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Aim. To study the effect of climate changes on the performance of cereals. Methods. Remote, statistical, and
analytic methods. Climate changes were determined by the sum of radiation temperatures of the earth’s surface,
calculated using the data of the infrared range (10.3—11.3; 11.4—12.4 pm) of the high precision radiometer AVHRR
of the meteorological satellites of the Earth, NOAA. The effect of climate changes on the state of vegetation,
including the phenological parameters, such as the beginning, the end, and the length of the vegetation peri-
od, was determined by the Normalized Difference Vegetation Index (NDVI) obtained using the data of infrared
(0.72-1.1 pm) and red (0.58-0.68 um) ranges of the abovementioned radiometer. The satellite data are openly
accessed on the website of STAR NESDIS NOAA — Satellite Applications and Research of NOAA’s National En-
vironmental Satellite Data Information Services of the National Ocean and Atmosphere Research Department of
the USA — http://www.star.nesdis.noaa.gov/smcd/emb/vci/VH/. The dynamics of CO, concentration in the air was
determined using the satellite data of AIRS/Aqua (https://disc.gsfc.nasa.gov/datasets/ AIRS3C2M_005/summary),
the precipitation dynamics — using the data of ERAS ECMWEF/Copernicus Climate Change Service (https://devel-
opers.google.com/earth-engine/datasets/catalog/ECMWF_ERAS5 MONTHLY#description). The association be-
tween the performance of cereals and satellite data was found by the method of correlation and regression analysis.
Results. Using the satellite data, it was found that in 1982-2021, the sum of radiation temperatures of the earth’s
surface reliably increased in the vegetation period (April-September), and the amount of precipitation tended to
decrease in the zones of Polissia, Forest-Steppe, and Steppe. The highest tempo of warming was observed in the
territory of the Steppe. In general, the warming had a positive effect on the state of vegetation, according to NDVI,
and on the performance of cereals. However, in the recent decade (2010-2020), the positive effect of the warming
on the vegetation state decreased, and according to the NDVI trend, there has been a tendency towards the negative
effect of the further increase in the temperature, which is especially remarkable for the Steppe and Forest-Steppe.
On the contrary, the warming in the Polissia zone created the conditions for the increase in the performance of agri-
cultural cereals. Conclusions. From 1982 till 2021, there was a strong tendency towards the increase in the sum of
radiation temperatures of the earth’s surface in the vegetation period and the decrease in the precipitation amount
in Polissia, Forest-Steppe, and Steppe. According to the NDVI data, due to the warming, the length of the vegeta-
tion period increased by 14-21 days on average, which had a positive effect on the vegetation. Since 2010, the
acceleration in the warming tempo has been observed. The average annual increase in the sum of the radiation tem-
peratures of the earth’s surface in the vegetation period is 15-16 °C — for Polissia, 14—18 °C for the Forest-Steppe,
and 18-20 °C for the Steppe. According to this tendency, if the current regularity in the temperature increase in
1982-2021 is preserved in the nearest future, the temperature of the vegetation period will additionally increase,
and the average sum of temperatures of the earth’s surface will reach 4000 °C in Polissia, which was notable for
the Forest-Steppe in 1982-2021, 4440-4600 °C — in the Forest-Steppe, and up to 5800-5900 °C in the Steppe. In
1982-2000, there was a strong regularity of the positive effect of the warming during the vegetation period both
on the vegetation state according to the NDVI index, and the performance of cereals in all three natural climatic
zones. However, after 2000, due to the negative effect of high summer temperatures on the crops, the effect of the
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warming on vegetation considerably decreased, which was especially notable for the Steppe where the increase in
NDVI compared to the previous period was on average 9.41 % in 1992-2001, and in 2012-2021 — 1.78 %.
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INTRODUCTION

The agroindustrial complex of Ukraine has a high
agroresource potential and is an important producer
and exporter of grain, ensuring the food safety of many
countries. Therefore, it is important to investigate the
regularities and risks related to regional climate chang-
es and to forecast their effect on agrarian production,
including cereals, in the near and distant future, which
is relevant for the purposes of food safety planning and
timely measures for adapting the agroecosystems to the
warming. There is a climate monitoring system, which
presupposes on-ground and remote observations. Note-
worthy is the method of climate observations using sat-
ellite data about the temperature regime of the earth’s
surface, the conditions of moisture provision for the
vegetation, the vegetation state, including the fields of
crops, their development, and the manifestation of deg-
radation processes in the agrolandscapes.

Agricultural production has rather complicated re-
lations, regularities, and interactions of climatic and
agrotechnical factors, which are becoming even more
complicated and unpredictable due to the changes in
the climatic system parameters. All this has a nega-
tive effect on the balance between all the components,
which affects the formation of agroecosystem produc-
tivity. Temperature, moisture, and sunlight are the main
factors for the growth of plants which can be illustrated
using a relatively simple model CROPEVAL, where
the weekly growth index (GI) is the product of three
main climatic indices: light, temperature, and moisture:
GI = LI x TI x MI (Nix, 1981). A series of publica-
tions by Ukrainian researchers have been dedicated to
the study of the effect of some climate factors on spe-
cific components of the agroecosystems (Adamenko,
2014; Balabuh, 2019; Tararico et al, 2020; Polovyy et
al, 2021).

There are many forecast estimates of the effect of
climate changes on agriculture, which predict the in-
crease or decrease in the performance of different
crops, the disruption in the stability of food production,
and enhanced drought phenomena (Wilson et al, 2021).
The “climate-plant production performance” has two
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aspects: climate as one of the most important natural
resources under optimal parameters, and climate as a
risk for the productivity of agroecosystems under ex-
cessively high temperatures and moisture deficiency,
which has a negative effect on photosynthesis. Thus,
the research directions were formed considering the
evaluation of the effect of slow changes in climate pa-
rameters in time on the agroecosystems and the effect
of climatic extremes during the vegetation. Long-term
changes in temperature or precipitation amount are less
risky for agriculture than such extreme phenomena as
droughts during the vegetation, severe frosts, soil ero-
sion, and dust storms (Bolin, 1989).

