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Abstract

:

Climate change, through changes in temperature, precipitation, and frequency of extreme events, has influenced agricultural production and food security over the past several decades. In order to assess climate and weather-related risks to fruit and grape production in Serbia, changes in bioclimatic indices and frequency of the occurrence of unfavourable weather events are spatially analysed for the past two decades (1998–2017) and the standard climatological period 1961–1990. Between the two periods, the Winkler and Huglin indices changed into a warmer category in most of the viticultural regions of Serbia. The average change shift was about 200 m towards higher elevations. Regarding the frequency of spring frost, high summer temperatures and water deficit, the most vulnerable regions in terms of fruit and grape production are found alongside large rivers (Danube, Sava, Great and South Morava), as well as in the northern part of the country. Regions below 300 m are under increased risk of high summer temperatures, as the number and duration of occurrences increased significantly over the studied periods. The high-resolution spatial analysis presented here gives an assessment of the climate change influence on the fruit and grapes production. The presented approach may be used in regional impact assessments and national planning of adaptation measures, and it may help increase resilience of agricultural production to climate change.
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1. Introduction


Climate change has impacted agricultural production all over the world. Observed warming, change in precipitation patterns, increased frequency and intensity of extreme weather events such as heat waves, droughts, and intensive precipitation directly influences plant physiological processes during growth and development and, consequently, production and quality of yields [1,2]. A prolonged vegetation season, the earlier date of the last spring frost and the later date of the first autumn frost, as well as increased temperature sums of active and effective temperatures during the vegetation have been observed across Europe [3,4]. The rapid pace of observed changes in climate puts agricultural plants, especially perennials such as fruit trees and grapevines, under abiotic stress [5,6,7].



Since the 1980s, Serbia has experienced a warming of the mean annual temperature of about 0.6 °C per decade, which overshoots the global average [8]. In the period 2008–2017, the number of heat waves increased 2 to 3 times in comparison to 1961–1990, the number of days with precipitation above 20 mm doubled, and the number of days with precipitation above 40 mm increased by 5 times, while drought occurrence increased by 4 times [9].



Observed changes affected agricultural production in Serbia, which accounts for about 6% of the country’s GDP. Fruit and grape-growing account for 11% of the total agricultural production in Serbia. According to the Statistical Office of the Republic of Serbia [10], from a total of 3,504,290 ha of agricultural land, orchards make up 5.3% and vineyards make up 0.6%. The largest land surfaces are under plums (73,010 ha), apples (26,630 ha), raspberries (24,028 ha), grapes (19,840 ha), and sour cherries (19,601 ha). The most intensive fruit production is located in the western and central regions of the country. More detailed data of orchard and vineyard surfaces in statistical regions of Serbia are given in Appendix A (Table A1 and Figure A1). An increase in fruit and grape production in Serbia was observed over the last two decades [11,12]. However, large variability in yields was also noted and mainly attributed to weather-related extremes and events, such as low winter temperatures, late spring frosts, hail, droughts, and waterlogging [11].



Unfortunately, there is no systematic estimate of the total losses and damage caused by the weather events in Serbia. Statistical data on yields over the last 16 years show a large variability of apricot and plum yields; significant yield reduction for apricots, peaches, and sour cherries once in 3 or 4 years; plums, pears, and raspberries once in 5 years; and apples once in 8 years [13]. In most cases, it is difficult to point out a single weather event that caused this yield loss since it is typically a combination of at least two unfavourable events, often occurring in different seasons. The largest losses are recorded in years with droughts, heat waves, or intensive spring frost.



A study [14] showed that farmers in Serbia are aware of climate change impacts on their practices. They are mostly concerned about droughts, high summer temperatures, late spring frost, and hail. As a consequence of climate change, they have already noted yield reduction, occurrence of new pest and diseases, as well as lower tolerance to existing ones. According to their assessment, these events caused 30 to 50% profit loss in orchards and 10 to 30% in vineyards.



Climate change projections predict further intensification of already observed signals over the next several decades. In comparison to the 1986–2005 period, and depending on the future emissions of greenhouse gases, by the end of the century, Serbia may expect additional warming of 2 to 4.3 °C, 2.3 to 4.7 °C warmer and 20–40% dryer summers, an additional 3 to 7 extreme hot waves per year, an additional 30 to 50 days with intensive precipitation above 30 mm, and drought in 8 out of 10 years [8,9]. Expected changes will most certainly put the agricultural production under high pressure, which implies a constant need for (1) careful monitoring and assessment of climate change and its impacts, and (2) strategical planning of adaptation measures, on both national and local levels.



The aim of this study is to spatially analyse changes in the most important climate characteristics and frequency of weather-related risks in fruit and grape production over the last two decades across Serbia, and to compare them to the standard climatological period 1961–1990 in order to investigate their tendencies and statistical significance.




2. Materials and Methods


2.1. Study Region


This study covers the territory of the Republic of Serbia, a country in Southeast Europe located at the Balkan peninsula. North Serbia is mainly flat as it belongs to the Pannonian valley, while regions southern from the Sava and Danube rivers have hilly landscapes and mountains. From Serbia’s total surface of about 88,499 km2, 37% of the territory lays below 200 m, 24% is between 200 and 500 m, 27% are hills below 1000 m, and about 11% are mountains above 1000 m. Prevailing weather conditions in Serbia are mainly influenced by its topography and proximity to the Mediterranean Sea. Climate is temperate continental in the largest part of the country, while mountain climate is present at elevations above 1000 m. Lowlands have a mean annual temperature between 11 and 12 °C and receive between 500 and 700 mm of precipitation per year. In the mountains, annual mean temperature is below 8 °C, while mean annual precipitation is above 1000 mm. Location of the country and its topography are presented in Figure 1.




