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Abstract: The recognition of changes in the course of agricultural thermal periods is vital when it
comes to determining appropriate measures for adapting agriculture to climate change. The present
study examined changes in air temperature between 1951 and 2014 in the area of south-western
Poland. A statistically significant, positive linear trend was confirmed for the annual average
temperature, seasonal averages, and monthly averages in the periods spanning February-May and
July-August. From the beginning of the 21st century, the period of winter dormancy of plants started
increasingly later; farming and plant vegetation periods started increasingly earlier, and the period of
active plant growth was prolonged. Among the considered agricultural periods, the growing season
was the most prolonged. The duration of the farming period was also significantly longer, but the
winter dormancy period was shortened. The negative linear trend of days when the temperature
stood at <0 °C was statistically confirmed for temperature in the entire region and most of the
stations. In terms of predicting the consequences of the changes that were observed today over the
next decades, this is not an easy task. However, the nature of these changes suggests that further
cultivation of winter crops may require far-reaching adaptation measures.

Keywords: adaptation; Lower Silesia; air temperature; agricultural thermal periods; climate
change; Poland

1. Introduction

One of the more difficult challenges that farmers will have to face in the changing world is
adapting their activities to the climate change [1-5]. Climate change scenarios are usually developed
for areas with a national, continental, and even global range, and in this form, are used for further
research [4,6-10]. There are far fewer studies concerning climate change prediction on a regional
scale [11-15]. Similarly, recommendations for agricultural adaptation to climate change usually cover
the entire area of the country, as they are needed at local and even individual farm level [16-20].
The impact of climate change on the phenology of crops is still of interest to many researchers [6,21-23].
The recognition of changes in the dates of plant growth and development, as well as the duration of
development periods, is essential with regard to the activities of adapting agriculture to climate change,
among others. This, in turn, makes it possible to work out a proper field work schedule, but also,
for instance, to prevent pathogen development effectively [1,24-27]. It was also proved that changes
in phenological periods that are caused by climate changes could affect crop yields [28-30]. In most
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countries, the implementation of adopted strategies for adapting agriculture to climate change is still
not well advanced [3,31]. However, there is an increasingly notable need to take into account regional
climate changes in economic forecasts for many sectors, including agriculture, and in preparation
of recommendations for adapting farms to climate change [12,32-34]. The research conducted so
far in Poland concerned various aspects of climate change [35-39] and its impact, among others,
on the shaping of agro-climatic conditions on a national scale [21,23,40], on the development of
pests [25], as well as on a regional scale, which includes works describing crop-weather relationship
studies [41]. A separate group is the research that is related to the development and use of climate
change scenarios [33]. This article is part of the study on monitoring temperature changes on a regional
scale, and because of the significance of the Lower Silesia region in crop production, it is important
from the point of view of future adaptation of agriculture to climate change. The purpose of the article
is to qualitatively determine the changes that took place between 1951 and 2014 in air temperature and
agricultural thermal seasons in the south-western part of Poland.

2. Materials and Methods

To achieve its goals, this paper examined the monthly and daily values of air temperature (Ta, °C)
from five meteorological stations that were included in the state monitoring of the ground level
atmosphere, located in the lowland part of south-western Poland (Figure 1, Table 1). This area
is characterised by the most favourable conditions for the development of agriculture in the
country [35,42]. The highest assessment of soil and climatic suitability for agriculture in this region was
confirmed in the production space valuation conducted by the State Institute of Soil Science and Plant
Cultivation in Putawy [43]. The cropping pattern in the region is dominated by cereals (approx. 70% of
agricultural area). Wheat had the largest share in the cereal cropping pattern, (>50% of the total cereal
cultivation area), among other cereal crops, there were maize, barley, and triticale [44]. A significant
share in the cropping pattern of Lower Silesian Voivodship was made up of industrial plants, including
mainly rape and turnip rape, as well as sugar beets. Cereal yields that were obtained in the region are
among the highest in the country, and Lower Silesian Voivodship is the largest producer of wheat, rape,
and turnip rape in Poland. The production of ground vegetables (including growing in home gardens)
in Lower Silesian Voivodship was underdeveloped; similarly, the region’s share in the production of
fruit from shrubs and berry plantations was small when compared to the whole of Poland.
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Figure 1. Location of meteorological stations in south-western Poland.

The meteorological data used in the research, i.e., the average daily temperature for five stations,
were made available by the Institute of Meteorology and Water Management-National Research
Institute, which also verified them. The air temperature, between 1951 and 2014, was read each
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time at 2 m above ground level according to the recommendations of the World Meteorological
Organization. Single cases of missing data were complemented based on constancy of differences
method. Data homogeneity was assessed by the reviewing time series and by the correlation method.
Thermal conditions were characterised separately for individual meteorological stations—namely
Kalisz, Legnica, Opole, Wieluri, and Wroctaw—and for the whole region, as the average of all analysed
stations in a given time frame.

The time variability of air temperature by month, season (spring: March-May, summer:
June-August, autumn: September—-November, winter: December-February) and on a yearly scale
was described on the basis of the arithmetic mean (X, °C), standard deviation (sd, °C), as well as the
lowest (min, °C) and highest (max, °C) value recorded. Ta course in the subsequent years of 1951-2014
was also evaluated based on the correlation coefficient of the linear trend and regression function,
from which 10-year changes of the described indicator were read with a significance level of P < 0.01,
P <0.05 and P < 0.1. The adjustment of the regression function to the empirical data was determined
based on Student’s ¢t-Test and Snedecor’s F-distribution.

