al,
2018; Cammaranoa et al, 2019; Asseng et al, 2015; Lo-
bell et al, 2011; FAO, 2021). In some countries, nega-
tive consequences of climate change get to such a scale
that the decrease in the productivity of cereals cannot
be compensated even with the application of modern
technologies, the introduction of fertilizers and other
factors (FAO, 2021).

The changes in air temperature affect the productiv-
ity and quality of grain much more than the variations
in precipitation, especially if these changes are beyond
the limits of the values, optimal for plant growth (Hogy
et al, 2013; Lobell, 2007). Increase in mean maximum
air temperature during the vegetation period causes
much more damage to crop productivity than increase
in minimal temperature. This effect is more pronounced
under precipitation deficiency, especially when precipi-
tation amount during the vegetation period is under 400
mm (Wang et al, 2014; Isik et al, 2006; Blanc, 2012).
Precipitation has a considerable effect on the growth of
crops and their productivity in dry land, as for example
is the case for a large part of Ukraine. The impact of
moisture on the productivity of crops is usually evalu-
ated by the cumulative annual amount of precipitation
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or the amount of precipitation available during the veg-
etation period (Dmitrenko, 1973; Schipper et al, 2010).
However, climate change also often induces re-distribu-
tion of precipitation both during the year and during the
vegetation period which can substantially affect crop
productivity (Balabukh et al, 2022). Understanding of
the way, in which different climate factors interact and
affect crop productivity during their vegetation cycle
enables elaboration of efficient agricultural adjustment
strategies towards the effects of climate change (Porter
et al, 2014; Schipper et al, 2019)

The aim of this study was to determine the tenden-
cies in changes in precipitation (amount and periodic-
ity), the precipitation suitability and the cumulative
impact of changes in air temperature and precipita-
tion amount on the yield of crops, the change in the
climate suitability, yield shortfall of crops and their
specificities in the soil-climatic zones of Ukraine over
1981-2020 years.

MATERIALS AND METHODS

The effect of agrometeorological conditions on corn
and spring barley productivity was evaluated using
the hydrometeorological methodology of the so-called
Weather-Yield model, developed by V.P. Dmitrenko,
including the cumulative climate suitability coefficient
S (T, R), which characterizes the impact of the air tem-
perature (T) and the precipitation amount (R) during
the main stages of field crop development. This coeffi-
cient is a leading agrometeorological factor in measur-
ing effects of climate change on agricultural suitability,
i.e. soil fertility and crop yield (reduction) (Dmitrenko,
2010; Dmitrenko et al, 2017). The value of the cumu-
lative productivity coefficient allows optimization of
the spatial location of field crops by the degree of cli-
mate suitability, and evaluation of the unprofitability
of some factors of meteorological origin in the form of
yield shortfall. The cumulative productivity (suitabil-
ity) coefficient of climate is calculated by the following
formula (Dmitrenko VP, 2010):

ST, RY=%"_ n(T)n(R) - o, (1

where 7(T), n(R,) — productivity coefficients, which
describe the effect of air temperature and precipita-
tion on the yield during the i-th stage of the vegeta-
tion cycle; a, — a weighing factor for contribution of
the duration of each i-th stage of the vegetation cycle
to the productivity level under optimal conditions of
temperature and precipitation

The temperature productivity coefficient #(7) cha-
racterizes the degree of correspondence between ther-
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mal conditions and the needs of plants and is calculated
according to the formula (Dmytrenko VP, 2010):

J’(T) _ T- Topt "’ T— Topt "
Y(Tvpt) _((1 " 7—:7pt - Tmin 1 a Tnpl - ]—:nax ’ (2)

where y(T) — productivity under current thermal con-
ditions 7; Y(Z; p,) - produc‘F1V1ty under Optlmé.il temper-
ature T, during each period of the vegetation cycle;
T .. T . —Dbiological extremes of temperature in the cor-

responding period of the vegetation cycle; g, ¢, —model
parameters which are determined by the formulas:

(1=

T() t
4= G
max T l
qzzl_%zlf Tnp ' (4)

max

The coefficient of crop productivity by the precipi-
tation amount characterized the degree of correspon-
dence of the moisturization conditions to the needs of
plants in all the stages of the vegetation cycle, except
for the ripening stage, and is described by the equation
(Dmytrenko, 2010):

_ y(R) _ + R— Rop/ )v'( . R - Ropl )‘z)’ 5
10 =¥k, ((1 oy o A S e !
where y(R) — productivity under the current amount of
precipitation R; Y(Rop ) — maximum productivity under
the optimum amount of precipitation R during a cer-
tain stage of the vegetation cycle; R, R —biological
extremes of the precipitation amount in the correspond-
ing stage of the vegetation cycle; v, v, — model param-
eters, determined by the formulas:

V=752 (6)

R
opt . 7
R (7

v=1-v=1-

The determination of the correspondence of the ther-
mal regime and the precipitation amount to the needs of
the field crop for all the stages of the vegetation cycle
was conducted using the cumulative productivity coef-
ficient #(7, R) (Dmitrenko, 2010):

n(T, R) = n(Tn(R) (8)

The obtained values of the cumulative productivity
coefficient were transformed into percentages and the
suitability scale (Dmitrenko, 2010) was used to es-
timate the correspondence of the regime of heat and
moisture to the needs of the field crop: 86—-100 % —
favorable, 66—85 % — satisfactory, 36—65 % — unsat-
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isfactory, 16-35 % — very unsatisfactory, 0.0-15 %
extreme.

The value of the climate suitability index can be used
to estimate the climatic yield shortfall dy_ by the for-
mula (Dmitrenko, 2010):

oy, =100—S(T, R) )

The study on the cumulative influence of changes in
precipitation amount and air temperature on the crop
productivity was conducted using daily data about the
precipitation amount and the average daily air tempera-
ture from the network of hydrometeorological moni-
toring of Ukraine (187 points) for 1981-2010 [CGO.
Sectoral State Archive of hydrometeorological obser-
vations of the State Emergency Service of Ukraine].

The optimum values of precipitation amount in spe-
cific vegetative stages of corn and spring barley in
Ukraine are presented in Table 1.

The average values of air temperature, precipitation
amount, the coefficients of temperature and precipi-
tation productivity, and the cumulative productivity
coefficient for 1981-2010 were determined for each
phase of the vegetative cycle of corn and spring barley
and the mentioned scale was used to estimate the cor-
respondence of the heat and moisture regime to the
needs of field crops in all the soil-climatic zones of
Ukraine. The evaluation of the intensity, relevance,
and significance of the changes in the average annual
values of the agroclimatic indices was conducted for
the period under investigation. The coefficient of the
linear trend (a), characterizing the rate and direction
of their change, was used as a measure of intensity in
the change of indices. The significance of the coef-

ficients of the linear trend (p) was evaluated by Stu-
dent’s t-criterion. According to the recommendation
of the Intergovernmental Panel on Climate Change
(IPCC, 2014; IPCC, 2021), the following relevant cri-
teria were used: p < 0.01, probability — 99-100 %, the
change is practically undoubted; 0.01 <p < 0,1, prob-
ability — 90-99 %, the change is very probable; 0.1 <p
< 0.34, probability — 66-90 %, the change is probable;
0.34 <p <0.67, probability — 33—66 %, the change is
both probable and improbable; 0.67 < p < 0.90, prob-
ability — 10-33 %, the change is hardly probable; 0.90
<p <0 .99, probability — 1-10 %, the change is ever
hardly probable; p > 0.99, probability — 0—1 %, the
change is of extremely low probability. The evalua-
tion of intensity, and significance of the change in the
average annual values of the agroclimatic indices was
conducted for each administrative region of Ukraine
and for its soil climatic zones using these indices (a
and p): Forest (Polissia), Forest-Steppe (western, cen-
tral, eastern Forest-Steppe), and Steppe (northern and
southern Steppe). The comparative analysis of agrocli-
matic indices changes demonstrated their specificities
in the soil climatic zones of Ukraine and in different
stages of plant development, and the abstract logical
methods helped form generalizations and conclusions.