Currently, due to the warming, there is a shift in the
agroclimatic zones to the north, and, as a result, there
is an extension of the areas of cultivating crops with
a more extended vegetation period (Pysarenko et al,
2019). All these factors allow for cultivating sunflower
and corn varieties of early and even late maturity in
Polissia (Sobko et al, 2021). The performance of sun-
flowers in Polissia conditions is 2.3-2.38 t. (Savchuk et
al, 2021). Under sufficient moisture provision in Polis-
sia, the fields do not require watering, which reduces
the expenses considerably. Yet, there are also negative
aspects of expanding the fields of such intense crops
as corn and sunflower on turf-podzolic soils with low
humus content (Voropai H, 2020). The decrease of lu-
pine, perennial grasses, and other forage crops in the
structure of arable fields to the minimum leads to the
imbalance of organic and biogenic matter in the crop
rotations, which requires the application of a consider-
able amount of mineral fertilizers and liming. There is
the intensification of the mineralization processes and
the washing-out of organic matter, nitrogen, calcium,
and other chemical elements from the soil, which has
a negative effect on the physical-chemical properties
and anti-erosion resistance of turf-podzolic soils. As a
result, there are higher risks of erosion degradation and
dust storms occurring on ever larger scales in the near-
est future (Tarariko et al, 2017).

All the abovementioned demonstrates the urgency of
the issue of monitoring the drought manifestation and

65



TARARIKO et al.

its effect on vegetation, agricultural production, and
food safety. In the territory of Ukraine, there are also
additional internal factors promoting climate warm-
ing and the processes of desertification of the farming
lands. First of all, it is related to the high ploughness of
the agrolandscapes (up to 80-90 %), their rather low
woodiness, high risk of moisture loss, and expansion of
erosive degradation of soils under the decrease of soil-
protective crops in the structure of arable soils and the
increase in the volume of heavy precipitation (Tarariko
et al, 2017).

To substantiate the strategy of developing agricul-
ture and food safety, it is important to have systemic
determination of the properties and tendencies in
the direction of changes in agroclimatic resources.
In this aspect, the determination and prediction of
the tempo of climate warming, its effect on the shift
in natural climatic zones, the transformation of the
zonal systems of land use, the increase in the risks of
manifestation of soil desertification and degradation
processes, and the maintenance of high productiv-
ity of crops under these conditions are urgent issues.
Such a wide spectrum of information on the global,
regional, and local levels requires the use of agro-
ecological monitoring and agricultural activity of the
satellite informational resources in the system. Thus,
the aim of our work was to investigate the effect of
climate changes on the productivity of cereals using
the satellite data.

MATERIALS AND METHODS

In terms of soil-climatic conditions, the territory of
Ukraine belongs to three natural climatic zones. The
Polissia zone is located in the north, from west to east;
the specialization of agricultural production in it is di-
rected at the cultivation of cereals, potato, flax, forage
crops, and in recent years — corn and sunflower. The
Forest-Steppe stretches from west to east, covering the
central part of the country. The specialization of culti-
vating crops includes the production of cereals, sugar
beet, sunflower, and forage crops. The specialization
of agrarian production in the Steppe is related to the
cultivation of cereals, sunflowers, and vegetables. The
prevalence of chernozem soils with high fertility in
the structure of the arable land and favorable climat-
ic conditions promoted high effectiveness of agrarian
production under relatively non-high expenditure of
industrial resources. For this study, we chose the terri-
tory of the administrative regions of Ukraine with typi-
cal agroproduction, two in each natural climatic zone,
which are located on the right bank and the left bank

66

of the Dnipro, respectively. The average area of each
region is about 25-30 thousand sq. km.

The climate changes and their effect on the vegeta-
tion state were determined using the available informa-
tion from the satellite systems of low spatial resolu-
tion — multizonal advanced very high precision radio-
meters AVHRR and VIIRS of the meteorological polar-
orbiting satellites NOAA, which make multispectral
images of practically the entire surface of the earth twice
a day in the ranges of 0.58-0.68; 0.725—1.1; 3.55-3.93;
10.3-11.3; 11.4-12.4 pm with the spatial resolution
of 1.1 km and the width of the field of view of about
3,000 km. These data were obtained from the website
of STAR NESDIS NOAA — Center for Satellite Appli-
cations and Research (STAR) of NOAA’s National En-
vironmental Satellite Data Information Services http://
www.star.nesdis.noaa.gov/smecd/emb/vci/VH. Using the
data for the period from 1982 to 2021, we created maps
or charts of the dynamics in temperature changes on the
earth’s surface during the vegetation period of each year
in the scale of the regions under investigation accord-
ing to the SMT index (Smoothed Temperature), where
SMT is the weekly temperature of the earth surface,
average in terms of regions; it is defined as the radia-
tion temperature of the earth surface using the infrared
data (10.3-11.3; 11.4-12.4 um) (LSA SAF, 2010). To
determine the vegetation state and to predict the effect
of the warming on the productivity of cereals, we used
the NDVI index (Normalized Difference Vegetation
Index (Kogan, 2018). This index is a combination of
spectral characteristics of the vegetation layer, and it is
determined as

NDVI = (NIR-RED)/(NIR + RED),

where NIR and RED - the values for spectral
brightness in the infrared (0.72—-1.1 um) and red
(0.58-0.68 um) ranges.

The result of climate fluctuations is seen in the
changes in the conditions for the development and
state of the vegetation, which can be investigated us-
ing multidimensional temporal and spatial analysis,
including the change in the vegetation period. The
characteristic of the length of the vegetation period
mainly lies in determining its main parameters, i.e.
the start and the end of the season and its length. For
many years, the studies were based on traditional
sources of information (i.e. direct observations com-
bined with meteorological data). The dynamic devel-
opment of technologies in recent decades allows for
the application of properly processed satellite data
with different temporal and spatial resolution. The
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start of season (SOS) is defined as a sharp increase
in the intensity of spectral characteristics of the veg-
etation layer directly after a long period of photosyn-
thesis rest (Zeng et al, 2020). At present, the SOS is
mainly determined using the methods of remote prob-
ing, most frequently by the vegetation indices NDVI
or EVI (Enhanced Vegetation Index), calculated by
the obtained satellite data (Ba et al, 2022). During the
vegetation period, these data are presented in the form
of a smoothed curve. The term “SOS” indicates the
beginning of the vegetation period and usually refers
to the date of a considerable increase in NDVI val-
ues. However, different SOS values may be obtained
from the time series, for instance, the moment in time
when the NDVI values exceed a certain threshold or
the moment in time when the curve starts going up
(Situch et al, 2022).