Table 1. Characteristics of the location of meteorological stations used in the study.

Geographic Coordinates

No. Station Name  Station Code Elevation (masl)
Latitude (N) Longitude (E)
1 Kalisz 12435 140 51°44’ 18°05’
2 Legnica 12415 121 51°13’ 16°10
3 Opole 12530 176 50°40’ 17°58’
4 Wielun 12455 195 51°13’ 18°35/
5 Wroctaw 12424 120 51°06’ 16°53/

The thermal quantile classification of air for individual stations and the region was carried out
on the basis of the criteria of Mietus et al. [45], which are illustrated in Table 2. Classifications that
are based on scale intervals determined by specific quantile values have been gaining increasing
recognition in recent years. Such classifications, among others, are used by the Intergovernmental
Panel on Climate Change (IPCC) to assess climate change at specific time intervals [46].

Table 2. Monthly and seasonal criteria for quantile thermal air classification according to
Mietus et al. [45].

No. Class Name Percentiles Range (%)

1 extremely cold <5

2 abnormally cold 5.00-10.00
3 very cold 10.01-20.00
4 cold 20.01-30.00
5 moderately cold 30.01-40.00
6 normal 40.01-60.00
7 moderately warm 60.01-70.00
8 warm 70.01-80.00
9 very warm 80.01-90.00
10 abnormally warm 90.01-95.00
11 extremely warm >95.00

Daily Ta values, which were considered in seasons and on an annual basis, were used to determine
the frequency in adopted, in 2 °C intervals, from —22 to 28 °C, and to assess the course of variation in
the subsequent years of the analysed 1951-2014 multi-year period.

This article also characterised agricultural thermal seasons: plants” winter dormancy, farming
and vegetative periods, and active plant growth and maturing periods, determined on the basis of
threshold and daily values of air temperature. The following criteria were adopted [47]:
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- period of thermal winter: Ta <0 °C,

- farming period: Ta > 3 °C,

- vegetation period: Ta > 5 °C,

- period of intense vegetation: Ta > 10 °C, and

- plant maturation (thermal summer): Ta > 15 °C.

In the next stage of the study, the average duration of individual agricultural thermal periods for
the selected decades and the entire multi-year period was calculated. This was undertaken throughout
the whole analysed multi-year period and in two of its extreme decades—1951-1960 and 2005-2014.
In both cases, the number of days of a given farming period was determined on the basis of daily air
temperature data from particular years of the analysed multi-year periods. All the days that meet
the temperature criterion in a given year were included in the calculations. Farming periods were
described by a linear trend using correlation and regression analysis. In the analysis, the authors used
the software: Statistica 12.0 and Excel 2007.

3. Results

3.1. Average Air Temperature in the Years 1951-2014

During the 1951-2014 multi-year period, in the area of south-western Poland, average annual air
temperature was 8.3 °C in the east of the region, in Wieluni, while it was 8.9 °C in its western part, in
Legnica (Table 3). In the east of the region, the average seasonal air temperature was lower than the
temperature in the rest of the study area in each of the seasons in question. In the western part of the
region, the average seasonal air temperatures were clearly higher than in the rest of the area only in
winter, while in spring and summer, the warmest town in the region was the southernmost Opole.

Table 3. Basic statistical characteristics (x & sd, in °C) calculated for air temperature (Ta), 1951-2014.

. Station
Region
Month/Season Kalisz Legnica Opole Wielun Wroclaw
X £ sd,in °C

Jan —144+ 3.1 -18+32 —-08+32 —-144+431 —-20+£31 —-12+32
Feb —-05+£34 —-10+34 0.0+£3.6 —-04+£34 -—-11+34 —-034+34
Mar 32+24 28+25 37+24 34+24 274+25 34+£23
Apr 84+£16 82+17 85+1.6 8.6 £1.7 82+£17 85+17
May 134+£15 133+£1.6 133+14 13.7£15 133+£15 135+15
Jun 167 £1.2 16.6 £1.3 16.6 £1.2 170+£1.2 165+1.2 16.8 £+ 1.3
Jul 185+1.7 184 +£18 185£1.6 187 +£1.6 182+1.7 185+ 1.7
Aug 179+ 1.3 180+ 1.4 179+ 13 182+1.2 177 £ 1.4 179+ 1.3
Sep 138+ 14 13.7 £ 15 140+ 14 140+1.4 135+ 1.5 138+ 14
Oct 9.0+ 16 88+1.6 93+16 93+1.6 8.8+£1.6 91+£16
Nov 40418 37+£18 44+18 43+19 37+£19 424+ 1.8
Dec 02+£24 -01+£25 0.8+£25 02+£23 —-02+24 05+24
Winter —-06£22 —-10+22 00+£22 —-06£22 —-11+22 —-044+22
Spring 83+£12 81+£13 85+1.2 8.6+t12 81+£12 85+12
Summer 177 £1.0 177 £1.1 17.7 £ 09 179 £ 0.9 175+£1.0 177 £1.0
Autumn 9.0+ 1.0 8.7+1.0 9.2+09 92+1.0 87+1.0 9.0+ 1.0
Year 8.6 09 84+09 89409 8.8+09 83 +09 8.8+ 09

