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1.

Modern agriculture has not been so strongly affected by the climate change we are seeing today.
There are no systematic studies and predictions regarding the response of soils to rising air temperatures and changes in the water supply of landscape ecosystems. Ultimately, it is unknown how climate fluctuations affect the balance of nutrients and humus in soil depending on the crops grown.
There is not enough scientific data to indicate that warming or aridization affect the eﬃciency
of plant fertilizers. Our aim is to find out how changes in the climate of the Western Ukrainian
mesoclimate interacts with the trends in soil processes and crop yields in the Northwestern Forest-Steppe. We analysed the weather data from 1945–2018 provided by the Rivne State Weather
Station (Ukraine) and the crop yields of the Main Directorate of Statistics of Ukraine in Rivne region.
Field studies were conducted in the conditions of the Northwestern Forest-Steppe of Ukraine during 1960–2018 at the stationary field experiments of the Luvic Greyzemic Phaeozems (WRB. 2015)
of the Institute of Agriculture of the Western Polissia of NAAS (Ukraine). Laboratory analyses were
performed using standard techniques. Observations of climatic processes have allowed us to offer
polynomial models that confirm, with high degree of certainty, the steady trend of regional climate
change towards warming in the Northwestern Forest Steppe of Ukraine (an average annual temperature R2 = 0.76; the sum of T >5°C R2 = 0.91 and the sum T >10°C R2 = 0.90. Rainfall has declined
sharply in the last five years, significantly limiting soil moisture resources. There was a steady tendency towards aridization of the agrolandscape mezoclimate. We cannot say that climate warming
has had a significant impact on increasing the nutrient content of soils to contribute to a significant
increase in crop yields in the absence of field fertilization. However, crop production of Rivne region (Ukraine), N, P and K application rates have increased periodically over the whole observed
period of 1960–2001. There has been a steady upward trend in fertilizer application rates since 2000
and agricultural harvests have been steadily growing together with the warming of the climate
zone of the Northwestern Forest Steppe of Ukraine in this period.

Introduction

The features of Earth’s rapidly changing views on climate
change have been analysed in articles (Hnativ, 2016; Polovyy
et al., 2021). Climate change is the least studied cause of the
dynamics and evolution of the basic component of agroecosystems – the soil, and the prospects for development of the agroindustrial complex (Olesen et al., 2011; White et al., 2011; Shi

et al., 2012; Climate…, 2020). It is unknown how changes in soil
fertility of agricultural regions of Ukraine will affect processes
in the economy and development of society as a whole (Hnativ, 2016; Hnativ and Snintynskyy, 2017). Generally, scientists
have recognized (Jouzel et al., 1999) and reflected on numerous
graphical models (Fig. 1) that show there have been three distinct cycles of Earth’s temperature over the last 250,000 years
alone.