RESULTS

The influence of the change in the precipitation
amount on corn productivity by the stages of crop de-
velopment during 1981-2010. The analysis of precipi-
tation levels during the vegetation cycle of corn cul-
tivation during 1981-2010 revealed notable variation
in moisture conditions across different agroclimatic
zones in Ukraine. The presowing period exhibited sig-

Table 1. The optimum values of the precipitation amount (mm) and air temperature (°C) in specific stages of corn and spring

barley vegetation in Ukraine (according to Dmitrenko, 2010)

Vegetative stages Optimum Optimum air
Field crop precipitation temperature, Topt,
(months) amount Ropt °’C
pt, mm

Spring barley Presowing (December—February) 100 -1
Sowing—tillering (March—April) 100 4

Tillering—stem elongation (May) 120 13

Stem elongation—milky ripeness (June) 90 18

Milky ripeness—middle dough (July) <10 19

Corn Presowing period (December—March) 170 -1
Sowing—third leaf (April-May) 100 12

Third leaf—panicle emergence (June—July) 180 18

Panicle emergence-milky ripeness (August) 70 18

Milky ripeness—middle dough (September) 10 12
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nificantly lower precipitation amounts (1638 % below

optimum values) in Polissia, western and central For-
est-Steppe, and southern Steppe, insufficient moisture
for corn sowing. The moisturization conditions during
this stage were more or less satisfactory in the eastern
Forest-Steppe and southern Steppe (Table 2).

During the third leaf to panicle emergence stage of
corn, unfavorable moisturization conditions were obser-
ved in the eastern Forest-Steppe and the Steppe of Ukraine.
In the final milky ripeness to middle dough stage, exces-
sive moisturization and unsatisfactory cultivation condi-

tions in all the agroclimatic zones were present (Table 2).

Table 2. Agroclimatic conditions of corn cultivation during 1981-2010

Stages of development T,°C T-T ,°C R, mm RR mm | RR ,% | n(T,R), %
opt opt opt
Polissia
Presowing period -1.9 -0.9 146 —64 -38 84
Sowing — third leaf 11.4 —0.6 101 1 1 93
Third leaf — panicle emergence 18.2 0.2 174 -6 =30 86
Panicle emergence — milky ripeness 18.2 0.2 61 -9 -13 77
Milky ripeness — middle dough 13.1 1.1 60 50 500 65
Western Forest-Steppe
Presowing period -1.6 -0.6 142 -28 —-16 85
Sowing — third leaf 10.5 -1.5 204 104 104 91
Third leaf — panicle emergence 17.1 -0.9 183 3 2 90
Panicle emergence — milky ripeness 17.4 -0.6 75 5 7 80
Milky ripeness — middle dough 12.8 0.8 60 50 500 60
Central Forest-Steppe
Presowing period -1.9 -0.9 136 -34 -20 84
Sowing — third leaf 11.8 -0.2 99 -1 -1 91
Third leaf — panicle emergence 18.8 0.8 169 -11 -6 82
Panicle emergence — milky ripeness 18.9 0.9 64 -6 -9 70
Milky ripeness — middle dough 13.8 1.8 58 48 480 60
Eastern Forest—Steppe
Presowing period -2.5 -1.5 156 —14 -8 82
Sowing — third leaf 11.8 -0.2 90 -10 -10 89
Third leaf — panicle emergence 19.4 1.4 138 —42 =23 70
Panicle emergence — milky ripeness 19.3 1.3 48 -22 =31 57
Milky ripeness — middle dough 13.8 1.8 54 44 440 57
Northern Steppe
Presowing period -2.3 -1.3 155 -15 -9 85
Sowing — third leaf 12.4 0.4 86 —-14 —-14 88
Third leaf — panicle emergence 20.4 24 127 =53 -29 65
Panicle emergence — milky ripeness 20.6 2.6 43 =27 -39 49
Milky ripeness — middle dough 15.0 3.0 47 37 370 49
Southern Steppe
Presowing period -0.2 0.8 134 -36 -21 81
Sowing — third leaf 12.9 0.9 74 26 -26 80
Third leaf — panicle emergence 21.4 34 107 =73 —40 44
Panicle emergence — milky ripeness 21.9 3.9 40 =30 —43 26
Milky ripeness — middle dough 16.6 4.6 43 33 330 28

Note. R — optimum precipitation amoun for stages of development, mm; R — precipitation amount for stages of develop-
ment in 1981-2010; 7, I optimum air temperature for stages of development, °C; T — average air temperature for stages of
development in 1981-2010; #(7, R) — cumulative productivity coefficient.
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Quantitative evaluation indicated mainly satisfac-
tory conditions for corn cultivation during the presow-
ing period in all agroclimatic zones, with favorable
conditions during the sowing-third leaf stage (Table
2). However, during the third leaf—panicle emergence
stage, only Polissia and the western Forest-Steppe ex-
hibited favorable conditions, while the central Forest-
Steppe experienced satisfactory conditions and the
eastern Forest-Steppe and the Steppe of Ukraine faced
unfavorable ones. During the milky ripeness — middle
dough stage, all soil-climatic zones exhibited unfavor-
able conditions, with productivity levels ranging only
28 to 65 % of the maximal potential (Table 2).

The climate suitability index S(7 R) provided insights
into the overall suitability of corn cultivation in the agro-
climatic zones of Ukraine from 1981 to 2010. Corn cul-
tivation was determined to be favorable in Polissia and
the western Forest-Steppe (85-86 %), satisfactory in the
central and eastern Forest-Steppe and northern Steppe
(72-82 %) and unfavorable in the southern Steppe (56
%) based on the maximum productivity level.

The agroclimatic conditions for corn cultivation
significantly changed towards the end of the 20™ and
the beginning of the 21* century. Notably, there was
an overall increase in air temperature throughout the
entire vegetation cycle of corn across all soil-climatic
zones in Ukraine. This rise in temperature influenced
temperature productivity and negatively impacted
crop productivity formation (Balabukh et al, 2021).
The combined effect of temperature and precipita-
tion changes had varying impact on corn productivity
during different stages of development and exhibited
specific characteristics in each soil-climatic zones of
Ukraine

Polissia. The analysis of precipitation changes in
Polissia from 1981 to 2010 revealed an overall in-
crease in precipitation levels throughout the entire
vegetation cycle of corn, particularly in the presow-
ing period. However, exceptions were observed in
Zhytomyr and Chernihiv districts during the third leaf
to panicle emergence stage, where there was an in-
crease in precipitation deficit by 18—19 %, and a 5 %
decrease during the blossoming stage over 10 years
in the Chernihiv region (Table 3). The impact of pre-
cipitation on productivity remained relatively stable
throughout the vegetation cycle, with only a probable
increase observed during the presowing period in Vo-
lyn and Rivne regions (Table 4).

The cumulative coefficient of temperature and pre-
cipitation productivity in Polissia exhibited significant

36

changes only during the presowing period, with a prob-
able increase observed (Table 5). However, the change
in the climate suitability and corn yield shortfall was
considered to be hardly probable, i.e. statistically virtu-
ally insignificant (Table 6).