The thermal privilege of the western part of the region was mainly due to its higher temperature
in the cool season, when compared to the rest of the region (Table 3). The warmest month of the year
was July (18.7 °C) in Opole. The largest differences in the average monthly temperature between towns
in the region occurred in winter, in January and February. The coldest month of the year in the region
was January (—2.0 °C) in Wieluni. The most even average monthly temperatures in the region were
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in spring and summer, especially in April and May, when the largest differences were up to 0.4 °C.
The standard deviation of the mean annual temperature was 0.9 °C, among the seasons, the highest
variation characterized winter (sd = 2.2 °C) and the lowest characterized autumn (0.9 °C < sd < 1.0 °C)
and summer (0.9 °C < sd < 1.1 °C). The most variable month in this respect was February (sd = 3.4 °C),
while the least variable was June (sd = 1.2 °C).

The time distribution of the average monthly temperature of the region in the research years
showed clear regularities (Figure 2). The most visible was the increase in average temperature in the
summer months. From the beginning of the 1990s, the July and August mean temperatures more often
exceeded 20 °C. During the first 30 years of the period under study, such temperatures did not occur
even once. At the same time, in the winter months, in January and February, the frequency of the
occurrence of an average monthly temperature below —5.0 °C dropped.
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Figure 2. Monthly time distribution of air temperature (Ta) in the studied region, 1951-2014.

During the analysed period, the regularities in the variation of the standard deviation of daily
mean temperature were much more difficult to confirm (Figure 3). It can be noticed that, during the
period spanning 1951-2014, variation in average monthly temperature, which is expressed in standard

deviation, was clearly lower (sd < 4.0 °C) in the warm season (June-September) than in the cold season
(October—April).
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Figure 3. Monthly variation in the standard deviation of daily mean temperature (Ta) in the studied
region, 1951-2014.

The analysis of average air temperature differences between the two extreme decades of the
analysed period showed that the last decade (2005-2014) was much warmer than the first, i.e.,
1951-1960 (see Table S1). The differences between the average temperatures in the compared decades
were positive in all of the analysed cities of the region in the year, in all seasons, and almost all months.
December was an exceptional month, with its average temperature in the decade 1951-1960 warmer

than in the decade 2005-2014. It was also a month whose average temperature in the period 2005-2014
was the closest to that of 1951-1960.
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The range of air temperature variation in the studied region for the period spanning 1951-2014 is
well illustrated by the list of the highest and lowest temperatures (Table 4). The highest average annual
temperature for the whole region occurred in 2014, and it was as much as 4.0 °C higher than the lowest
temperature that was recorded in 1956. Similarly, 1956 was the coldest and 2014 the warmest year at
all five measuring stations. The coldest winter occurred in 1963. The average winter temperature in
the whole region was —7.4 °C, and at individual stations this ranged from —7.1 °C in Legnica and
Wroctaw to —7.9 °C in Kalisz.

Table 4. The lowest and highest air temperatures (Ta) (min, max—in °C) determined in the
years 1951-2014.

Reei Station
Month/ egion
Se(:slon Kalisz Legnica Opole Wielun Wroclaw
Min (Year), Max (Year)-in °C
Jan -102 43 -109 39 -9.5 5.0 -103 4.1 -109 35 -9.7 4.8
(1963) (2007) (1963) (2007) (1963) (2007) (1963) (2007) (1987) (2007) (1963) (2007)
Feb —-11.7 5.5 —11.2 52 —11.9 6.0 —11.8 5.6 —11.6 5.0 —12.1 5.5
¢ (1956)  (1990) (1956) (1990) (1956) (1990) (1956) (1990) (1956) (1990) (1956) (1990)
—-1.6 7.4 —-25 72 -0.9 7.7 —-1.7 7.7 —24 7.0 -1.3 7.6
Mar

(1964) (1990) (1964) (2014) (2013) (1990) (1958) (1990) (1964) (1990) (1958) (2014)
50 122 48 126 50 118 50 123 47 122 52 122