© 2022 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/).
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We have already described a more rapid rise in the temperature of the surface atmosphere in Holocene (Hnativ, 2016)
than we observed at the beginning of the 21st century. However, today’s industrialized high-efficiency agriculture has never
experienced such intense climate change impacts (Harrison et
al., 2016; Stevanović et al., 2016; Holman et al., 2017; Blanco et
al., 2017). There are neither systematic studies nor reliable predictions regarding the response of soils to surface air temperature rise (Blanco et al., 2017) and change in the hydrological
regime of landscape ecosystems (Brouder and Volenec, 2008;
Elliott, 2013). Meteofactors directly affect biotic processes in
ecosystems, causing the correction of agrochemical processes,
which changes the pace of the small biogeochemical cycle.
Ultimately, it is unknown how climate fluctuations affect the
soil nutrient and humus balance depending on crops grown
and their productivity.
It has been investigated that soil formation is directly influenced by overall temperatures and the precipitation to evaporation ratio (Karmakar et al., 2016; Pareek, 2017). Climate warming adds more energy to the decomposition of the soil’s soil matrix, increasing the proportion of weathering resistant chemical
compounds. This results in loss of fertility and greater dependence on fertilizers for crop yields. By increasing soil warming,
the absorption functions of plant roots are activated. Warming
can lead to an acceleration of mineralization of nitrogen organic compounds, leading to an increase in the pool of its readily
available forms (Pendall et al., 2004; Tidĺkera et al., 2016) and to
the release of nitrogen into the atmosphere (Bai et al., 2013). As
the temperature increases, the colloidal properties and reaction
of the soil change, which also affects its nutritional regime. Finally, warming of the soil causes more carbon dioxide emissions
and may increase mycorrhizal biomass. As plants’ demand for
nitrogen (Tidĺkera et al., 2016) and phosphorus (MacDonald et
al., 2011) will increase simultaneously with increasing carbon
assimilation rates, they will transport more photo-assimilates
into the root zone and mycorrhizal fungi than needed to meet
this increased nutrient requirement.
Scientists report that climate change has significantly affected crop yields in Europe (Moore and Lobell, 2015; Iizumi et
al., 2017). In particular, significant change in the yield of corn,
oats, and wheat were identified (Elsgaard et al., 2012), cereals
production in Norway was evaluated (Korsaeth et al., 2012),
and potato yield increases in Scotland since 1960 (Gregory
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Fig. 1. Graphical model of the temperature of the
Earth’s atmosphere during the last 400 thousand years
(Jouzel et al., 1999)

and Marshall, 2012). Scientists argue that climate fluctuations
have significant impact not only on growth and development
of garden crops (Avolio et al., 2012) but also on invasive pests
and pathogens (Caffarra et al., 2012). In Ukraine (Osadchyj and
Babichenko, 2012; Boychenko et al., 2016; Tarariko et al., 2016),
the agriculture is considered to be the sector most dependent
on climatic conditions. To ensure sustainable development of
agro-production, a systematic study of the features and trends of
change in all components of agro-climatic resources is required
(Veremeienko et al., 2016; Polovyy et al., 2021).
The aim of this research was to study the relationship between changes in the climate with the trends in soil processes
and crop yields in the Northwestern Forest Steppe of Western
Ukraine.

2.

Materials and methods

We use paleoclimatology techniques to reconstruct climate
change in verbal and graphic models (Jouzel et al., 1999; Schönwiese, 2008; Braconnot et al., 2012; Rapp, 2019). We collected
weather data from 1945–2018 from the Rivne State Weather Station (Ukraine).
Calculations of temperatures active for most local field crops
(act >5°C) and effective for most local field crops (eff >10°C) were
performed according to the formula (Osadchyj and Babichenko,
2012):
Σ tact/eff = (tm – tact/eff ) ∙ nact/eff
where:

where:

Σ tact – the sum of active air temperatures for the period
with a temperature >5°C, °C;
tm – the average temperature for the period with active
temperature >5°C, °C;
tact – 5°C, °C;
nact – the number of days in the period with a temperature >5°C;
Σ teff – the sum of effective air temperatures for the period with a temperature >10°C, °C;
tm is the average temperature for the period with an
effective temperature >10°C, °C;
teff – >10°C, °C;
n eff – the number of days in a period with a temperature >10°C.
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Data on the structure of sown areas and crop yields were
selected from the Main Department of Statistics of Ukraine in
Rivne region (www.rv.ukrstat.gov.ua).
Field studies were conducted in the conditions of the Northwestern Forest-Steppe of Ukraine (Fig. 2) during 1960–2018 in
the stationary field experiments of the Institute of Agriculture
of the Western Polissia of the NAAS (Ukraine). The research was
conducted on ten field crop rotation (1 field–red clover; 2, 5
and 8 fields – winter wheat; 3 field – sugar beets; 4 field – peas;
6 field – corn for grain; 7 field – potatoes; 9 field – corn for silage;
10 field – spring barley) between 1960–2001. Short crop rotations of six and four crops did not include maize for grain and
silage and peas and were practiced from 1985 to 2018.