Forest-Steppe. Moisturization patterns also under-
went changes during the vegetation cycle of corn, al-
beit unevenly. In the western Forest-Steppe, there was
an increase in precipitation levels throughout most
of the vegetation stages (Table 3). The most signifi-
cant changes were observed in the Lviv region, with
a probable and very probable increase in precipitation
by 10-20 % over 10 years during each stage of crop
development. However, these changes had unfavor-
able implications for corn cultivation, particularly dur-
ing the milky ripeness to middle dough stage, resulting
in 4-5 % decrease in crop productivity over 10 years
(Table 4).

In the central Forest-Steppe, the precipitation amount
increased only during the presowing period, and blos-
soming, and milky ripeness to middle dough stages.
These changes ranged from 5-10 % over 10 years.
However, during corn sowing, germination, and the
third leaf to panicle emergence stage, precipitation de-
creased by an average of 4-10 % over 10 years in the
region (Table 3). In the Kyiv and Cherkasy regions,
these changes were even more pronounced, reaching
13 % over 10 years. The increased moisture deficit and
excess were detrimental to corn cultivation throughout
the vegetation cycle, except during the presowing pe-
riod, leading to a decreased crop productivity, as evi-
denced by changes in the precipitation productivity co-
efficient (Table 4).

The eastern Forest-Steppe experienced a significant
decrease in precipitation levels throughout almost the
entire corn vegetation cycle, except during the milky
ripeness to middle dough and the presowing stage. The
highest increase in moisture deficit was observed in
the Sumy region. These changes resulted in decreased
precipitation productivity during almost the entire corn
vegetation cycle, particularly during the blossoming
and the milky ripeness to middle dough stage (Table 4).

The analysis of the cumulative coefficient of tem-
perature and precipitation productivity revealed pre-
dominantly unfavorable changes in temperature and
precipitation for corn cultivation in the Forest-Steppe,
particularly during the vegetation cycle, except for the
presowing period (Table 6). These unfavorable condi-
tions were most pronounced in the central and eastern
Forest-Steppe during the third leaf to panicle emer-
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gence and blossoming and milky ripeness to middle
dough stages (Table 5). Changes in air temperature
and precipitation had a probable and very probable
negative impact on climate suitability and yield short-
fall, resulting in a 3-5 % decrease in yield over 10
years, especially in the central and eastern Forest-
Steppe (Table 7).

In the Steppe zone, the changes in the precipita-
tion level fluctuated between —5 and 5 % over each
10-year period throughout almost the entire corn

vegetation cycle (Table 3). These changes in precipi-
tation were found to be insignificant for the Steppe
zone. However, exceptions were observed during the
pre-sowing period and the milky ripeness to middle
dough stage, where there was an average increase
of 10—15 % in the precipitation 10 years in the re-
gion. Despite these changes, the overall effect of this
fluctuation in moisture was unfavorable for corn cul-
tivation throughout the entire vegetation period, as
indicated by a decrease in the precipitation produc-

Table 6. The change rate in the climate suitability and corn yield shortfall at the during 1981-2010 in the soil-climatic zones

of Ukraine and its significance (p)

Climate suitability Yield shortfall
Soil-climatic zone,
R . change change
administrative region 1981-2010 1981-2010
4 p a p
Polissia

Chernihiv 88.4 -2.5 0.120 11.6 2.5 0.120
Volyn 91.0 -0.2 0.798 9.0 0.2 0.798
Rivne 90.3 —-0.05 0.957 9.7 0.05 0.957
Zhytomyr 90.3 0.6 0.548 9.7 0.6 0.548

Western Forest-Steppe
Lviv 90.7 -0.7 0.432 9.3 0.7 0.432
Ternopil 91.0 -0.6 0.438 9.0 0.6 0.438
Chernivtsi 85.9 —4.2 0.001 14.1 4.2 0.001

Central Forest-Steppe
Kyiv 86.5 4.1 0.011 13.5 4.1 0.011
Vinnytsia 87.7 -29 0.018 12.3 2.9 0.018
Cherkasy 83.4 -5.2 0.005 16.6 52 0.005
Khmelnytsky 89.9 -1.2 0.158 10.1 1.2 0.158

Eastern Forest—Steppe
Poltava 80.3 —4.9 0.014 19.7 4.9 0.014
Kharkiv 79.8 —4.9 0.020 20.2 4.9 0.020
Sumy 87.4 -2.9 0.089 12.6 2.9 0.089

Northern Steppe
Luhansk 75.3 —4.7 0.035 24.7 4.7 0.035
Kirovohrad 79.4 -5.6 0.008 20.6 5.6 0.008
Dnipropetrovsk 72.8 -5.8 0.008 27.2 5.8 0.008
Donetsk 73.6 -6.5 0.005 26.4 6.5 0.005
Southern Steppe

Odesa 64.4 -8.5 0.000 35.6 8.5 0.000
Zaporizhzhia 65.8 —-6.7 0.003 342 6.7 0.003
Mykolayiv 65.6 -7.6 0.002 34.4 7.6 0.002
Kherson 59.4 -7.5 0.001 40.6 7.5 0.001
AR of Crimea 63.8 -8.7 0.000 36.2 8.7 0.000
Ukraine 85.2 -5.1 0.001 14.8 5.1 0.001

Note. a — the coefficient of the linear trend , %/10 years ; p — the significance of the coefficients of the linear trend.
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tivity coefficient (Table 4). Only the increase in the The analysis of the cumulative productivity coef-
precipitation during the presowing period contribut- ficient of temperature and precipitation revealed that
ed to an increase in crop productivity. Nevertheless, the changes in temperature and precipitation were
the moisturization conditions remained favorable unfavorable for corn cultivation, in the southern
for corn cultivation in the Steppe during 1981-2010  Steppe (Table 5). These changes resulted in a 3-5 %
(Table 4). decrease in productivity over 10 years, particularly

Table 7. Agroclimatic conditions of spring barley cultivation during 1981-2010

Stages of development T,°C T, °C R, mm R-R ,mm (T, R), %
Polissia
Presowing period -3.0 -2.0 109 9 90
Sowing — third leaf 4.9 0.9 76 —24 91
Third leaf — panicle emergence 14.4 1.4 59 —61 93
Panicle emergence — milky ripeness 17.3 -0.7 81 -9 92
Milky ripeness — middle dough 19.2 0.2 93 83 80
Western Forest-Steppe
Presowing period 2.7 -1.7 114 14 92
Sowing — third leaf 4.6 0.6 99 -1 91
Third leaf — panicle emergence 133 0.3 88 -32 95
Panicle emergence — milky ripeness 16.2 —-1.8 105 15 93
Milky ripeness — middle dough 18.1 -0.9 114 104 77
Central Forest-Steppe
Presowing period -3.0 -2.0 103 3 91
Sowing — third leaf 5.0 1.0 75 =25 89
Third leaf — panicle emergence 14.9 1.9 56 —64 89
Panicle emergence — milky ripeness 17.8 -0.2 86 -4 94
Milky ripeness — middle dough 19.7 0.7 85 75 81
Eastern Forest—Steppe
Presowing period —4.2 -3.2 118 18 86
Sowing — third leaf 4.6 0.6 77 -23 89
Third leaf — panicle emergence 15.0 2.0 51 —69 86
Panicle emergence — milky ripeness 18.5 0.5 69 -21 88
Milky ripeness — middle dough 20.4 1.4 69 59 81
Northern Steppe
Presowing period -3.4 24 119 19 89
Sowing — third leaf 53 1.3 73 =27 88
Third leaf — panicle emergence 15.2 2.2 48 72 86
Panicle emergence — milky ripeness 19.0 1.0 69 -21 88
Milky ripeness — middle dough 21.1 2.1 59 49 80
Southern Steppe
Presowing period -1.2 -0.2 102 2 93
Sowing — third leaf 6.4 2.4 65 -35 79
Third leaf — panicle emergence 16.0 3.0 41 =79 79
Panicle emergence — milky ripeness 20.2 2.2 57 -33 81
Milky ripeness — middle dough 22.6 3.6 51 41 69

Note. R — optimum precipitation amoun for stages of development, mm; R — precipitation amount for stages of develop-
ment in 1981-2010; T~ optimum air temperature for stages of development, °C; T— average air temperature for stages of

development in 1981-2010; n(7, R)— cumulative productivity coefficient.
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during the stage from the third leaf to panicle emer-
gence.