Apr (1958) (2000) (1958) (2000) (1958) (2000) (1954) (2000) (1958) (2000) (1958) (2009)
Ma 10.0 17.1 9.9 17.1 9.9 16.5 10.1 174 9.8 17.2 10.2 17.0
y (1991) (2002) (1991) (2002) (1980) (2002) (1991) (2002) (1991) (2002) (1991) (2002)
Jun 14.1 19.3 14.3 19.1 14.0 19.5 144 19.7 13.7 18.9 14.1 19.5
(1985) (2003) (1985) (2007) (1985) (2003) (1985) (2003) (1985) (2003) (1985) (2003)
Jul 15.3 23.3 15.1 233 15.5 23.0 15.5 23.0 14.9 22.8 15.3 232
(1979) (2006) (1979) (2006) (1979) (2006) (1979) (2006) (1979) (2006) (1979) (2006)
Au 15.6 21.9 15.0 219 15.7 21.8 15.7 22.3 15.3 219 15.3 21.7
& (1976)  (1992) (1956) (1992) (1976) (1992) (1976) (1992) (1987) (1992) (1976) (1992)
Se 10.7 17.1 10.6 17.1 10.7 17.1 10.8 17.2 104 16.8 10.8 17.2
P (1996)  (1999) (1996) (1999) (1996) (1999) (1996) (1999) (1996) (1999) (1996) (1999)
Oct 5.9 12.6 5.6 124 6.2 13.1 6.1 13.2 5.7 12.6 5.9 12.7
(2003) (2000) (2003) (2000) (2003) (2001) (1974) (2000) (2003) (2000) (2003) (2001)
Nov —-0.3 7.6 —-0.7 6.9 —-0.8 8.2 —-0.5 8.0 —0.6 7.2 -0.3 7.8
(1993) (1963) (1965) (1963) (1993) (1963) (1956) (2000) (1993) (1963) (1993) (1963)
Dec —-7.0 4.2 —-7.9 4.2 —6.5 4.6 —6.5 4.0 —7.8 3.9 —6.5 4.1
(1969)  (2006) (1969) (2006) (1969) (2006) (1969) (2006) (1969) (2006) (1969) (2006)
Winter —74 3.6 -7.9 3.1 -7.1 4.3 74 3.7 —7.8 2.9 -7.1 3.9
(1963) (2007) (1963) (2007) (1963) (2007) (1963) (2007) (1963) (2007) (1963) (2007)
Sorin 5.6 10.8 5.1 10.8 5.9 10.8 5.7 109 5.2 10.6 5.8 11.0
pring (1955) (2000) (1955) (2000) (1955) (2000) (1955) (2000) (1955) (2000) (1955) (2007)
Summer 15.8 20.3 15.7 204 15.8 20.1 16.1 20.5 15.6 20.1 15.7 20.3
€ (1978)  (1992) (1978) (1992) (1978) (1992) (1978) (1992) (1978) (1992) (1978) (1992)
Autumn 7.0 11.5 6.6 11.6 7.1 11.7 7.1 11.7 6.9 114 7.2 11.5
(1952) (2006) (1952) (2006) (1993) (2006) (1952) (2006) (1993) (2006) (1952) (2014)
6.6 10.6 6.4 10.3 6.9 10.7 6.8 10.8 6.3 10.2 6.8 11.2
Year

(1956) (2014) (1956) (2014) (1956) (2014) (1956) (2014) (1956) (2014) (1956) (2014)

Notes: min: the lowest value, max: the highest value.

The highest winter temperatures were recorded in 2007; the average temperature in the region was
3.6 °C, and at stations it ranged from 2.9 °C in Wielun to 4.3 °C in Legnica (Table 4). In the remaining
seasons in the region and at all of the stations, spring was the coldest in 1955, when temperatures
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ranged from 5.1-5.9 °C; the coolest summer occurred in 1978, with a temperature of 15.6-16.1 °C.
Autumn was the coldest in the region and at most stations in 1952; in Legnica and Wielun,, however,
the lowest autumn temperatures were recorded in 1993. In turn, the highest temperatures in the
remaining seasons were recorded in the spring of 2000 for the whole region and at almost all of the
stations, except for Wroctaw (here it was the warmest in 2007). The summer was the warmest in the
region and at all stations in 1992, as well as autumn of 2006 in the region and at nearly all stations.
The exception was Wroctaw, for which the warmest autumn was in 2014.

3.2. Air Temperature Trends

Such a time distribution of the highest and lowest temperatures in the region is an indication of
a warming trend. A statistically significant, positive linear trend was confirmed for the annual average
temperature, seasonal averages, and monthly averages during the periods spanning February-May
and July—August in the whole region and at all of the stations under consideration (Table 5).

Table 5. Correlation coefficients for relationship between air temperature and the years 1951-2014, and
the linear trend (in °C/10 years).

. Station
Month/Season Region

Kalisz Legnica Opole Wielun Wroctaw

Jan n.s./0.32 n.s./0.34 n.s./0.28 n.s./0.32 n.s./0.31 n.s./0.33
Feb 0.243/0.44 0.272/0.49 0.243/0.46 0.233/0.42 02237041  0.252/0.47
Mar 0.302/0.38 0.322/0.43 0.282/0.35 0.292/0.38 0.282/038 0.312/0.38
Apr 0.431/0.38 04917044  0401/0.36 040'/037 04117037 041'/037
May 0441/035  045'/038  040'/029  042'/035  040'/033  0471/0.36

Jun n.s./0.07 n.s./0.05 n.s./0.06 n.s./0.10 n.s./0.05 n.s./0.11
Jul 0.381/0.33 0.381/0.37 0.36 1/0.30 0.391/0.33 03717033  0.391/035
Aug 0471/033  0471/036  047'/032  044'/029  044'/032 050'/0.36

Sep n.s./0.13 n.s./0.18 n.s./0.12 n.s./0.10 n.s./0.12 n.s./0.15

Oct n.s./0.14 n.s./0.18 n.s./0.14 n.s./0.15 n.s./0.11 n.s./0.15

Nov n.s./0.16 n.s./0.19 n.s./0.11 n.s./0.21 n.s./0.16 n.s./0.13

Dec n.s./0.08 n.s./0.12 n.s./0.09 n.s./0.06 n.s./0.05 n.s./0.09
Winter 0.252/0.30 0.272/0.33 0.243/0.30 0.252/0.29 0.233/027 0.262/0.31
Spring 0551/037  0581/042  0511/032  054'/036  0541/036 0.56'/0.37
Summer 04717025 0.461/0.26 0451023 0.481/0.25 0441/024 04917028
Autumn 0.282/0.15 0.352/0.19 0.252/0.12 0.292/0.16 0243/0.13  0.282/0.15
Year 0.551/0.26 0.591/0.29 0.511/0.24 0.541/0.26 05217025 0551/027

Notes: 1 at P <0.01,2 at P <0.05,3 at P < 0.1, n.s. -non-significant.