Mineral fertilizers were applied in the rotation system in
the form of ammonia nitrate, potassium chloride and ammophos. Phosphorus-potassium was applied during the principal
soil treatment and nitrogenous fertilizers during the pre-cropping treatment. The experiment was conducted on the Luvic
Greyzemic Phaeozems (WRB, 2015) with 3.08% of the humus
content and 99 mg·kg–1 of nitrogen, which was easily hydrolyzed (by Cornfield) and 105 and 71 mg·kg–1 of available phosphorus and potassium (by Kirsanov) respectively. The physical,
physicochemical properties and texture of these soils is presented in Tables 1 and 2. Laboratory analyses were performed
using standard techniques (State Standard…, 2005 and 2015;
Klute, 1987).

the boundary between Northwestern Polissya
and Northwestern Forest-Steppe

Fig. 2. The Northwestern Polissya and Northwestern ForestSteppe of Ukraine and localization of Meteorological Station in
Rivne (geographic coordinates: latitude – 48°14′50″ N; longitude
– 31°45′15″ E; height above sea level – 151 m) (https://www.britannica.com/place/Ukraine)

Horizon

Table 1
Physical and physicochemical properties of Greyic Luvic Phaeozems (1961)
Depth cm

Physical properties
Particle density

Physicochemical properties

Bulk density

g⋅cm

–3

Ah

Total porosity
%

Humus* %

рНKCl

Н+
cmol⋅kg

TEB

BS %

–1

0–35

2.64

1.52

42.4

3.08

5.42

2.75

8.71

76.0

Bwth

36–70

2.68

1.42

47.0

1.22

5.54

1.25

10.89

89.7

Bwt

71–130

2.67

1.41

47.2

0.83

5.73

0.68

9.70

93.5

BwCk

131–150

2.73

1.53

44.0

0.48

6.94

0.11

–

–

Ck

>150

–

–

–

–

7.01

–

–

–

* Humus, H+ – hydrolytic acidity, TEB – total exchangeable base, BS – degree of base saturation

Horizon

Table 2
Texture of Greyic Luvic Phaeozems (1961)
Depth
cm

Hygroscopic
moisture %

Size of soil particles in mm, quantities in %

Ah

0–35

1.4

1

4

64

9

8

14

31

Bwth

36–70

2.3

2

3

64

10

7

14

31

Bwt

71–130

2.6

1

3

61

7

9

19

35

BwCk

131–150

3.0

1

3

57

4

5

30

39

Ck

>150

1.7

1

3

54

8

7

27

42

Sand

loam

clay

1.0–0.25

0.25–0.05

0.05–0.01

0.01–0.005

0.005–0.001

<0.001

Total of
particles
<0,01 mm %
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Statistical analysis was performed using third degree polynomial regression and COY analysis – Combined-Over-Years
(Talbot, 2000).

3.