The change in the thermal and moisturization regimes
led to the decrease in climate suitability for corn culti-
vation by 7-10 % in 10 years in the southern Steppe
and by 5-7 % in 10 years in the northern Steppe (Table
6). Overall, in the southern Steppe, the conditions for
corn cultivation were deemed satisfactory, with a yield
shortfall averaging 20-25 % and above in the region
due to climate factors. However, the current climatic
period has presented unsatisfactory conditions for corn
cultivation in the southern Steppe, resulting in a yield
shortfall of 35-40 %.

The influence of the change in the precipitation
amount on spring barley productivity by the stages of
crop development during 1981-2010. The analysis of
the moisturization conditions for spring barley during
1981-2010 revealed significant variability throughout
the vegetation cycle, although generally favorable con-
ditions prevailed across a substantial area of Ukraine,
with the exception of the southern Steppe region where
conditions were deemed satisfactory. Notably, there
was a decrease in precipitation levels during the stag-
esowing to third leaf and tillering stages across all the
agroclimatic zones, compared to the optimum values.
The most pronounced precipitation deficit was ob-
served in the eastern Forest-Steppe and Steppe zones,
particularly in the southern Steppe, where the sowing
to third leaf stage experienced nearly a 35 % reduc-
tion in precipitation compared to the optimum amount.
Similarly, the tillering stage encountered an approxi-
mate 80 % decrease in precipitation (Table 7). Unfavor-
able moisturization conditions persisted across all the
agroclimatic zones during the stagemilky ripeness to
middle dough stage. However, excessive moisture was
observed during this phase of crop development, par-
ticularly in Polissia, the western Forest-Steppe, and cen-
tral Forest-Steppe. These conditions had a detrimental
impact on spring barley productivity, while remaining
conducive to their cultivation during this stage. During
19812010, the climate suitability index S(7, R) demon-
strated favorable conditions for the cultivation of spring
barley in all the agroclimatic zones of Ukraine, ranging
from 86 to 92 % of the maximum productivity level,
except for the southern Steppe region, where conditions
were satisfactory at 80 %. Consequently, due to climate
factors, the spring barley yield fell short (6y ) by 8 to
14 and 20 % of the maximum possible level.

In the Polissia region, an overall rise in precipitation
level throughout most of the growth cycle took place in

42

the period 1981-2010. Nevertheless, exceptions were
observed during the stem elongation to ear formation
stage across the entire Polissia territory and during the
milky ripeness to middle dough stage in Zhytomyr and
Chernihiv Polissia. These regions experienced a 3—
6 % increase in precipitation deficit over a span of 10
years, with a particularly notable 15 % increase in June
(Table 8).

The alteration in moisture pattern proved to be ad-
vantageous for barley solely during the tillering stage,
where an upsurge in precipitation resulted in improved
crop productivity up to 4%. However, during other
stages of development, both increases and decreases
in precipitation levels proved detrimental to barley
cultivation, especially during the crop ripening stage
(Table 9).

It is very probably and probably that the changes in
the thermal regime and the moisture regime were re-
sponsible for a decline in the cumulative productivity
coefficient of temperature and precipitation across the
entire Polissia region. This decline was evident dur-
ing the sowing of barley, and the emergence of the
third leaf, milky ripeness, and middle dough stages. In
Chernihiv and Zhytomyr Polissia, a decrease was also
observed during the stem elongation and ear formation
stages (Table 10). However, an increase in air tem-
perature during the presowing period, combined with a
decrease in precipitation, proved beneficial for barley.
Similarly, during the tillering stage, an increase in pre-
cipitation, accompanied by insignificant temperature
changes, had a positive impact.

Overall, the alterations in both the thermal regime
and the moisture regime during the climate period of
1981-2010 likely contributed to 1 % decrease in cli-
mate suitability for barley cultivation over 10 years in
the Volyn region. Consequently, this decrease resulted
in a decline in yield shortfalls. In the remaining area of
Polissia, changes in climate suitability were predomi-
nantly negative, although their likelihood remains un-
certain (Table 11).

Forest-Steppe. In contrast to the temperature fluctua-
tions the variations in precipitation levels in the Forest-
Steppe region during the vegetation cycle of spring
barley cultivation were highly uneven. In the predomi-
nant part of the Forest-Steppe, these changes ranged
from — 5 to 5 % over a span of 10 years (Table 8). Ho-
wever, these precipitation changes had minimum im-
pact on the Forest-Steppe. In the western Forest-Steppe,
there was a probable increase of 10-20 % in precipita-
tion over 10 years during the sowing, third leaf, milky
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ripeness, and middle dough stages, and an increase up
to 8-9 % during the presowing period.However, in the
central and eastern Forest-Steppe, there was a probable
decrease of 10-13 % precipitation over 10 years dur-
ing the stem elongation and ear formation stages. These
changes had detrimental effects on barley cultivation,
as evidenced by the decrease in the precipitation pro-
ductivity coefficient and a probable 3—6 % decrease in

crop productivity during the corresponding phase of
development (Table 9).

An analysis of the cumulative coefficient of tem-
perature and precipitation productivity, revealed that
the temperature and precipitation changes during the
current climatic period were mostly unfavorable for
spring barley cultivation in the Forest-Steppe through-
out the vegetation cycle (Table 10). The most signifi-

Table 11. The change rate in the climate suitability and spring barley yield shortfall during 1981-2010 in the regions of

Ukraine and its significance (p)

Spring barley
Soil-climatic zone, Climate Suitability Yield shortfall
administrative region change change
1981-2010 1981-2010
a P a P
1 2 4 5 6 7
Polissia

Chernihiv 86.2 -0.3 0.790 13.8 0.3 0.790
Volyn 88.2 -1.1 0.217 11.8 1.1 0.217
Rivne 87.4 -0.4 0.702 12.6 0.4 0.702
Zhytomyr 87.1 -0.2 0.835 12.9 0.2 0.835

Western Forest-Steppe
Lviv 87.6 -2.3 0.010 12.4 2.3 0.010
Ternopil 88.1 -1.3 0.215 11.9 1.3 0.215
Chernivtsi 84.2 -2.8 0.035 15.8 2.8 0.035

Central Forest-Steppe
Kyiv 85.3 -1.3 0.243 14.7 1.3 0.243
Vinnytsia 86.0 -1.9 0.096 14.0 1.9 0.096
Cherkasy 84.3 -1.4 0.260 15.7 1.4 0.260
Khmelnytsky 86.7 -0.9 0.398 133 0.9 0.398

Eastern Forest—Steppe
Poltava 82.8 -1.3 0.307 17.2 1.3 0.307
Kharkiv 82.8 -1.4 0.302 17.2 1.4 0.302
Sumy 85.1 -0.7 0.572 14.9 0.7 0.572