Another phenological parameter, registered by the
distance probing method, is the “end of season” (EOS)
(Gao et al, 2020). It indicates the moment of an evi-
dent decrease in the values of specific phenological pa-
rameters for plants. “The length of the season” is most
frequently defined as the length from the start (SOS)
till the end (EOS) of the season. Some researchers also
defined the “peak of season” as the date of maximal
NDVI values. The plant vegetation period is deter-
mined using satellite data in open access, including
MODIS, Landsat, AVHRR, and Sentinel-2 (Gao et al,
2020; Situch et al, 2022).

The dynamics of CO, in the territory of Ukraine dur-
ing the period from January 2010 to February 2017
was determined using the satellite data of AIRS/Aqua
(https://disc.gsfc.nasa.gov/datasets/AIRS3C2M 005/
summary), and the dynamics of the precipitation from
1979 till 2020 — using the data of ERAS of ECMWEF/
Copernicus Climate Change Service (https://devel-
opers.google.com/earth-engine/datasets/catalog/EC-
MWF ERAS5 MONTHLY#description).

The fields of the main crops and the dynamics of their
performance in terms of administrative regions were
determined by the data of the State Statistics Service of
Ukraine in 1990-2021 and its association with NDVI —
by the correlation regression analysis. To determine the
effect of climate changes on the performance of corn
and winter wheat on the local level, we used the results
of the studies of the 1987-2017 permanent field experi-
ment of the Poltava agricultural experimental station
named after M. 1. Vavilov, which was established in
1884 (geographical coordinates: 49°40’ north latitude
and 34°57’ east longitude). The soil cover is medium-
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humus heavy-clay chernozem on loess (Kokhan et al,
2019, Zaryshnyak et al, 2016).

RESULTS OF INVESTIGATIONS

The effect of climate changes on the productivity
of cereals was determined and predicted using satel-
lite data, determining the mutual relations between the
NDVI index, the average for the vegetation, and the
performance of cereals. We found rather a close as-
sociation between the average NDVI value for a cer-
tain time range of the vegetation period and the per-
formance of cereals. In the Steppe, the dynamics of
the performance in terms of years is in rather a close
correlation with NDVI (Fig. 1). High correlation was
found between the performance and the average NDVI
value for the period from April 1 till June 1 which coin-
cides with the start of the vegetation period and middle
dough of awned cereals. The correlation between the
average NDVI value for this period and the perfor-
mance of cereals was from 0.65 in Polissia to 0.8 in the
Steppe (p < 0.05).

The temperature during the vegetation period is one
of the important climate factors affecting the vegeta-
tion state. There is a dependence between the average
temperature of the earth’s surface during the vegeta-
tion period in terms of each investigated administrative
region and the average NDVI index, respectively. Fig.
2 presents the dynamics of the sum of radiation tem-
peratures of the earth’s surface (ST) for the vegetation
period from 1982 till 2021 and NDVI, averaged for
the vegetation period (NDVIa) in Polissia, the Forest-
Steppe, and the Steppe, respectively.

The analysis of charts (Fig. 2) demonstrates that in
Polissia, the Forest-Steppe, and the Steppe, the radia-
tion temperature of the earth’s surface during the veg-
etation period has increased in the last 38 years. It is
noteworthy that according to the NDVI, the warming
of the vegetation period from 1982 to 2021 had a posi-
tive effect on the vegetation state in the zone of Polissia
and the Forest-Steppe. This regularity was manifested
in the Steppe much less.

There was a considerable deviation in the temperature
conditions from the tendency in terms of years which
has been especially notable for the recent decade. On
average, the sum of temperatures of the earth’s surface
during the vegetation period in 2012—-2021 as compared
to 1982-1991 increased in Polissia by 11-12 %, in the
Forest-Steppe — by 12.0-13.0 %, and in the Steppe — by
14.0-16.0 %. The conclusion of the presented analysis
may be that the highest tempo of the temperature in-
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Fig. 1. The correlation between the NDVI index and the av-
erage performance of cereals: @ — Steppe, b — Zaporizhzhia
region

crease during the vegetation is observed in the Forest-
Steppe and Steppe (Table 1).

According to the results of comparing the distribution
for the sum of the radiation temperatures of the earth’s
surface during the vegetation period within the natural
climatic zones in 1982-2000 and in 2000-2021, using
spatial modeling for the temperature condition change,
we determined the shift of aridity of natural climatic
zones in the direction from south to north. Therefore,
there is an extremely urgent issue of mitigating the
negative consequences of climate warming and elabo-
rating the differentiated systemic measures in adapting
the zonal agroecosystems to climate changes.

Regardless of some dry years, in general, the ten-
dency of the two recent decades is for the warming of
the vegetation period to have a positive effect both ac-
cording to the NDVI indices and the performance of
cereals in Polissia, the Forest-Steppe, and the Steppe.
Thus, in general, for the period of 19822021, the cli-
mate change in the territory of Ukraine had a positive
effect on the state and productivity of zonal agroeco-
systems. As for the vegetation state, it may be noted
that gradually, starting from 2001, the positive effect of
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the warming on the vegetation according to the NDVI
decreases, which is especially notable for the Steppe,
in the territory of which there usually were high risks
of drought phenomena which may be enhanced. Thus,
starting from 1982, the positive effect of the warming
in this zone is manifested much less or not manifested
as compared to Polissia and the Forest-Steppe.

To determine the tempo of the temperature increase
and its effect on the vegetation state according to the
NDVI index, the time period from 1982 to 2021 was
divided into four ten-year-long periods. We found the
period of relative slowing down of the warming (1992—
2001) and subsequent acceleration of the tempo for the
increase in the sum of radiation temperatures of the
earth’s surface during the vegetation period, starting
from 2002 in all the natural climatic zones (Table 1).

There was a respective response of the vegetation
to the warming according to the NDVI (Table 2). In
the second decade (1992-2001), on average during the
vegetation period as compared to the first one (1982—
1991) the NDVI index in Polissia, the Forest-Steppe,
and the Steppe increased on average by 7.6-9.2 %, in
the third decade (2002-2011) — by 3.5-4.8 %, and in
the fourth one — only by 1.7-1.8 %. The obtained re-
sults demonstrate an ever lower positive effect of a fur-
ther increase in the radiation temperature of the earth’s
surface during the vegetation period on the vegetation
state according to the NDVI index, which is especially
notable for the Steppe, where rather a high variability
in this index is observed in terms of years. If this regu-
larity is preserved in the following decades, one may
expect its further decrease due to the manifestation of
more intense drought phenomena.

One of the positive effect factors of the warming on
the vegetation state and performance of cereals, espe-
cially in Polissia and the Forest-Steppe is the extension
of the vegetation period, which is determined using the
comparison of 1982-2001 and 2002—-2021.