The highest value of the correlation coefficient was calculated for the average annual temperature
in the north of the region, in Kalisz (Table 6). High values of the correlation coefficient were also
confirmed for the annual average temperature and in spring in the whole region, in Kalisz and in
Wroclaw. On average, throughout the region, the positive annual air temperature trend in the study
years was 0.26 °C/10-year. The highest temperature increase was confirmed in spring (0.37 °C/10-year)
and in winter (0.30 °C/10-year). In the case of the average monthly temperature, the largest
changes were observed in February (0.44 °C/10-year), and then in March and April (in both months
0.38 °C/10-year). In Wroctaw, there was a higher temperature increase in summer than at other stations
(0.28 °C/10-year); in the remaining seasons, the highest values of the increase in temperature were
observed in the north of the region, in Kalisz (0.19 °C/10-year in autumn and 0.42 °C/10-year in spring).
In the case of average monthly temperature, the largest changes in the multi-year period were observed
in the north, in Kalisz, at the turn of winter and spring (0.49 °C/10-year in February, 0.44 °C/10-year
in April) and in Wroctaw in spring and summer (0.36 °C/10-year in May, 0.35 °C/10-year in July
and 0.36 °C/10-year in August). In none of the considered cases was a negative temperature trend
observed. Despite changes in the average temperature, its standard deviation was not subject to
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clear trends. A significant positive trend was statistically confirmed only in the case of the standard
deviation of the average summer air temperature in Kalisz and the monthly average in October across
the whole region, in Kalisz and Wielur. However, in September, a statistically significant decrease in
the standard deviation was observed at all of the stations.

Table 6. Correlation coefficients for relationship between standard deviation of air temperature and
the years 1951-2014, and the linear trend (in °C/10 years).

Month/ Region Station
Season Kalisz Legnica Opole Wielur Wroctaw
Jan n.s./0.07 n.s./0.09 n.s./0.07 n.s./0.08 n.s./0.05 n.s./0.06
Feb n.s./—0.05 n.s./—0.04 n.s./—0.08 n.s./—0.05 n.s./—0.07 n.s./—0.06
Mar n.s./—0.03 n.s./0.00 n.s./—0.05 n.s./—0.04 n.s./—0.03 n.s./—0.04
Apr n.s./0.02 n.s./0.05 n.s./0.02 n.s./0.01 n.s./0.03 n.s./0.00
May n.s./—0.02 n.s./0.02 n.s./—0.02 n.s./—0.03 n.s./—0.02 n.s./—0.04
Jun n.s./—0.00 n.s./0.01 n.s./—0.01 n.s./—0.02 n.s./—0.01 n.s./—0.01
Jul n.s./—0.01 n.s./0.03 n.s./—0.01 n.s./—0.03 n.s./—0.01 n.s./—0.01
Aug n.s./0.02 n.s./0.03 n.s./0.02 n.s./0.01 n.s./0.04 n.s./0.00
Sep -0351/-013 —032'/-012 -0321/-012 —032'/-012 —0321/-012 —042'/-0.11
Oct 0.213/0.10 0.223/0.12 n.s./0.09 n.s./0.09 0.213/0.12 n.s./0.08
Nov n.s./0.03 n.s./0.02 n.s./0.03 n.s./0.04 n.s./0.06 n.s./0.01
Dec n.s./0.05 n.s./0.05 n.s./0.01 n.s./0.09 n.s./0.05 n.s./0.06
Winter n.s./—0.01 n.s./0.00 n.s./—0.04 n.s./—0.01 n.s./—0.02 n.s./—0.02
Spring n.s./—0.02 n.s./—0.00 n.s./—0.04 n.s./—0.03 n.s./—0.03 n.s./—0.04
Summer n.s./0.03 0.272/0.12 n.s./0.04 n.s./0.00 n.s./0.04 n.s./0.01
Autumn n.s./0.01 n.s./0.01 n.s./0.01 n.s./0.00 n.s./0.02 n.s./0.00
Year n.s./—0.01 n.s./—0.00 n.s./—0.02 n.s./—0.01 n.s./—0.01 n.s./—0.01

Notes: ! at P < 0.01,2 at P <0.05, 3 at P < 0.1, n.s. -non-significant.

The thermal quantile classification of air illustrates the changes pf the average monthly, seasonal
and annual air temperatures in the entire studied region (Figure 4) underwent. While the number of
extremely cold months in the first half of the analysed period was slightly higher than in the second
half (23 cases as compared to 16), the number of extremely hot months was almost four times smaller
compared to the second half of the analysed period (7 compared to 26). According to the thermal
classification of individual years, before 1988, there were 23 years when a temperature below the norm
was experienced; after 1988, there were only three such years: 1991, 1996, and 2010. In contrast, cases
of extremely hot years occurred only after 1999—-in 2000, 2008, and 2014.