Northern Steppe
Luhansk 81.4 -1.9 0.140 18.6 1.9 0.140
Kirovohrad 83.2 -1.8 0.185 16.8 1.8 0.185
Dnipropetrovsk 80.3 -1.7 0.204 19.7 1.7 0.204
Donetsk 80.7 -29 0.027 19.3 2.9 0.027
Southern Steppe

Odesa 76.3 -39 0.020 23.7 3.9 0.020
Zaporizhzhia 77.5 -2.6 0.069 22.5 2.6 0.069
Mykolayiv 77.1 -3.1 0.067 22.9 3.1 0.067
Kherson 75.0 4.2 0.009 25.0 4.2 0.009
AR of Crimea 77.7 4.4 0.002 223 4.4 0.002
Ukraine 86.6 -2.1 0.025 13.4 2.1 0.025

Note. a — the coefficient of the linear trend, %/10 years, p — the significance of the coefficients of the linear trend.
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cant changes were observed during the stage milky
ripeness and middle dough stages, as well as during the
stem elongation and ear formation stage. The increase
in the air temperature and precipitation levels in the
western Forest-Steppe during the milky ripeness and
middle dough stages, along with a notable temperature
increase and insignificant precipitation change in the
central and eastern Forest-Steppe, were likely unfavor-
able for barley cultivation. Furthermore, the increase in
temperature and decrease in precipitation levels in the
central and eastern Forest-Steppe were also unfavor-
able. During other stages of barley development, the
changes in the cumulative productivity coefficient were
generally insignificant across the entire Forest-Steppe
region, albeit with varying tendencies (Table 10).

Alterations in air temperature and precipitation levels
contributed to a decrease in climate suitability for bar-
ley cultivation and resulted in higher yield shortfalls in
the Forest-Steppe, particularly in the western and cen-
tral regions, where they was a probable change of 2—
3 % over 10 years (Table 11).

Steppe. The analysis conducted on the climate period
of 1981-2010 revealed notable variation in precipita-
tion levels within the northern and southern Steppe
region. In the northern Steppe, an overall increase in
precipitation was observed throughout almost the en-
tire vegetation cycle of barley cultivation, with the ex-
ception of the stem elongation to ear formation stage
(Table 8). However, these changes were found to fluc-
tuate within 5 % over a span of 10 years and were con-
sidered insignificant and highly improbable.However,
the southern Steppe experienced a remarkable decrease
in precipitation levels throughout most of barley culti-
vation period, with the only exceptions being the pre-
sowing period and tillering stage. Nevertheless, similar
to the northern Steppe, these changes were also deemed
insignificant and highly improbable, and fluctuating
within 5 % over 10 years (Table 8).

The increase in precipitation during the tillering stage
and its decrease during the milky ripeness and middle
dough stages likely had a potentially favorable impact
on spring barley, as evidenced by a higher precipitation
productivity coefficient (Table 9).

Furthermore, an analysis of the cumulative produc-
tivity coefficient, considering the combined effects of
temperature and precipitation, indicated that the tem-
perature and precipitation changes observed between
1981 and 2010 were generally unfavorable for spring
barley cultivation, particularly in the southern Steppe
(Table 10). These changes resulted in a probable 1—

AGRICULTURAL SCIENCE AND PRACTICE Vol. 10 No.1 2023

2 % decrease in productivity over 10 years, especial-
ly during the milky ripeness and middle dough, stem
elongation to ear formation, and tillering stages. The
alterations in both the thermal regime and moisture re-
gime contributed to a decrease in climate suitability for
spring barley cultivation, very probably by 3—4 % over
10 years in the southern Steppe and probably by 2-3 %
in the northern Steppe. Consequently, there was a cor-
responding increase in yield shortfalls for this crop of
2%...to 4 % (Table 11).

DISCUSSION

Climate change poses one of the greatest threats
to global food security in the 21 century (Wheeler
and von Braun, 2013). In numerous cereal produc-
ing regions since the 1980s, changes in air tempera-
ture and precipitation pattern have led to a decrease
in crop productivity compared to historical norms un-
affected by climate change (Lobell et al, 2011; Zhao
et al, 2017). For example, between 1981 and 2010,
climate changes resulted in a 19-33 % reduction in
the productivity of corn, soybeans, rice, and wheat
(lizumi, 2016). The most substantial decline in corn
and soybean productivity were observed in Argentina
and northern-eastern China, while reductions in rice
productivity were more prominent in Indonesia and
southern China. Wheat productivity experienced sig-
nificant decreases in Australia, France, and Ukraine
(lizumi, 2016). In the pampas of southern America, the
potential productivity increase during the same period
could have been 15-20 % higher if the climate had
remained stable (Veron, 2015).

Studies have shown that the average yield shortfall
caused by climate changes between 1981 and 2008
was 3.8 % for corn and 5.5 % for wheat (Lobell et al,
2011). The cumulative annual shortfall of these two
crops, along with barley, amounted to 40 million tons
per year, which accounted for approximately 2—-3 % of
global production (Lobell and Field, 2007). In Kazakh-
stan, climate change led to a decrease in wheat and bar-
ley productivity by 1.9 % and 4.8 %, respectively, com-
pared to a scenario without climate change (Schierhor,
2020). In western and central Europe, the increase in
the precipitation deficits and heightened risk of severe
droughts have contributed to a decline in the potential
with rainfed agriculture (Trnka et al, 2010). In high
latitudes, such as Finland, there have been positive ef-
fects on barley productivity resulting from increases in
temperature and CO, levels under optimistic climate
scenarios (Rotter et al, 2012). Forecasts concerning the
potential impact of climate change on cereal produc-
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tivity suggest that most regions where spring barley is
cultivated will experience warmer and drier conditions,
leading to a global decrease in productivity and pro-
duction ranging from 3 to 17 %, depending on the spe-
cific environment (Xie et al, 2018, Cheng et al, 2019).
Similar decreases in barley productivity due to climate
change are anticipated in other regions as well. For in-
stance, in the Mediterranean region, projected declines
range from 25 to 8 %, while Kazakhstan is expected to
see a reduction of 4.8 %. The Czech Republic may ex-
perience declines ranging from —19 to +5 %, and Iran
could face a potential decrease of up to 50 % (Cam-
marano et al, 2019, Mirgol et al, 2020, Schierhorn et
al, 2020).

It has been determined that changes in air tempera-
ture, especially when exceeding the optimal range for
productivity, have a greater influence on crop yield
variability compared to temperatures below the opti-
mal range and soil moisture deficits (lizumi, 2016). On
average, crop productivity is more responsive to trends
in air temperature change and diurnal patterns than
changes in precipitation (Ver6n et al, 2015).

The findings obtained in Ukraine regarding changes
in corn and spring barley productivity between 1981
and 2010, attributed to climate change, are consistent
with data, obtained from other regions such as western
and central Europe, northern-eastern China, Argentina,
Mediterranean region, Kazakhstan and other (Trnka et
al, 2010; lizumi, 2016; Schierhor, 2020). Determined
that, similar to other countries, the impact of climate
change on crop productivity in Ukraine varies depend-
ing on the specific crop and the region where it is cul-
tivated. In Ukraine, there has been an increase in air
temperature and a decrease in precipitation along with
their altered distribution during the vegetation cycle
of cereal cultivation (Balabukh, 2019; Balabukh et al,
2021). These changes and their impact on crop produc-
tivity intensify from the northern regions of the coun-
try (Polissia) to the southern ones (southern Steppe),
where the most significant increases in air temperature
and precipitation are observed. Consequently, the aver-
age yield shortfall amounts to 35—40 % for corn of and
10-15 % for spring barley.