Results and discussion

As previously reported (Polovyi et al., 2021), the Northwestern Forest-Steppe of Ukraine is one of the regions with the most
active increase in heat supply. The increase in the average annual air temperature in 2018 reached +1.8°C with the climatic norm
for this region +7°C. The increase in the average annual temperature was due to warming in the summer months although the
winter was also slightly warmer. We have described the longterm dynamics of the average surface atmosphere monthly temperature Yt with a third-degree polynomial model: Yt = –0.0006x3
+ 0.0287x2 – 0.2089x + 7.2753 as a curve which approximates the
actual (x) course of indicators with high confidence (R2 = 0.76).
The calculated dynamics of the effective temperature (Yt>5 and
) of sums >5 and >10°C indicates their steady growth from
t>10
1961 to 2018. This is most clearly reflected in the polynomial
models of the dependence Yt>5 and t>10 on the actual indicators
(x) of the third degree: Y5 = –28,194x3 + 297,92x2 – 795,17x + 2358
and Y10 = –23,972x3 + 255,832 – 691,34x + 1375. The coefficients of
approximation to the actual dynamics are respectively R2 = 0.91
and R2 = 0.90. The relative growth of sums >5 and >10°C was
respectively 31% and 52%. this sum of effective temperatures
>10°C was typical for the Southern (warm) Podillya (Vinnytsia
region, Ukraine) before local climate warming. This area extends south to 200–250 km or 4 degrees north latitude.
There is a clear (Polovyy et al., 2021) falling trend in the
amount of precipitation during 1945–2018. The amount of precipitation decreased by 29% in 2013–2018 compared to the norm
of 569 mm per year. However, the statistical total annual rainfall during the growing season cannot be a self-sufficient criteria
for assessing the actual moisture supply for crops during their
growth and development (Klute, 1987). To assess the impact of
climate change on soil moisture reserves, we compared their
dynamics for winter wheat over two different periods: 1986 to
1990 and 2014 to 2018 (Polovyy et al., 2021). In general, proc-

esses caused by climate warming and reduced rainfall have significantly cut the supply of moisture for plants in the area of the
Northwestern Forest-Steppe of Ukraine. It was stated that with
practically the same amount of rainfall, the reserves of productive moisture for winter wheat were two times smaller in the
soil layer of 0–100 cm in June-July 2013–2018 than in 1985–1990.
Productive moisture is the part of the soil moisture, which is
greater than wilting point moisture content, is retained in the
soil and is fully available to cultivated plants. This data indicates
a gradual aridization of the landscape. As a result from June
there is a rapid decline in soil moisture that only begins to be
restored in the second half of autumn.
Once we have objectively assessed the changes in hydrothermal resources in the zone of the Northwestern Forest-Steppe of
Ukraine, we can proceed to the analysis of soil processes and the
impact of their dynamics on crops. The Institute of Agriculture
of the Western Polissia of the National Academy of Sciences of
Ukraine conducted studies of the effects of fertilizers of different
ten-crop rotations on crop yields, product quality and fertility of
Luvic Greyzemic Phaeozems (WRB, 2015) for 40 years (1960 to
2001) (Polovyy, 2007). The average humus content in the Ah horizon (0–35 cm) was 3.08% in 1960. If taken as 100% in the control
variant (Fig. 3), after 40 years without fertilization this horizon
contained 15% (2.62%) less and for optimal fertilization of crops
(on average 1 ha of the crop rotation area N72P64K65 +10 t·ha 1)
6% (2.9%) less humus respectively. The soil of the field without fertilizer lost 21 mg·kg–1 of easily hydrolyzed nitrogen (by Cornfield)
compared to the crop rotation over the four rotation. Unfertilized
soil for 40 years lost only 3.5 mg·kg–1 of available phosphorus (by
Kirsanov – State Standard, 2005), while the introduction of P64
+ 10 t·ha–1 manure together with nitrogen and potassium fertilizers led to an increase from 46.6 to 92.4 mg·kg–1. Four rotations of
10-field crop rotation have caused a significant reduction in available potassium reserves (by Kirsanov – State Standard, 2005).
Removal potassium with yields for 40 years without fertilization resulted in the reduction of its available content in the humus
horizon from 77.2 mg·kg–1 to 53.1 mg · kg–1 of the soil. Application
of an average of 1 hectare of crop rotation area K65 + 10 t·ha–1 with
nitrogen and phosphorus fertilizers did not offset the balance and
only slightly reduced available potassium resource depletion.