Average daily temperatures of <—20 °C were rare (Figure 5). In winter, the most frequent class of
air temperature was —2 to 0 °C, in spring 68 °C, in summer 14-16 °C, in autumn 8-10 °C, and for the
whole year 12-14 °C.

The changes taking place in the years of the study were particularly pronounced in the period
spanning January—March. In the first quarter of the year, average daily temperatures within the —20
to —10 °C range occurred frequently until the mid-1970s, when they even appeared in early March.
In the April-June quarter from the early 1980s, average daily temperatures in the range of 0-10 °C
were less frequent. In July-September the frequency of average daily temperatures in the range of
20-30 °C increased at the same time (from the early 1980s). In the last quarter of the year, from the end
of the 1980s, temperatures ranging from 0-10 °C were occurring increasingly late.
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Figure 4. Quantile-based classification of monthly, seasonal and annual mean temperature in the
studied region, 1951-2014.
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Figure 5. Frequency of occurrence of daily air temperature values (Ta) in 2 °C intervals by seasons and
annually for the studied region (n = 23344), 1951-2014; n-sample size.
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3.3. Agricultural Thermal Periods

In the next stage of the study, the air temperatures characterising the agricultural thermal seasons
were analysed. Between 1951 and 2014, the length of winter dormancy for plants was, on average,
50 days in the west of the region (in Legnica) and 62 days in the east (in Wielun); moreover, the farming
period lasted for 257 days in Wieluri and 273 days in Legnica (Table 7). The spatial variation of the
length of the growing season in the region was almost two weeks; the duration of this period ranged
from 229 days in Wielun to 242 days in Legnica (Table 8). The period of active plant growth lasted
165 days in Wieluni and Kalisz and 172 days in Opole and Legnica; moreover, the length of the plant
maturing period was 93 days in Wieluri and 100 days in Opole. We analysed the time distribution of
the number of days with the air temperature characterising the selected agricultural thermal periods.
This analysis showed that, from the beginning of the 21st century in the region, the period of winter
dormancy of plants started increasingly later; moreover, the farming period and the plant vegetation
periods started increasingly earlier, and the period of active plant growth was prolonged. The changes
associated with the prolongation of the period of plant maturation have been visible since the early
1990s (Figure 6). The changes that took place between 1951 and 2014 in the length of agricultural
periods are even more clearly illustrated in Figure 7.

The comparison between the length of these periods between the first and the last decade of the
study period showed that the number of days with a temperature of <0 °C was reduced, by seven
days a year (refer to Figure 7). This was primarily a result of a reduction in the number of days with
such a temperature in March, February, but also in January and November. Among the considered
agricultural periods, the period with a temperature of >5 °C was the most prolonged, by approximately
24 days a year. The prolongation of plant vegetation period was due to the increase in the number of
days with a temperature of >5 °C in March, April, and November. The duration of the farming period
was also significantly longer, by approximately 21 days; this was mainly due to the higher number of
days with a temperature of >3 °C in March, as well as in January and April. The negative linear trend
of the number of days with a temperature of <0 °C was confirmed statistically for the temperature in
the whole region and at most stations (except Wieluri) throughout the year and in March; in spring,
this was the case for the whole region and all stations (see Table S2).

Table 7. Number of days with air temperature (Ta) charaterizing agricultural thermal periods: winter
plant dormancy (<0 °C, a) and farming period (>3 °C, b) in the analysed stations, 1951-2014.

Station

Month/Season Kalisz Legnica Opole Wielun Wroctaw

a b a b a b a b a b

Jan 176 52 149 80 167 60 179 48 157 638
Feb 146 56 127 84 135 73 149 55 132 76
Mar 79 145 60 172 66 163 82 143 63 16.6
Apr 04 268 02 278 03 271 04 265 03 274
May 00 309 00 310 00 309 00 309 00 309
Jun 00 300 00 300 00 300 00 300 00 300
Jul 00 310 00 310 00 310 00 310 00 310
Aug 00 310 00 310 00 310 00 310 00 310
Sep 00 300 00 300 00 300 00 300 00 300
Oct 03 292 02 294 03 293 05 290 02 293
Nov 55 173 43 190 47 184 57 172 46 18.5
Dec 140 74 117 103 131 87 144 72 125 9.0
Winter 462 182 393 267 433 220 472 175 414 234
Spring 8.3 722 6.2 76.0 6.9 74.3 8.6 717 6.6 74.9
Summer 00 920 00 920 00 920 00 920 00 920
Autumn 58 765 45 784 50 777 62 762 48 77.8

Year 603 2589 50.0 2731 552 2660 620 2574 528 268.1
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Table 8. Number of days with air temperature (Ta) charaterizing agricultural thermal periods:
vegetation (> 5 °C, a), active plant growth (>10 °C, b), and plant maturation (> 15 °C, c) in the
analysed stations, 1951-2014.