An analysis of the relationship between air tempera-
ture, precipitation and their suitability for corn and
spring barley cultivation in Ukraine confirms previ-
ous findings that changes in cereal productivity depend
more on air temperature and evaporation than on varia-
tions in precipitation, particularly in the northern re-
gions (Liu et al, 2020; Veron et al, 2015).
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The changes observed in the agroclimatic conditions
of corn and spring barley cultivation indicate a decline
in the potential of dryland farming in Ukraine, includ-
ing the Forest-Steppe soil-climatic zone. These obser-
vations align with similar trends identified in other re-
gions such as southern America, western and central
Europe, northern-eastern China, Argentina, Mediterra-
nean region, Kazakhstan (Schierhor, 2020; Verén et al,
2015; lizumi, 2016; Cammarano et al, 2019, Mirgol et
al, 2020; Schierhorn et al, 2020; Trnka et al, 2010; Ro6t-
ter et al, 2012).

It is important to note that the study on the impact
of changes in precipitation and the cumulative ef-
fects of precipitation and air temperature on corn and
spring barley productivity and the climate suitability
in Ukraine only covers the period from 1981 to 2010.
It does not account for the most recent decade, which
has been recognized as the warmest globally and in
Ukraine specifically (State of the Global Climate 2020,
2021; Balabukh et al, 2021; National Report EN 2020,
2021). The observed decrease in cereal productivity
and increase in yield shortfalls due to rising air tem-
peratures and precipitation deficits were further con-
firmed in 2020, which experienced record-breaking
temperature since the late 19" century. Prolonged
drought conditions persisted for eight months in 2019
and continued throughout 2020 (except for February,
May, and June) (Balabukh et al, 2021; National Report
EN 2020, 2021), resulting in crop losses across an area
of 770,878 ha, with the total damage exceeding 23.4
billion hryvnia (National Report EN 2020, 2021). The
Steppe region, which had both favorable and unfavor-
able thermal and moisture conditions for cereal cultiva-
tion between 1981 and 2010, exhibited the highest sus-
ceptibility to changes in the agroclimatic conditions,
leading to reduced productivity, decreased climate suit-
ability, and increased yield shortfalls influenced by cli-
mate factors. For instance, in Mykolayiv region, cereal
crops were lost across an area of 24,602 ha, including
2,000 ha of corn, while a decrease in corn yield was ob-
served across 43,200 ha. In Kirovohrad region, cereal
losses amounted to 23,378 ha (21,300 ha of corn), with
low corn yield observed across 146,700 ha (Balabukh
et al, 2021; National Report EN 2020, 2021).

In conclusion, both decrease and increase in crop
productivity variability resulting from climate change
depend on the specific crop and the region where it is
cultivated. These findings underscore the importance
of long-term global monitoring of productivity, along
with comprehensive data collection, to enhance our

AGRICULTURAL SCIENCE AND PRACTICE Vol. 10 No.1 2023
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understanding of the current variability in productivity
and its crucial influencing factors (lizumi T, 2016).

CONCLUSIONS

The changes in the moisturization conditions during
the vegetative cycle of corn and spring barley at the
during 1981-2010 have been uneven across soil-cli-
matic zones in Ukraine. In Polissia, these changes were
mostly insignificant and unlikely, while in the Forest-
Steppe and Steppe regions experienced an increase in
precipitation deficits, with levels 35-80 % lower than
optimal in certain stages of the crop's growth cycle.
When considering changes in precipitation amount,
moisture conditions for spring barley remained favor-
able in most regions of Ukraine, except for the south-
ern Steppe, where conditions were satisfactory. For
corn moisture conditions were favorable in Polissia,
improved in the western Forest-Steppe and some cen-
tral and other regions, satisfactory in the eastern Forest-
Steppe and northern Steppe, and unsatisfactory in the
southern Steppe, where conditions deteriorated signifi-
cantly. The impact of changes in precipitation amounts
on corn and spring barley productivity was found to be
smaller than the impact of changes in air temperature.

Since the 1980s, cumulative changes in temperature
and precipitation in Ukraine have led to decreased field
crop productivity in significant parts of the country
compared to calculations assuming absence of climate
change. The observed changes in air temperature and
precipitation, and their influence on climate suitability
and cereal productivity, indicate a decline in the poten-
tial for dryland agriculture in both the Steppe and Forest-
Steppe regions. The impact of climate change on corn
productivity has been more pronounced than on spring
barley, increasing from north to south correlation with
the rise in precipitation deficits and air temperature.

The changes in air temperature and precipitation lev-
els have likely contributed to a decrease in climate suit-
ability and an increase in yield shortfalls in comn cul-
tivation, with an average increase of 3—5 % over each
10 years in the central and eastern Forest-Steppe, 5—
7 % over each 10 years in the northern Steppe, and 7—
10 % over each 10 yearsin the southern Steppe. Over-
all, corn yield shortfalls due to climate factors in the
Forest-Steppe averaged 10-20 %, over 30 years. In the
northern Steppe, yield shortfalls reached 20-25 % and
higher, while in the southern Steppe, where unfavor-
able agroclimatic conditions for corn cultivation were
observed, yield shortfalls were 3540 % over 30 years.

In a considerable part of Polissia, except for the Vo-
lyn region, the increase in air temperature and changes

AGRICULTURAL SCIENCE AND PRACTICE Vol. 10 No.1 2023

in precipitation during the barley vegetation period
did not significantly affect climate suitability or yield
shortfalls. In the Forest-Steppe, however, these chang-
es were mostly unfavorable for barley cultivation, par-
ticularly in the western and central regions, resulting
in a decrease in climate suitability and an increase in
yield shortfalls of 2—3 % over 10 years and an aver-
age of 5-10 % over 30 years in the region. The Steppe
region experienced the most significant changes in air
temperature and precipitation, leading to grain yield
shortfalls of 5-10 % on average in the northern Steppe
and 10—15 % in the southern region.