The length of the vegetation period in terms of re-
gions and natural climatic zones was determined by
the dynamics of the perennial NDVI value during the
vegetation period, which is presented in the form of a
smoothed curve (Fig. 3). Since usually in Ukraine at
the start of the vegetation season, the NDVI values
do not exceed 0.2 with its gradual increase up to 0.3—
0.8, and by the end of the vegetation period, decrease
down to 0.2, we defined SOS and EOS parameters to
be the dates when the NDVI curve reached these val-
ues during the increase and decrease, respectively. The
analysis demonstrated that in the two recent decades,
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Fig. 2. The dynamics of the sum of the radiation temperatures of the earth’s surface in the vegetation period and NDVI for
1982-2021: a — Polissia (Zhytomyr and Chernihiv regions), b — Forest-Steppe (Vinnytsia and Poltava regions), ¢ — Steppe

(Zaporizhzhia and Odesa regions)

as compared to the two previous ones, the vegetation
period in Polissia started 14 days sooner. In the Forest-
Steppe, there is an earlier start of vegetation — up to
7—14 days sooner, and in the Steppe — up to 14-21 days
sooner (Fig. 3). Therefore, according to the NDVI in-
dex, in recent 20 years, there is a tendency towards the
increase in the length of the vegetation period by 2—3
weeks on average, mostly due to the earlier start and
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later end of the vegetation period which is especially
notable for Polissia and the Forest-Steppe. The exten-
sion of the vegetation period is one of the factors of
more effective use of the conditions for autumn vegeta-
tion of winter crops which had a generally positive ef-
fect on the vegetation state according to the NDVI and
the yield of cereals, especially notable for Polissia and
the Forest-Steppe. At the same time, the increase in the
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temperature background in spring, due to the increase
in its dryness, had a negative effect on the productivity
of early cereals (Balabukh, 2017).

An important factor in improving the vegetation state
according to the NDVI and the performance, including
cereals, is also an increase in the content of CO, in the
air according to the climate models (Norton R, 2012),
which has a positive effect not only on the photosynthe-
sis productivity but also on more efficient use of mois-
ture by plants (Miroshnichenko M, 2016; Demydenko
0, 2015). According to the experimental studies of R.
Norton et al (2012), the gain in wheat harvest due to the
increase in the concentration of CO, in the air from 385
ppm to 550 ppm is from 0.5 to 0.9 t/ha in a dry year and

a year with normal moisturization, respectively. Fig. 4
presents the dynamics of the increase in the concentra-
tion of CO, in the atmosphere. As seen, from 2010 till
2017, the content of CO, in the air increased from 385—
390 to 400—405 ppm, which is also a positive effect
factor of photosynthesis productivity and performance
of crops on the condition of soil fertility state, close to
the optimal one, and moisture provision for the plants.

The conditions of moisture provision for the vegeta-
tion depend on the precipitation amount and are vital
for the formation of the performance of crops, includ-
ing cereals, especially under climate warming. The av-
erage annual amount of precipitation during the period
of studies fluctuated greatly in different years, which

Table. 1. The sum of the radiation temperatures of the earth’s surface in the vegetation period (April-September) in some

decades
Period
Region
1982-1991 19922001 2002-2011 2012-2021
Polissia
Zhytomyr 3371 3327 3853 3985
Chernihiv 3347 3427 3841 4020
Forest-Steppe
Poltava 3879 3985 4405 4602
Vinnytsia 3847 3717 4250 4401
Steppe
Zaporizhzhia 5052 4926 5644 5882
Odesa 5084 4852 5652 5792
Table 2. The NDVI dynamics during the vegetation period (April-September) in some decades
Period
Region
1982-1991 1992-2001 2002-2011 2012-2021
Polissia
Zhytomyr 0.342 0.369 0.392 0.398
Chernihiv 0.337 0.363 0.376 0.390
Forest-Steppe
Poltava 0.304 0.332 0.353 0.361
Vinnytsia 0.324 0.350 0.370 0.378
Steppe
Zaporizhzhia 0.255 0.284 0.286 0.283
Odesa 0.256 0.288 0.306 0.310
NDVIav 0.303 0.332 0.347 0.353
NDVI gain, % to previous 9.41 4.73 1.78
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Fig. 3. The comparative annual dynamics of the average values of NDVI for 1982-2001 and 2002-2021: a — Polissia, b —

Forest-Steppe, ¢ — Steppe

generally determined the productivity of crops. Start-
ing from 1979, the satellite data demonstrate a ten-
dency towards the formation of a declining tendency
for the total amount of precipitation for the year. The
tendency of a decrease in the annual amount of precipi-
tation in the recent twenty years (2000-2021) is pre-
served and even increased as compared to the previous
period (1979-1999) (Fig. 5). For instance, in Polissia,
the Forest-Steppe, and the Steppe the amount of precip-
itation decreased by 130 mm, 200 mm, 160 mm within
the period of 1979—1999 respectively; at the same time,
within the following period (2000-2021) it increased
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additionally up to 180 mm, 250 mm, 260 mm. Under
increasing temperatures of the vegetation period, there
are higher moisture losses due to evaporation which
conditions the occurrence of deeper drought phenom-
ena in all the natural climatic zones but even more so —
in the Steppe.

So, Ukraine’s climate has changed considerably in the
recent 40 years. There has been a temperature increase
and thus, the prolongation of the vegetation period, the
deterioration of moisture provision, the expansion of
aridization and desertification processes, and the shift
in natural and climatic zones.
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Fig. 4. The dynamics of CO, concentration in Ukraine’s atmosphere according to the satellite data of AIRS/Aqua (https://disc.

gsfc.nasa.gov/datasets/AIRS3C2M_005/summary)

Yet agrarian production adapted to climate warming
rather fast, for instance, in Polissia and the northern re-
gions of the Forest-Steppe, where the additional heat
resource is used to correct the structure of the arable
fields with the purpose of expanding the areas of the
crop fields with the longer vegetation period, includ-
ing corn and sunflower. In the 1990-s, the area of corn
fields in Polissia was insignificant, but in 2018-2019,
this crop was grown on up to 1,200 thousand ha, and the
area of sunflower fields increased from a hundred hect-
ares to 500—600 thousand ha. The same is true for the
Forest-Steppe, where the areas of corn and sunflower
fields continue enlarging up to 1,800 and 560 thousand
ha, respectively. On the contrary, in the Steppe, the area
of corn fields decreased considerably and got stabilized
at the level of 1,000—1,100 thousand ha, mostly only
under watering (Fig. 6). The area of sunflower fields as
a more drought-resistant crop, continues enlarging in
this zone, and amounts to 3,700—3,800 thousand ha (the
State Statistics Service of Ukraine, 2021).