67.2
K

53.1
2001 – Fertilizer
N72P64K65 kg·ha–1 + 10 t·manure per ha

77.2
92.4
P

2001 – Without fertilizer

43.1
46.6

1960 – Beginning the experiment

121
N

100

94
Humus

85
100
0
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Fig. 3. Changes in humus content (%) and available N, P, and K forms
(mg·kg–1) in the 0–35 cm thickness of the Luvic Greyzemic Phaeozems
during 1960–2001 depending on the fertilizer (Polovyy, 2007)
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T. °С

t·ha–1

8.5

3.2
T, °С
3

Crop of wheat winter, t·ha–1
Crop of barley spring, t·ha–1

2.8

8

Polinomial, T

2.6
7.5

2.4
2.2

7

2
1.8

6.5
1998–2001

1993–1997

1988–1992

1983–1987

1978–1982

1975–1977

1968–1972

1964–1967

1.6

The yield dynamics of winter wheat and spring barley in
a crop rotation without fertilizer in the years 1964–2001 was
analysed in order to correlate it with the dynamics of climate
change (Fig. 4).
The correlation coefficients of medium closeness are
r = – 0.32 and r = – 0.40 respectively. The average annual temperature trend line shows a 2.25°C increase in the zone of the
Northwestern Forest Steppe of Ukraine in the time period
1964–2001.
For rotated crop cultivation without fertilizer, the increase
of the average annual rainfall and yields of winter wheat and
spring barley have a weak and medium negative relationship
respectively. The correlation coefficients are r = –0.26 and
r = –0.62. Note that warming closely correlated positively with
the increase in the supply of moisture (r = 0.55) in the analysed
region in this period. Therefore detected climate changes did
not have a significant impact on soil in the Northwestern Forest Steppe of Ukraine during 1964–2001. These have not influenced chemical, biochemical and microbiological processes so
much that they can contribute to a significantly better supply
of nitrogen, phosphorus and potassium, and maintain yield
growth without fertilizing winter wheat and spring barley.
These and other field crops used both the natural nutrient resources of the Luvic Greyzemic Phaeozems and its climate-activated reserves, but reduced their available forms to the levels
indicated in Fig. 2 in the version without fertilizer for a total of
40 years. The rapid decline in grain yields began in the second
half of the experiment, which lasted for 40 years.
It is important, in our opinion, to summarize the experience of practical application of fertilizers in crop production
under the dynamic changes in the climatic conditions of the
Northwestern Forest Steppe of Ukraine. Agrochemical indica-

Fig. 4. Relationship of average annual air temperature (T, °С)
and yield (t·ha–1) of winter wheat (r = –0.32) and spring barley
(r = –0.40) for crops cultivated in crop rotation without fertilizer during 1964–2001

tors of the available phosphorus and potassium (according
to Kirsanov – State Standard, 2005) in the soils were obtained
from the reports of regional branches of the State Soil Guard
(Dolzhenchuk and Krupko, 2015) and the introduction of nitrogen, phosphorus and potassium (State production..., 2019). The
graphical model (Fig. 5) reflects the steady increase in available phosphorus and potassium content in arable soils by the
average in the Northwestern Forest-Steppe of Ukraine from
1966 to 1995.
The cessation of fertilizer application to the fields due to the
stagnation of the agricultural sector from 1990 caused a rapid
loss of soils of nutrients up to 1996–2000, which led to a decrease
in their number below the level of 1986–1990. In Fig. 5 we see
that the stocks of available forms of phosphorus and potassium
grew similar to the warming dynamics of the Northwestern Forest Steppe from 1966–1970, but only as long as the amount of
nitrogen, phosphorus and potassium introduced with all types
of fertilizers declined rapidly. It should be noted that the fertility resource of Luvic Greyzemic Phaeozems is powerful because,
due to the practical cessation of fertilizer use during the crisis
of agricultural production, a high level of nutrients was maintained for almost five years. Using our research data (Polovyy
et al. 2020), we can compare the dynamics of thermal resources
in the Northwestern Forest Steppe of Ukraine between 1963 and
2002 with the content dynamics of the available forms of phosphorus and potassium in arable soils.
Grain yield dynamics in Rivne region over 1966–1990
tended to increase (Crop production..., 2019) until fertilizer rates
were reduced during the stagnation of agriculture (Fig. 6).
From 2001, farmers have begun to increase fertilization
rates (Fig. 7), especially nitrogen, and crop yields grew from 1.9
to 4.7 t·ha–1 in 1996–2018 (Fig. 6).