Further research should focus on evaluating the
changes in thermal regime and moisturization regimes
during the vegetation cycle of field crop cultivation
in short and medium-term perspectives, considering
different impact and socio-economic scenarios. This
research should also explore their effects on climate
suitability and cereal productivity in Ukraine. Addi-
tionally, a more detailed analysis of the spatial and tem-
poral variability of potential climate changes is neces-
sary when developing recommendations for adjusting
agrotechnology in response to climate changes, aiming
to minimize yield shortfalls caused by changing ag-
roclimatic conditions. Relevant adjustment strategies
should include transitioning to more drought-resistant
crops in regions, where climate change has a negatively
impacted productivity and expanding cereal production
in regions benefiting from climate change.
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Meta. BusgButu TeHaeHIlii 3MiHM KIJILKOCTI OIMajiB, IUIO-
JIOTBOPHOCTI OIa/liB Ta CYMICHOTO BIUIUBY 3MiHHM TEMIIe-
patypu TOBITps 1 KUTBKOCTI OmaniB Ha BPOXKAHHICTE 3ep-
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HOBUX KYJBTYp, 30KpeMa, KyKypy[3d Ta SIMEHIO SIpOro,
y Mepiogy BereTamniiHOro HUKIY, 3MiHY IUIOJOTBOPHOCTI
KJIiMaTy, HeAoOopy ypoXkaro KyJabTyp Ta iXHi O0COOMMBOCTI
y TPYHTOBO-KJIIMAaTHYHUX 30HAaX YKpaiHu Ha Mexi XX—
XXI cr. (1981-2020 pp.). Meroau. [{ist BupiumieHHsT HO-
CTaBJICHUX 3aBJaHb 3aCTOCOBYBAIM SIK 3arajJbHOHAYKOBI,
TaKk 1 CremiajgizoBaHi METOIU JOCIIJKEHb: aHaJIITHKO-
CHUHTETUYHUH — JUIS aHaJi3y Cy4acHOTO CTaHy JOCIIIKCHB,
CTaTUCTUYHHUN — JUISl OLIHKHM IHTEHCHBHOCTI Ta 3HAYyIIOC-
Ti 3MIHM arpoKJIIMaTHYHUX YMOB BHPOILYBaHHS MOJbOBHX
CUIBCHKOTOCTIOIAPCHKUX KYJIBTYpP, MOPIBHSIBHUM aHali3 —
JUTS. BUSIBJICHHS TXHIX OCOONMBOCTEH Yy IPYHTOBO-KJiMa-
THYHAX 30HaX YKpaiHW Ta Ha PI3HUX (a3ax pPO3BUTKY
POCIIMH, KIIMaTH4YHI — JUIS XapaKTePUCTHKU KUIBKOCTI Oma-
JIiB ¥ OLIHKK IXHBOTO BIUIMBY Ha YPOXKAWHICTH KYJIBTYD,
MOJICITIOBAHHST — ISl OI[HKM BIUTUBY 3MIiHH KUTBKOCTI
OMaJIiB Ha MPOJYKTHBHICTb KYKYpPYI3U Ta SIUMEHIO SIPOTO,
OLIIHKM CYMICHOTO BIUIMBY 3MiHH HPH3EMHOI TEMIIepaTypu
Ta KUIBKOCTI OMNaJiB Ha MPOAYKTHBHICTb KJIiMary 1 He-
00ip ypoKaro IHX KyIbTyp; aOCTPaKTHO-JIOTIYHUAN — I
(opMyBaHHsS y3arajibHeHb 1 BHCHOBKIB. Pesyabrarm.
Bceranosneno, mo Ha Mexi XX—XXI cT. ynmponoBx ycboro
BETeTALIfHOTO NHKIY KyKYpyA3H Ta SUMEHIO SpOro y
I'PYHTOBO-KJIIMATHYHHUX 30HaX YKpaiHU BiaMidajach 3MiHa
KUTBKOCTI OMafiB, fKa CYNPOBOKYBAIach IiIBHIICHHIM
TEMIIEpaTypH IOBITPS 1 MPUBOAMIA JIO 3MIHU IUIOJOTBOP-
HOCTI KiIiMaTy. Bripogosx octanaporo aecsatumitrs (2011-
2020 pp.) B YkpaiHi BigMmidaguch HaMBHIII TEMIIEpaTypH
MOBITPST 3a TMepioJ] IHCTPYMEHTAJIbHUX CIOCTEPEIKEHb.
Y OGaratboX perioHax KpaiHM BOHM CYIPOBO/DKYBAJIHCh
JeIUTOM OMaJiB MPOTATOM TPHUBAJIOrO MEpiomy, IO He-
TaTHBHO BIUIMBAJI0O HAa yPOXXAaWHICTh 3€pPHOBHX. BUSABIECHO
mo Ha [lomicci KinbKicTh omaziB 30UIbIIyBanach Maibke
MPOTSITOM YChOTO BETeTaIlIfHOTO IMKIY KyKypyI3u Ta
saMeHto sporo. IIpoTte 1i 3MiHM, 3a BHHITKOM OKPEMHX
nepioziiB, OyaM HE3HAUYHIIMMH 1 HECYTTE€BO BIUIUBAJIM Ha
ypokaitHicTh KyabTyp. Taki * TeHICHIIi Oyau XapakTepHi i
JUIsl CyMICHOTO KOe(illieHTy MPOAYKTHBHOCTI TEMIIEpaTypHt
Ta omajiB. SIK HACTINOK, 3MiHA TIOZOTBOPHOCTI KIIMAaTy i
He000py yporkaro KyKypy[a3u Ta STIMEHIO sIpOTro Maibke Ha
yciit teputopii I[omicest Oyiaa MalOMMOBIPHOIO, & YMOBHU
Juil TXHBOTO BHPOIILYBaHHS 3aJHIIATINCH CHPUSTINBUMH.
Bcranosneno, mo y Jlicocrenmy 3miHa KITBKOCTI OMaiB
Oyna HEOJHOPITHOIO BIPOAOBK yCHOTO IEPiOXy BereTarlii
KyKypyI3u Ta silaMeHIo siporo. Y 3axigHomy Jlicocremy
BIIMIYaJI0Ch 3POCTaHHs KIIBKOCTI OMaiB, SKi B OKPEMHX
obmactsax cranoBunu 10-20 % 3a 10 poxi. Taki 3miHK
Oy HECHPUSTIAMBUMH Uil KYKYpPYI3d 1 SYMEHIO SIpOTO
Ta 3YMOBJIIOBAJIN 3MEHIICHHS TPOMYKTUBHOCTI IMOITBOBHX
KynbTyp Ha 3—6 % 3a 10 pokiB Y nenrpansHomy Jlicocremy
BIAMIYAJIOCH SIK 30IJBIIEHHS, TaK 1 3MEHIIEHHS KUIbKOCTI
omajiB B okpemi (a3u po3BUTKY KynbTyp. Lli 3minm Oymu
HECTIPUSTIMBUMH JUIsl TXHBOTO BHUPOILYBAaHHS 1 TIPUBOJIIIIH
0 3MEHIIeHHS ypoxkaitHocTi. s cximHoro Jlicoctemy
XapakTepHe 3pOCTaHHs AeilUTy OMaiiB, sIKe 3yMOBIIIOBAIIO
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3MEHIIEHHS TPOMYKTHBHOCTI OMAMdiB YIPOAOBK Maibke
YChOTO BEreTalifHOr0 IUKIY POCIWH. 3MiHA KUIBKOCTI
OTafiB Pa3oM i3 MiBUIICHHAM TEeMIepaTypu OyaH 3arajioM