Station
Month/Season Kalisz Legnica Opole Wielun Wroclaw
a b c a b c a b c a b c a b c
Jan 2.0 0.0 0.0 4.0 0.2 0.0 2.6 0.0 0.0 1.8 0.0 0.0 2.8 0.2 0.0
Feb 2.7 0.1 0.0 4.2 0.4 0.0 3.6 0.2 0.0 2.6 0.1 0.0 3.5 0.2 0.0
Mar 9.5 1.3 0.0 12.2 2.0 0.0 11.4 22 0.1 9.5 1.4 0.0 11.4 1.7 0.0
Apr 22.6 9.5 1.8 23.7 10.4 1.6 235 10.6 2.2 225 9.7 19 237 104 18
May 304 244 109 307 250 103 306 255 11.6 304 244 107 307 254 11.0
Jun 300 294 197 300 295 202 300 295 207 300 293 194 300 295 204
Jul 31.0 31.0 255 310 31.0 264 310 310 26.4 31.0 31.0 251 310 31.0 262
Aug 310 309 248 310 31.0 254 31.0 310 255 310 309 240 310 31.0 251
Sep 300 256 102 300 266 108 300 264 111 299 252 100 300 262 105
Oct 255 11.5 1.6 26.8 13.2 2.1 26.4 129 27 254 11.5 1.9 262 125 18
Nov 11.5 1.3 0.0 13.4 24 0.0 13.3 2.5 0.1 11.8 1.4 0.0 128 20 0.0
Dec 32 0.2 0.0 52 0.4 0.0 3.8 0.3 0.0 29 0.1 0.0 45 0.3 0.0
Winter 7.9 0.3 0.0 13.4 1.0 0.0 10.0 0.5 0.0 7.3 0.3 0.0 10.8 0.7 0.0
Spring 625 352 127 666 374 119 655 383 139 624 355 126 658 375 128
Summer 920 913 700 920 915 720 920 915 72.6 920 912 685 920 915 717
Autumn 67.0 384 118 702 422 129 69.7 418 13.9 67.1 381 119 69.0 407 123
Year 2294 1652 945 2422 1721 968 2372 1721 1004 2288 165.0 93.0 2376 1704 96.8

The extension of the farming period was statistically significant for the whole region for the whole
year; in winter, spring and in January and March; in April, this was the case for everywhere except
Legnica. A positive, statistically-significant trend in the number of days with a temperature of >3 °C
was also confirmed in February and May for Kalisz and Opole. In the entire region and for all of the
stations, a statistically-positive trend in the number of days with a temperature characterising the
growing season, active plant growth, and the maturation of plants throughout the year, in spring
and in May was confirmed (see Table S3). In the entire region and at individual stations, the trend
correlation coefficients were the highest for the number of days of active plant growth.

In the years 1951-2014, for the south-western Poland, a positive trend of the average annual
air temperature was confirmed and it was 0.26 °C/10-year. The highest temperature increase was
confirmed in spring (0.37 °C/10-year) and in winter (0.30 °C/10-year). In the case of average monthly
temperature, the largest changes were observed in February (0.44 °C/10-year), and then in March and
April (in both months 0.38 °C/10-year). In studies that were carried out in the border region of Poland
and Saxony (the western part of the area analyzed in the study), the annual average air temperature
increased from 1.0 to 1.2 °C in the years 1971-2010, i.e., at a level that is similar to that is shown in
the present study [48]. The positive trend of the average annual air temperature at the turn of the 21st
century was also confirmed in other regions of Poland. The size of the observed changes is of course
different, depending on the region and the period of research [46]. For example, on the Stowiriski
Coast, there was an increase in the average annual temperature in 1966-2009 by 0.32 °C/10-year [49],
similarly in the Baltic Sea Coastal Regions in the years 1951-2008 by 0.27 °C/10-year [39]. On the
other hand, in the vicinity of Bydgoszcz (central Poland) in the years 1931-2013, the trend of the
average annual air temperature was 0.19 °C/10-year, with greater warming being observed in the
cold half-year [37]. According to Ziernicka-Wojtaszek and Kruzel [36] throughout Poland, the average
annual temperature in the years 1981-2010 increased at a rate of 0.33 °C/10-year, which was mainly
due to a strong increase in the average temperature in spring and summer. Similarly, in the border
region of Poland and Saxony, the highest temperature increase was confirmed for spring and summer
(from 1.5 to 1.9 °C in 1971-2010), and the lowest for winter (from 0.1 to 0.7 °C in 1971-2010) [48].
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Figure 6. Time distribution of the number of days with air temperature (Ta) characterizing thermal
plant growth (>10 °C), and maturation of plants (>15 °C) in the studied region, 1951-2014.
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These results are slightly different from those obtained for the area of south-western Poland.
However, as in this study, the highest increase in the average seasonal temperature in spring and then
in winter was found in south-eastern Poland [38], while in Slovakia, bordering on Poland in the south,
the highest increase in average temperatures was observed in January and June-August [50].
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Figure 7. Difference in the number of days with air temperature in different agricultural classes
between the decades 2005-2014 and 1951-1960.