5
146855

SOIL SCIENCE ANNUAL

Polovyy et al.

110
100
90
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dose N, kg·ha–1
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60

Soil content K, mg·kg–1
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40
30
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1991–1995

1986–1990

1981–1985

1976–1980

1971–1975

1966–1970

0
Fig. 5. Dynamics of agrochemical indicators of soils of the
Northwestern Forest-Steppe of Ukraine and introduction of
nitrogen, phosphorus and potassium with all types of fertilizers on arable land

t·ha–1 6
y = 0.0154x3 – 0.2275x2 + 0.9222x + 1.65
R² = 0.86

5

4.7
3.9

4
2.4

2.6

2.9

2.6

2.4

2.7
1.9

2.3

2001–2005

2.6

1996–2000

3
2
1

Application of N, P and K
kg·ha–1

100

2016–2018

P

56

K

30

32

26
5

8

14

17

23

31

0
2001–2005

2006–2010

2011–2015

2015–2018

The rapid increase in the sums of effective temperatures in
the area of the Northwestern Forest-Steppe created favourable
conditions for the cultivation of thermophilic crops like corn,
soybeans, sunflowers and others. The area of their cultivation is
growing today. Climate change, coupled with the latest agronomic techniques and breeding offers, ensures the growth of crop
production efficiency in Rivne region (Ukraine). Data analysis
for 2000–2019 shows a significant increase in the yield of field
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Fig. 6. Average yield of cereal crops in Rivne region (Ukraine)
during 1966–2018 (Crop production..., 2019)
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1986–1990

1981–1985

1976–1980

1971–1975

1966–1970

0

Fig. 7. Application of nitrogen, phosphorus and potassium
with mineral fertilizers in Rivne region (Ukraine) during
2001–2018 (Crop production..., 2019)

crops (Fig. 8). During this period, the yield of winter wheat increased from 2.9 to 4.6 t·ha–1, corn to grain – from 4.9 to 8.2 t·ha–1,
soybeans – from 1.4 to 2.7 t·ha–1, winter rapeseed – from 2.3 to
3.8 t·ha–1, sunflower – from 1.1 to 2.4 t·ha–1, or 59, 67, 93, 65 and
118% respectively.
Observation of climatic processes confirms the steady trend
of regional climate change in the Northwestern Forest-Steppe of
Ukraine. Soil warming has improved significantly with increas-
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ing air temperature, but annual rainfall has declined sharply
over the past five years, significantly limiting soil moisture.
Thus, there was a steady trend towards aridization of the mesoclimate of agricultural landscapes of the Northwestern ForestSteppe of Ukraine.

4.

Conclusion

It was not found that global warming had a significant effect on increasing the nutrient content of the soil, which further
contributed to a significant increase in yields due to insufficient
fertilization.
From 1960 to 1990, N, P and K application rates only increased in the Rivne region (Ukraine) to 100 kg·ha–1 of nitrogen,
22 kg·ha–1 of phosphorus and 74 kg·ha–1 of potassium. When
a steady trend of increasing fertilizer application rates in the
Rivne region in combination with the warming of the climatic
zone of the Northwestern Forest-Steppe of Ukraine resumed
in 2000, the average cereal yield steadily increased from 1.9 to
4.7 t·ha–1. However, over the last decade, we have seen a downward trend in rainfall, which has reduced the effectiveness of
fertilizers used for growing crops.
Further long-term studies of the dynamics of agrochemical
parameters in natural (virgin) and cultivated soils are needed to
determine the direct impact of mesoclimate aridization on soil
processes and fertilizer efficiency in the Northwestern ForestSteppe of Ukraine.
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