HECTIPUATIIMBIMH ISl BUPOIIYBAHHS IOJBOBUX KYIBTYp y
JlicocTeny, 0coONMBO Y LEHTPAIBHOMY, 1 MPU3BOIUIA IO
30UIbIIEHHS HEOOOpY BpPOXKAI0 KyKypyasw Ha 3—5 % 3a
10 pokiB Ta stumeHto siporo Ha 2-3 % 3a 10 pokiB. 3aramom
arpoKJIiMaTH4YHI YMOBH Ul BHPOLIYBaHHS SYMEHIO SPOTO
3aJMIIAJNCH CIPHUSTIMBUMHU y BCIH JICOCTENOBii 30HI, a
JUISl BUPOIILYBaHHS KYKYPYJI3U CHPUSTIMBAMHE y 3aXiJHOMY
JlicocTemy i 3aOBUTPHIMH Y IEHTPAIILHOMY Ta CXiJTHOMY.
VY crenoBiif 30Hi 3MiHa KUIBKOCTI OMaiB MPOTSITOM Makke
YCBOTO BEreTaliifHOro MKy KYKYpyA3d Ta SUYMEHIO SpOro
KOJIMBAJINCH y Mexax 5 % 3a 10 pokiB i Oynu HecyTTeBH-
MH Ta MaJOWMOBIpHHMH, X0da B OKpeMi (ha3su pPO3BUTKY
KyJIBTYp BIAMIYaaMCh 3HAa4YHI 3MIHM 3BOJIOKEHHS. Tak,
3HaYHE 301IbIICHHS KiabKocTi omamiB (Ha 10—15 % 3a 10
POKIB) y TIEpioJl MOJOYHOI-BOCKOBOI CTHUTIIOCTI KYKypYI3H
3YMOBJIIOBAJIO 3MCHIICHHS ypokaiiHocTi 1m0 3 % 3a 10
pokiB. [l sSAMEHIO SpOTO0 HMOBIPHO CHPHUSTIMBHM OyIIO
30UIBIICHHS KIJBKOCTI OMaJiB y Mepioj KyLIHHS Ta iXHE
3MEHIIICHHS B TEPioJ] MOJIOYHOI i BOCKOBOT CTHUIIOCTI, PO
0 CBIMYHTH 3pOCTAaHHS KOE(DillieHTY MPOAYKTHBHOCTI OIla-
IiB. 3arajioM, iHTCHCHUBHC MIiJBHUIICHHS TEMIICPAaTypU IIO-
BITPS pa3oM 3i 3MIHOIO 3BOJIOKEHHS OYII0 HECTIPHSTIHBAM
JUIS BUPOIIYBAHHSI KyKYPYy/A3H 1 STUMEHIO SIpOTro, 0COOJIMBO
y MIBICHHOMY CTEINy, [¢ MPU3BOAWIO JO 3MEHIICHHS
TUTOJJOTBOPHOCTI KJIIMATy JUIs BUPOLIYBaHHS KyKypy/a3HW Ha
7-10 % 3a 10 pokiB Ta s;tumeHro siporo Ha 3—4 % 3a 10
POKiB. SIK HacHiIOK, YMOBH IUIsi BUPOILIYBaHHS KyKypyI3H
y LbOMY pErioHi Oynu HE3aJOBUILHUMH, a SUMEHIO — 3a-
noBiTbHEMHU. Hemobip ypokaio KyKypya3H 3a pPaxyHOK
3MIiHM TeMIlepaTypyu TOBITPS 1 omajaiB mpotiarom 1981—
2010 pp. caraB 35-40 % Big MaKCHMaJIbHO MOXIIMBOTO
32 ONTUMAJBHHX KIIMaTHYHUX YMOB, a SYMEHIO SIPOTO —
22-25 %. Bupomosx 2011-2020 pp. Brparu ypoxaro Oyiu
MoBipHO OimbmmMu. Taki 3MIHH TeMIepaTypu TOBITPS,
PEKUMY 3BOJIOKEHHSI Ta IMPOAYKTHBHOCTI KIIIMary CBij-
YUTH MPO 3MEHIICHHS MOTEHIianxy OOorapHOro 3eMiepos-
CTBa B YKpaiHi, 0COONHMBO B CTENOBid 30HI. BHCHOBKH.
3MiHa KUIBKOCTI OmnajiB B YKpaiHi, sika CyIPOBOIKYETHCS
CYTTEBUM IIIBUIICHHSAM TEeMIIEpaTypH MOBITPs, BIUIMBAE HA
(opMyBaHHS YPOXKAHHOCTI TOJBOBUX KYJIBTYP YIPOJIOBXK
IXHBOTO BETETAIIfHOTO HUKITY. 30UIBIIEHHS KITBKOCTI Oma-
JIB y Mepiof] J03piBaHHs KYJBTYp, K 1 3pocTaHHs Aedinuty
OMajiB B OKpPEeMi BereTarliiHi (a3 MPU3BOIUTH 10 3MCH-
LICHHS NPOAYKTUBHOCTI ONAJiB, 3HWKCHHS YpPOXKAHHOCTI
MOJBOBHUX KyNbTYp. Pa3zoMm i3 MiIBHUIIEHHSM TeMIEpaTypu
TIOBITPS TaKi 3MIHM CIPHUSIOTH 3HIKEHHIO TPOAYKTUBHOCTI
KJIiMaTy Ta 30UIbIICHHIO HEI000PY YpOXKAr KyKypyI3d i
STAMEHIO siporo. HaiOimbImi 3MiHN XapaKTepHi ISl CTEMOBO1
30HH, ocobnmuBo Cremy MiBIEHHOTO. Y IIbOMY pPErioHi He-
J00ip ypoXar KyKypyl3u 3a paxyHOK 3MiHH TeMIIepaTypu
ToBITPA 1 onaiB ynponosx 1981-2010 pp. csras 3540 %
BiJl MAKCUMaJIbHO MOXJIMBOTO 3a ONTHMAJIBHHX KJIiMaTH4-
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HHUX YMOB, a SIIMEHI0 Aporo — 22-25 %. To6To, ypoxaiHicTh
KyKypyA3H Ta SYMEHIO SpOoro Moria OyTH Ha Takuil Biico-
TOK BUIIOIO, SKOM KJIIMaT B YKpaiHi 3ajuInaBcs Oe3 3MiH.
Hes3Bakaroun Ha 3MiHM TeMIIEpaTypH IMOBITPS 1 KUTBKOCTI
OIIa/IiB MPOTSITOM BEreTallifHOro IMKIY KYKypya3u il siu-
MeHIo siporo, Ha [lomicci arpokiTiMaTHYHI yMOBH AJS iX-
HBOTO BHpouTyBaHHA y 1981-2010 pp. 3anummanick CpusT-
JIMBUMH. Y JIICOCTENOBIH 30HI BOHHM Oy/M CHIPUSTINBUMHE JUIS
STMMEHIO 1 33JJOBUIBHUMH ISl KYKypYZI3U y IEHTPAILHOMY
ta cxigHomy Jlicocreny. Y cTemoBiil 30HI, BIUIMB 3MiHU
KiIiMary OyB HallOLIBII BiIUyTHHM, OCOOJHMBO Y IiBIAEHHO-
My Cremy. ATpOKIiMaTHYHI YMOBHU JUIS BHPOITYBAaHHS S4-
MEHIO Y IIbOMY PETiOHI OyaH 3aOoBUTEHIMH, 8 KyKypyI3d —
He 3amoBUTBHUME. OctanHe mecatumitts (2011-2020 pp.)
B YKpaiHi, K 1 B €Bponi Ta MiBHIYHIA MIBKYJ BUSIBHIOCH
HadrermimuM 3 1961 poky i HMOBIpHO 3 MOYaTKy iH-
CTPYMEHTAIIHUX CIIOCTEPEIKEHb 3a MOroJ0K0. AHOMAaJIbHO
BHCOKi TEMIIEepaTypH MOBITPs, IO CYNPOBOKYBAIUCH Je-
(bimmuToM OTafiB, CIPHSIN 3pOCTaHHIO HEA000PY YpOXKaio
3epPHOBHX Ha 3Ha4Hii Teputopii kpaiHu. [ligBUILICHHS TeM-
TepaTtypy MOBITPS Ta 3pOCTaHHS MOCYHIIMBOCTI CBIIYHTH
Mpo 3MCHIICHHS MOTCHINady OOrapHOTo 3eMJepoOCTBa B
VYkpaiHi, 0cOOJIMBO y CTEMOBI 30Hi.

KarouoBi cioBa: kykypyasa, sSsUMiHb SpUH, arpoKIiMaThuy-
HI YMOBH, IUIOZOTBOPHICTh KIIIMATy, 3MiHa KJIiMaTy, Mi/BHU-
IIEHHS TeMIIeparypH, 3MiHa OmNajiB, MPOAYKTUBHICTH OIa-
IiB, HeTOOIp ypoKaro.
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