A current system of evaluating the resource capabili-
ties of Ukrainian soils involves their qualitative esti-
mation by the natural potential of soil and the agrosoil
potentials of natural and effective fertility. While the
agropotential of natural fertility reflects the productiv-
ity of the crops based on natural resources of soil (abso-
lute control), the agropotential of effective fertility also
involves fertility after the introduction of optimal doses
of fertilizers and ameliorants. In Ukraine, these condi-
tions are met only by the performance data of the leading
crops (determined in long-term permanent experiments
(up to 40 and more years) which were grown after the
1960-s: the varieties and hybrids of intense type (Polu-
pan M, Velychko V, 2019)). The performance results of
the agrocrops were adjusted with the consideration of
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the climatic parameters during the study years to their
average annual values (Velychko, 2010).

The consideration of the mutual relations established
between the main agricultural factors and the climatic
conditions of their effect on the soil fertility and crop
performance due to the implementation of the corre-
sponding specialization system, taking into account the
natural fertility of soils at the beginning of the 2000-
s, allowed for our estimating (predicting) the param-
eters of agrosoil potentials for the agroproduction in
Ukraine in the amount of 41.7 million cereals and grain
legumes, 3.6 million — of sunflower, and under effec-
tive fertility — 54.2 and 4.1 million tons respectively
(Polupan et al, 2005).

In recent decades, there are evident climate changes
in the world, including Ukraine, which have their effect
on the productivity of cereals too. In these conditions,
the selection of crops with the consideration of their
adaptive possibilities and the state of soil resources
may ensure a stable perennial harvest of agricultural
products. The implementation of the zonal system of
specialization for Ukraine’s territories with the con-
sideration of climatic realities allows for obtaining the
basic average annual gross harvest of cereals and grain
legumes of 51.2 million tons under natural fertility and
63.6 million tons under effective fertility, and 33-39
million tons of sunflower, respectively. These amounts
of gross production may change according to the fluc-
tuation of weather and climate conditions on average
by + 10-20(25) % (Polupan et al, 2015).

It is important to investigate the effect of the gradu-
al warming of the climate time-wise according to the
NDVI index not only on the vegetation state but also
on the harvest of cereals, in particular.
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Fig. 5. The dynamics of the annual amount of precipitation according to the data of ERAS ECMWF/Copernicus Climate Change

Service
Polissia, b — Forest-Steppe, ¢ — Steppe

In general, at the level of the agroindustrial complex
of Ukraine, both the satellite data and the official statis-
tics demonstrate the positive effect of climate warming
on the performance of cereals, especially corn, which
before 2020-2021 ensured the gross harvest of cereals

AGRICULTURAL SCIENCE AND PRACTICE Vol.9 No.2 2022

(https://developers.google.com/earth-engine/datasets/catalog/ECMWF _ERAS MONTHLY#description):

a

at the level of 75 million tons of grain and its export in
the amount of up to 40—45 million tons (Fig. 7).

It should be noted that this achievement has become
possible due to the expansion of the arable fields with
corn, the productivity of which reached and even ex-
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of USDA)

ceeded 100 centners/ha in 2021, according to the data
of the State Statistics Service.

DISCUSSION

According to the data of the Ministry of Environment
and Natural Resources of Ukraine, since the beginning
of the 20™ century, the average annual air temperature
has increased by 2.0 degrees, including an increase
by 1.2 degrees in the recent 30 years (Miiller, 2016;
Wilson, 2021). The highest tempo of the warming was
noted in 2015-2020, the last of these years was the
warmest, and the meteorological winter did not start
in a considerable territory that year. These changes in
the temperature conditions affected the development
of cereals. Their productivity greatly depends not only
on the air temperature during the vegetation period but
also on moisture provision for the plants. In case of any
deviations in the temperature conditions and moisture
provision conditions from the optimal values, there
was a considerable decrease in photosynthesis produc-
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Fig. 6. The dynamics of the areas of corn fields for grain and sunflower in terms of natural climatic zones of Ukraine

tivity (Dmytrenko, 2010). But in some natural climatic
conditions, climate warming may promote the increase
in the performance of such crops as corn, winter wheat,
and soybeans under optimal moisture provision (Wil-
son, 2021). Therefore, it is important to conduct timely
monitoring of the warming and the moisture content
in soil pertaining to natural climatic specificities of the
region, a specific crop rotation, and the field, which
opens additional possibilities for early prevention of
critical phenomena and relevant adjustment of the tech-
nologies of cultivating some crops.

The data and forecast estimates regarding climate
changes in the territory of Ukraine, conducted by the
National meteorological service of the UK using mod-
ern climate models, were extremely interesting (Wil-
son, 2021). It was found that in the recent 30 years, the
air temperature in Ukraine increased by 1.5 degrees,
and the tempo of warming was higher as compared to
the neighboring countries in the recent decade. No in-
crease in the amount of precipitation was registered.
Thus, the increase in the temperature will promote
additional moisture expenditure for non-productive
physical evaporation, which will thus increase the
risks of drought phenomena not only in the Steppe
but also in the northern and north-eastern regions of
the Forest-Steppe and even Polissia. It was also noted
that the number of years with warm winters is grow-
ing, and the years with cold winters are either fewer or
not registered at all (Wilson, 2021). Among the nega-
tive consequences of the warming, there is not only the
manifestation of drought phenomena but also more ex-
treme climate, for instance, the increase in the amount
of summer heavy precipitation and wind conditions in
spring which increases the risks of water and wind ero-
sion of soils (Huo, 2021).

At present, the most common method of predicting
climate changes is the use of rather complicated cli-
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mate models, which consider the interaction between
the oceans and atmosphere and different concentra-
tions of greenhouse gases in the atmosphere (Stocker
et al, 2015). According to their results, it was found
that the consequences of the warming may be more
significant than had previously been believed (Palmer,
2021). According to current climatic scenarios of mod-
erate (RCP4.5) and high (RCPS8.5) concentrations of
greenhouse gases, it is expected that up to 2050, the
average air temperature in Ukraine’s territory will in-
crease by 1.2-3.0 degrees respectively (Krakovska et
al, 2021). The prediction demonstrates the probability
of a decrease in the amount of summer precipitation or
its preservation at the current level, which may enhance
droughts and their negative effect on agriculture (Wil-
son, 2021).