4. Discussion

Scenarios regarding the impact of climate change on agriculture in Poland indicate a high
probability of reducing the average yield of arable crops by 5-15% of the multi-year averages in
almost the entire territory of the country. One exception may be the submontane areas that are located
in the central part of the south of the country, where a slight increase in yield is predicted. In the Lower
Silesian Voivodship, according to the scenario that was developed in the PESETA project, assuming an
average increase in the surface temperature of the Earth by 3 °C (HadCM3/HIRHAM A2 scenario),
there may be a 5% reduction in yields; in contrast, when there is a 7 °C increase in this temperature
(scenario ECHAM4/RCA3 A2), the reduction in yield can reach 5-15%. According to the forecasts
that were developed for Poland using the Geophysical Fluid Dynamics Laboratory (GFDL) and the
Goddard Institute for Space Sciences (GISS) scenarios, the yield reduction may be much higher for
plants with relatively small thermal requirements, such as: potatoes, sugar beets, but also wheat [51].

The significant changes in air temperature in winter and spring that were observed in Lower
Silesia may be of great importance for agriculture. Winter temperatures shape the wintering
conditions of plants; they are important from the point of view of the plant conditions after winter.
In southwestern Poland, including Lower Silesian Voivodeship, which is the largest producer of wheat
in the country [44], the variability of weather conditions in winter is particularly important. It is worth
noting that in Poland the share of spring cereals in crops is relatively small, as winter cereals constitute
nearly 80% of total cereal area [52]. The temperature and dates of agricultural periods are important
for the field work schedule; they have an impact on the effectiveness of agrotechnical operations.
The increase in temperature causes the necessity of changes in the selection of cultivated plant varieties,
but also gives the possibility of introducing new species to common cultivation. Thermophilic crops,
including maize, may profit from climate change [24], which was not confirmed by research conducted
in Central and Eastern Poland—in the study of Rosa et al. [41], maize yielded the lowest in the years
with the highest temperature in July and August and the shortened growing season. In the studies
concerning the borderlands of Poland and Saxony, a gradual improvement of thermal conditions for
viticulture was found [48]. On the other hand, in the research of Walczak et al. [40], it was found that
the spring temperature increase observed in Poland could have contributed to the development of
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some diseases of crops, while simultaneously limiting the intensity of fungal diseases. The impact
of the air temperature increase on yields of plants is not clearly defined and it may vary depending
on the phase in which the growth occurred, the species, and even the plant varieties, as well as the
growing region [6,7,24,26,32,53,54].

The results that were obtained in this study indicate that the largest problem of agriculture in
Lower Silesia may be a significant increase in temperatures in spring and summer, and an increase in
the number of days with relatively high temperatures.

5. Conclusions

A statistically significant, positive linear trend was confirmed for annual average temperature,
seasonal averages of temperature and monthly averages in the periods spanning February—-May and
July—August in the whole region of the lowland part of south-western Poland and at all stations
considered. In none of the considered cases, a negative temperature trend was observed. The number
of extremely cold months in the first half of the period under study was only slightly larger than the
number of extremely cold months in the second half of the period; in contrast, the number of extremely
hot months was almost four times smaller when compared to the second half of the period considered.

The statistically-confirmed increase in average monthly temperature in early spring (at the end of
February and the beginning of March), in spring and summer had an effect on the variations in the
course of crop vegetation in Lower Silesia. In the entire region, and for all stations, it was possible
to confirm a statistically-positive trend in the number of days with the temperature characterizing
the growing season, active plant growth, and the maturation of plants. Since the beginning of the
21st century, the period of winter dormancy of plants started increasingly later, while the farming and
plant vegetation periods have started increasingly earlier and the period of active plant growth was
prolonged. The changes that are associated with the prolongation of the period of plant maturation
were visible even earlier, from the early 1990s. Among the considered agricultural periods, the growing
season was the most prolonged, which can be related to the increase in the number of days with
a temperature of >5 °C in March and April, and in November. The duration of the farming period
was also significantly longer, which is mainly due to the higher number of days with a temperature
of >3 °C in March, as well as in January and April. As a result, the winter dormancy period was
shortened. The negative linear trend of days with a temperature of <0 °C was confirmed statistically
for the entire region and most stations.

It can be assumed that the observed changes, both the shortening of the winter dormancy of
plants and the prolongation of the growing season and other periods studied, have already today
changed the cultivation conditions in the region. In terms of predicting the consequences of the
currently-observed changes over the next decades, this is not an easy task. The impact of temperature
changes on agriculture cannot be assessed without taking into account changes in moisture conditions.
However, the nature of these changes may suggest that further cultivation of winter crops, such as
wheat, oilseed rape, but also rye, may require far-reaching adaptation measures.

The development and implementation of these activities should be preceded by a good
recognition of the weather-yield relationship in the conditions of a changing climate at the regional
level. The research will therefore be continued in the future, and it will take into account current
variability of climate elements and the reactions of selected crops to changes in the environment of
south-western Poland.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4433/9/6/215/s1,
Table S1: Differences in the mean and standard deviation of temperature between the decades 2005-2014 and
1951-1960, Table S2: Correlation coefficients for relationship between the number of days with the air temperature
characterizing the thermal periods of agriculture—winter plant dormancy (Ta < 0 °C, a) and farming periods
(Ta>3°C, b) and the years 1951-2014; and the linear trend (in days/10 years), Table S3: Correlation coefficients
for relationship between the number of days with the air temperature characterizing the thermal periods of
agriculture: vegetation (Ta > 5 °C), active plant growth (Ta > 10 °C) and plant maturation (Ta > 15 °C) and the
years 1951-2014; and the linear trend (in days/10 years).
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