Due to the warming, the territory with a considerable
moisture deficiency for the period of 1991-2016 as
compared to 1901-1990 was enlarged by 7 % and now
covers up to 30 % of Ukraine’s territory or about 11,0
million ha of arable lands. Obviously, this transforma-
tion of climatic conditions has had rather a radical ef-
fect on plant production, first and foremost, including
the spatial location of such intense crops as corn and
sunflower. According to the data of the National Insti-
tute of Strategic Research, cereals covered about 45—
46 % of arable fields in the Steppe. However, it is
merely 35 % of the total grain production. The de-
crease in the gross harvest of cereals in this zone is
conditioned by the fact that the average performance
of cereals in the recent five years has decreased from
35.8 centners/ha in 1990 down to 32.9 centners/ha in
2013-2017 (Wilson, 2021). At the same time, in Polis-
sia and the Forest-Steppe, the performance of cereals
has increased from 30.0-37.0 centners/ha to 48.0—
53.0 centners/ha. In general, the average performance
of cereals and grain legumes in these zones has in-
creased by 46—61 % since 1990, and in the Steppe, it
decreased by 10 % (Miiller, 2016).

The results of the field studies conducted in 1985—
2018 on the permanent field of the Institute for Agri-
culture of Western Polissia, the NAAS (coordinates:
50°12’ north latitude, 26°29’ east longitude) (Zarysh-
nyak et al, 2016) demonstrate a considerable improve-
ment in heat supply for the agroecosystems, including
a stable increase in the sums of effective temperatures
above 10 °C. It created favorable conditions for the cul-
tivation of thermophilic crops, such as corn, soybeans,
and sunflower, in the north-western Forest-Steppe. As
these crops are spreading fast now, the structure of the
arable fields and agrolandscapes of the region have be-
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come quite similar to the southern Right-Bank Forest-
Steppe (Polovyy et al, 2021).

The change in the air temperature, the amount of pre-
cipitation and their combined effect on the productiv-
ity of crops as well as the change in the fruitfulness of
the climate in the current climatic period (1981-2010)
and their probable changes up to the middle of the 21*
century (2021-2050) using the scenario of SRES A1B
(Nakicenovic et al, 2000) were analyzed in detail per-
taining to winter wheat (Balabukh et al, 2017) and corn
(Balabukh, 2019).

For instance, it was shown that in Polissia, the
changes in the air temperature as compared to the cur-
rent climatic period in different phases of winter wheat
development might fluctuate from 0.5 °C (milk-wax
ripeness) by up to 1.5°C during the seasons of sowing,
germination, and end of vegetation (Malytska and Bal-
abukh, 2020). In general, according to the cumulative
coefficient of productivity, the cultivation conditions
for winter wheat in Polissia will remain satisfactory by
scenario A1B in the middle of the 21* century.

In the Forest-Steppe, the air temperature will con-
tinue rising from west to east during the entire veg-
etation cycle until the middle of the 21% century. The
most significant changes are expected during autumn
vegetation and in winter, when it stops and may exceed
1.5 °C. Due to these changes, the thermal conditions
for the cultivation of wheat will become favorable
during the entire vegetation cycle, while in the cur-
rent climatic period, they were satisfactory in the east-
ern Forest-Steppe. There is a forecast of insignificant
changes in the precipitation amount; their amount will
be satisfactory for the cultivation of winter wheat al-
most in the entire Forest-Steppe. Thus, it is predicted
that until the middle of the 21* century, the cultivation
conditions of winter wheat in the Forest-Steppe might
remain satisfactory and similar to the current climatic
period (Malytska and Balabukh, 2020). The greatest
changes in the thermal conditions (exceeding 0.8—
1.9 °C) within the vegetation cycle of wheat cultivation
are expected in the Steppe.

The greatest changes (the increase in the air tempera-
ture by 1.7—-1.9 °C) are expected in the southern Steppe,
which will lead to a considerable deterioration in the
conditions of its cultivation from satisfactory to unsat-
isfactory (Malytska and Balabukh, 2020). The result of
it is a probable decrease in the performance of winter
wheat down to 10-13 % in the southern Steppe. The
change in the amount of precipitation in the entire terri-
tory of the Steppe for almost the entire vegetation cycle
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of cultivating winter wheat may be insignificant until
the middle of the 21* century and will mostly decrease.
Therefore, the increase in the air temperature and the
change in the moisturization conditions, observed dur-
ing the vegetation cycle of winter wheat cultivation in
the current climatic period, will be observed until the
middle of the 21% century and may have a negative ef-
fect on its performance, especially in the south of the
country. However, according to the scenario A1B, the
agrometeorological conditions of cultivating this crop
will remain favorable and satisfactory in the entire ter-
ritory of the country (Balabukh et al, 2017).

The changes in the length of the vegetation period
are also related to the climate changes which affect
the state and productivity of agroecosystems. The ex-
tension of the vegetation period length promoted the
diversification of crops or the possibility of collecting
harvest several times in one season. On the other hand,
it may result in a reduction in the set of crops. For in-
stance, the studies conducted in China (Li et al, 2022)
demonstrated that the changes in temperature and
moisturization conditions in 2000-2019 in the territory
of Qilian Mountains (Qilian Shan, a mountain range
on the border of provinces Qinghai and Gansu, west-
central China) resulted in the changes in the length of
the vegetation period for pastures. According to the
vegetation index of NDVI, it was found that the SOS
in most regions, except for the north-west mountain-
ous region, was 5-20 days sooner, and the EOS was
delayed in the north and southeast by more than ten
days, and in the northwest and the central part of the
territory under investigation, it started 5-20 days soon-
er. Thus, the length of the vegetation season (LOS) in
the southeast was 20—40 days longer, and in the north-
west — 10-30 days shorter.

Similar studies were conducted to determine the ef-
fect of climate on the phenological indices of gum elas-
tic in Southern Sumatra, Indonesia from 2010 till 2019.
It was shown that the phenological SOS, EOS, and
LOS were closely related to such deviations as extreme
precipitation and increased temperature. The increase
in the temperature by 1 °C led to an increase in SOS by
~25 days and EOS — by ~14 days (Azizan, 2021).

It is also important to investigate the effect of the
gradual warming time-wise according to the NDVI
index not only on the vegetation state but also on the
harvest of cereals in the controlled conditions of clas-
sic field experiments. In this respect, extremely rele-
vant are the results of perennial studies conducted in
1994-2017 during the permanent field experiment of
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the Poltava State Agricultural Experimental Station
named after M.I. Vavilov, the Institute of Swine Pro-
duction and Agroindustrial Production, the NAAS of
Ukraine (Kokhan et al, 2019). The 7-field crop rotation
was used to study the interaction of different techno-
logical ways of cultivating the crops and their effect on
soil fertility, and the use of moisture resources, includ-
ing the effect of climatic factors on the yield and qual-
ity of the products (Kokhan et al, 2019).

To determine the dynamics of the changes in the cli-
matic factor and its effect on the productivity of cereals,
in this experiment, we selected the control variant of the
experiment (without fertilizers) i.e. on the background
of the natural fertility of soil. Thus, the dynamics of the
yield in terms of years depended only on the temperature
conditions of the vegetation period and natural condi-
tions of moisture provision (Fig. 8, a, b, ¢).

Fig. 8, a demonstrates that under the natural fertility
of typical chernozem and typical technology of crop
cultivation, starting from 1987, the performance of
corn increases which correlates with the increase in
the radiation temperature of the earth’s surface during
the vegetation period and NDVI (Fig. 2, ) under the
same conditions of moisturization in Poltava region. A
similar trend is observed for winter wheat as well, but
the growth tempo is slower. There is rather high pro-
ductivity at the level of 4—6 t/ha for corn and 3-5 t/ha
for winter wheat without the introduction of fertilizers
and pesticides, and the variability of performance in
terms of years is mainly related to the moisture pro-
vision conditions. Other regularities were obtained
for awned cereals, including barley, the productivity
of which, on the background of the natural fertility
of soil, decreased according to the tendency (Fig. 8),
which may be associated with the increase in the air
temperature in spring months by 1.6-3.3 °C, and in
summer months — by 1.9-2.4 °C as compared to the
perennial indices. In this case, in spring, the amount
of precipitation changed by 13 %, and in summer — by
25 % (Kokhan et al, 2019).

All the abovementioned leads to the conclusion that
the satellite retrospective and urgent information is an
efficient instrument for observations and predictions of
climate changes in space and time, as well as their im-
pact on agroecosystems. The obtained satellite data and
regularities related to climate warming are rather close
to the results, obtained by the climatic models (Wilson,
2021). Modern systems of satellite observations ensure
high spatial specification of the information about the
change in climatic parameters and their effect on the
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Fig. 8. The performance of corn (a), winter wheat (b) and spring barley (c) in the permanent field experiment of the Poltava

State Agricultural Experimental Station (control variant)

state of vegetation and productivity of cereals, in par-
ticular. Thus, it would be reasonable and promising to
involve the satellite informational resource in the sys-
tem of agroecological monitoring, predicting climate
changes, and evaluating its effect on the productivity
of the crops.
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CONCLUSIONS

According to the satellite data for the period of 1982—
2020, there was an increase in the sum of radiation
temperatures of the earth’s surface during the vegeta-
tion period (April-September) on average for the year:
in Polissia— 15-16 °C, in the Forest-Steppe — 14—18 °C,
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and the Steppe — 18-20 °C. There is a tendency toward
the accelerated warming of the vegetation period from
2010 to 2021. If the current regularity in the warming
is preserved in the nearest future, the temperature of
the vegetation period in Polissia, the Forest-Steppe,
and the Steppe may additionally increase, and the
sum of temperatures of the earth’s surface during the
vegetation period will reach up to 4000 °C in Polissia
which was notable for the Forest-Steppe in 1982—1990,
4440-4600 °C to in the Forest-Steppe, and up to 5800—
5900 °C in the Steppe.

In 19822000, there was a strong regularity of the
positive effect of the warming during the vegetation pe-
riod both on the vegetation state according to the NDVI
index and the performance of cereals in all three natural
climatic zones. However, after 2000, due to the nega-
tive effect of high summer temperatures on the crops,
the positive effect of the warming on vegetation is con-
siderably decreased, which is especially notable for the
Steppe, where the increase in NDVI compared to the
previous period was on average 9.41 % in 19922001,
and in 2012-2021 — 1.78 %. Due to the warming, the
length of the vegetation period increased by 7-21 days
on average, which had a positive effect on the vegeta-
tion state according to NDVI and on the performance
and gross yields of cereal crops, especially in Polissia
and the Forest-Steppe.

Climate warming will require further elaborations
and improvement of differentiated systemic measures
regarding soil and climatic conditions to adjust the
zonal agroecosystems to climate warming on the state,
regional, and local levels. In this respect, it is relevant
to introduce urgent and retrospective satellite informa-
tion into the system of agroecological monitoring with
the purpose of improving the integrated management
of ground, water, and biological resources, predicting
and strategic planning of agrarian production, and food
safety.
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Merta. JlocniguTu BIUIMB 3MiH KJIIMaTy Ha IPOJYyKTUBHICTh
3epHOBUX KynbTyp. Metoau. JlWcTaHIiiHI, CTaTUCTHYHI,
aHaIITHYHI. 3MIHM KJIiMaTy BU3HAYaJId 3a CyMOIO pajia-
LIfHUX TeMIepaTyp 3eMHOi MOBEpXHi, pO3paxoBaHHX 3a
MmokKa3HuKaMu iHppadyepBoHoro mianasony (10.3—11.3 mkmM;
11.4-12.4 mMxMm) BucokotouHoro pamiomerpa AVHRR meteo-
poJoriyHUX mMTy4HNX cymyTHHUKIB 3emini NOAA. Brums 3miH
KJIIIMaTy Ha CTaH POCIMHHOCTI, 30KpeMa BH3HaueHHS (peHo-
JIOTIYHMX TapaMeTpiB, TaKMX SK IOYaTOK, KiHEIb 1 TpH-
BaJICTh BETeTALIHHOTO CE30HY, 32 HOpPMaTi30BaHUM Ande-
peHuiiianM BereraniiiauM iHgekcom (NDVI — Normalized
Difference Vegetation Index), orpumanux 3a qaHuMu iHppa-
yepoHoro (0,72—1,1 mxm) i yepBonoro (0,58-0,68 Mkm)
Jiarma3oHiB BWIE HaBeneHOro pamiomerpa. CynmyTHHKOBI
JaHi 3HAXOMAThCS y BimKpuTOMy mocTymi Ha caiiti STAR
NESDIS NOAA — Satellite Applications and Research of
NOAA’s National Environmental Satellite Data Information
Services — LIeHTpY BUKOPUCTAHHS CYIyTHHKIB 1 JIOCIIIPKCHB
HarionansHOT cIyk0H CyITyTHUKOBHX AaHUX Ta iH(pOpMarii
HamioHanbHOTrO ynpaBiiiHHS 1O JOCIIDKEHHSIM OKEeaHy Ta
armocdepu CIIA — http://www.star.nesdis.noaa.gov/smed/
emb/vci/VH/. Tunamixy xonuentpanii CO, y noBiTpi Bu3-
Hadanu 3a cynmyTHukoBuMu manumu AIRS/Aqua (https://
disc.gsfc.nasa.gov/datasets/AIRS3C2M_005/summary),
nuHaMiky omaziB 3a manuMu ERAS ECMWEF/Copernicus
Climate Change Service (https://developers.google.com/
earth-engine/datasets/catalog/ECMWF_ ERAS
MONTHLY#description). 3B’430K ypo:KaHOCTI 3€pPHOBHX
KyJIBTYp 13 CYMyTHUKOBHMH IHAMKATOpaMH BU3HAYAIH Me-
TOJOM KOpeJsmiiHO-perpecciiinoro anamizy. Pesyabrarm.
3a CymyTHUKOBMMH JaHUMHU BCTaHOBJICHO, IO 3a IEPiof
3 1982 mo 2021 poku cyma pamiamifHUX TEeMIIEparyp 3eM-
HOI ITOBEpXHI 3a BererauiifHuii nepiox (KBiTeHb — BEPECEHBD)
3aKOHOMIPHO TiABHIIYBAIaCh, a KUIBKICTh OMAa/iB, HABMAKH,
Malla TEHJEHIII0 10 3MeHIIeHHs B 30Hax Ilomiccs, Jlico-
creny Ta Creny. HaiiBumii Temnu noTeruiiHHs crocrepira-
MU Ha Teputopil cremoBoi 30HW. [loTeIUTiHHS B IIiTO-
My [O3MTHBHO BIUIMBaJO SIK HAa CTaH POCIMHHOCTI 3a
NDVI, Tak i Ha TPOXYKTUBHICTh 3€pPHOBUX KYIBTYp. AJe
3a ocranHe 10-piuust (20102020 pp.) MO3UTHUBHUI BIUIUB
MOTEIUTIHHSA Ha CTaH POCIUHHOCTI 3MCHIIMBCA i HaBITh Y
nepernekTBi 3a TperaomM NDVI HaMiTHIach TCHICHITIS He-
TaTHBHOI'O BIUIMBY HOAJIBLIOTO ITiJBHUIICHHS TEMIICpaTypH,
mo ocoOnmBo xapakrepHo aist 3ouu Cremy i1 Jlicocremy.
B 3o0mni Ilomiccs, HaBmaky, BHACHIIOK MOTEIUTIHHS CTBOPH-
JIUCh YMOBH JUISl IIABHIIEHHS IPOIYKTUBHOCTI 3€PHOBHX
CUIBCHKOTOCTIONIAPCHKHUX KyJIbTYp. BHcHOBKM. 3a mepion
3 1982 mo 2021 pokm crmoctepiraiy CTiHKY TEHACHIIIIO
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MIBUIICHHS CYMH padiallifHUX TeMIIepaTyp 3eMHOI ITo-
BEpXHI BETETANIHOTO TEepiogy Ta 3MEHIICHHS KITBKOCTI
omaziB y 3oHax [lomices, Jlicoctemy i Cremy. 3a manmMun
NDVI, BHacmigoK MOTEIUTIHHS, TPHBAJICTh BETreTAIIITHOTO
mepiony B cepemHboMy 30umbmImiacs Ha 14-21 meHs, mo
MMO3UTHBHO BIUIMBAJO Ha pociuHHICTE 3a NDVI. Bin-
MidaeThesl MPUCKOPEHHS TEMITy MOTEIUTIHHS MOYMHAIOYH 3
2010 p. ITigBureHHss CyMH paiallifHIX TEMITepaTyp 3eMHOi
TMOBEpPXHI 3a BETETAIlIfHWI Tepio]] y CepeaHboMy 3a pik
cranoBuB: g 30HM Ilomices — 15-16 °C, Jlicocremy —
14-18 °C i Cremy — 18-20 °C. 3a TpeHgoM npu 36epeikeHHi
iCHYI04O1 3aKOHOMIPHOCTI TIiJBHIICHHS TEMIIEpaTypH 3a
mepion 1982-2021 pp. y OmmkHIN TIEpCHEKTHBI TemIiepa-
Typa BEreTaIliifHOTO MepioAy e JOMATKOBO ITiIBUIIUTHCS i
CyMa TeMIIepaTyp 3€MHOI ITOBEPXHI B CEpeIHbOMY JOCSTHE
B 30mi [omicca 4000 °C, mo Oy0 XapakTepHO IS 30HH
Jlicocremry 3a mepiom 1982-2021 p., y 3omi Jlicoctemy —
4440-4600 °C, y 3omi Creny — mo 5800-5900 °C. Bmpo-
moBx 1982-2000 pp. cmocTepiramy CTiHKy 3aKOHOMIp-
HICTh MMO3UTHBHOTO BIUIMBY TOTEIDTIHHSA BETETAIIHHOTO TIe-
piomoy Ha cTaH POCIMHHOCTI fK 3a mokasHukoM NDVI tak
1 BpOXKAWHICTIO 3ePHOBUX KYIBTYP Y BCIX TPHOX MPUPOIHO-
KIiMaTHIHAX 30Hax. Ane micias 2000 p., yHacmimox He-
TaTHBHOTO BIUIMBY BHCOKHX JIITHUX TEMIICpaTyp, MO3UTHB-
HU{ BIDIMB IIOTCIUTIHHA Ha POCIMHHICT 3HAYHO 3MEH-
IIy€eThCA, M0 0COONMMBO XapakTepHo mis 30HU Cremy, ne
30impmerHs NDVI 1o momepeaHporo mepioay CTaHOBHIIO B
cepenaboMy 9,41 % y 1992-2001 pp., a B 2012-2021 pp. —
1,78 %.

KaouoBi cioBa: mpupopHO-KITIMaTuyHa 30HA, arpoeko-
CHCTeMa, CYNMyTHUKOBHH 1HJMKATOpP, POCIMHHICTb, TEMIIE-
parypa, omnajau, MpoIyKTUBHICTb, 3€PHOBI KYJIBTYPH, MPO-
THO3, YPO)XKAHHICTb.
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