2.2. Climate Data


Daily data on minimum and maximum temperature and precipitation are collected from the archive of the network of meteorological and climatological observations of the Republic Hydrometeorological Service of Serbia, and meteorological services of neighboring countries (Montenegro, Bosnia and Herzegovina, Croatia, Hungary, Romania, Bulgaria, and North Macedonia) available through the World Meteorological Organisation’s Global Observing System exchange. Observational points are well distributed across the territory of Serbia, and their total number varied over the analysed period from about 70 to 100 [15].



Observations are spatially interpolated to the regular latitude/longitude grid with 0.01° resolution (about 1 km) over the territory of Serbia, using a method of successive corrections [16]. This method is one of the well-known interpolation procedures used in numerical weather prediction for the assimilation of the meteorological observations. The obtained gridded daily temperature and precipitation datasets were used for the national climate change assessment [17], viticultural zoning [18], and zoning of fruit-growing regions [19] in the Republic of Serbia.



In order to compare changes in climate conditions and frequency of weather-related risks important for fruit-and grape-growing, two periods were defined: 1961–1990 as the reference climate period for the past, and 1998–2017 as the period of recent climate and the latest period for which the current observations were available. For the defined periods, calculated are means and/or quartiles of the mean annual, vegetational (April–October), and summer (June, July, August) temperature and precipitation, bioclimatic indices, and frequency of the occurrence of weather events that could potentially have unfavourable impacts on grapes and fruit species commonly grown in Serbia. Statistical significance of the change in temperature and precipitation means were estimated by the independent t-test, at the confidence level of 95%.




2.3. Viticultural Indices


A number of bioclimatic indices is determined and used for different purposes in viticultural practice and research. In this study, calculated are the four mostly used viticultural indices: Winkler index, Huglin heliothermic index, Cool Nights index, and Dryness index. The latter three indices create a Multicriteria Classification System [20] that is often used to describe and compare climate characteristics of wine-producing regions, as well as to assess observed and projected climate changes [21,22,23]. Alongside topographic and soil data, these indices are recommended and are being used for micro- and macro-zoning of wine production across the world [24]. Mathematical definitions of the viticultural indices used in this study, as well as corresponding climate categories are given in the Table A2 of the Appendix B.



2.3.1. Winkler Index (WIN)


The Winkler index is a sum of effective growing degree days (GDD) (i.e., the sum of average daily temperatures above 10 °C in the period April–October for the northern hemisphere) [25]. Since it represents accumulated heat available for wine development during the vegetation, it is widely used to assess climate suitability for cultivating different grape varieties, but also for legal regulation of oenological practice [26].




2.3.2. Huglin Heliothermal Index (HI)


The Huglin heliothermal index represents heat conditions over the vegetation as well. Compared to the Winkler index, it puts more weight on daily maximum temperatures and, in addition, considers effects of daylight duration, through a corrective factor which is dependent on the latitude [27]. It is calculated for the period April–September for the northern hemisphere.




2.3.3. Cool Nights Index (CI)


The Cool Nights index is a mean monthly minimum temperature of the ripening month September for the northern hemisphere [20]. Low nighttime temperatures are crucial for accumulation of polyphenols and other chemical compounds responsible for aroma; thus, this index could indicate the potential for high quality vine production in a region.




2.3.4. Dryness Index (DI)


The Dryness index represents water available in the soil at the end of September [20]. It is calculated through a water balance equation that considers available soil water at the beginning of the vegetation, monthly precipitation, and evapotranspiration. In this study, potential evapotranspiration was estimated following the Thornthwaite formula [28].





2.4. Frequency of Unfavourable Weather Events


Weather events that may cause significant economic losses to fruit, grape, and vine production are low winter temperatures, spring frosts, hail, strong winds, droughts, high summer temperatures, and intensive rainfall. However, this study is limited to those events that could be described by temperature and precipitation measurements. Therefore, hail and strong winds were not further considered.



2.4.1. Spring Frost


Flowering is recognised as one of the most vulnerable phenological stages in fruit trees. In addition to other phenological stages, it is mainly driven by temperature, or, more precisely, the amount of chill that is accumulated over the dormancy and the amount of heat accumulated after the dormancy. There are several methods for estimating chilling, among which are Chilling Hours, and Utah and Dynamic models [29]. However, across the scientific literature, large spans in chilling and heating accumulations required for flowering of different fruit varieties at different locations are reported [30,31,32]. Since this study aims to provide an overall estimate of climate and weather-related risks across the country for a number of commonly grown fruit species in Serbia, the analysis required a more simplified and uniform approach.



It is common practice in climatology to define the growing season start date as a day after the determined number of consecutive days with mean daily temperature above a given threshold (i.e., the base temperature that is specific to a species or a group of plant species). Considering the fruit tree varieties that are most often cultivated in Serbia, based on sparse and non-systematically collected phenological data across the country, we have divided fruit species into four groups by mean daily temperature of the period in which frost may significantly influence yield and/or its quality. Through the zoning of fruit production in Serbia [19] it was shown that this simplified approach provides a good estimate in frost risk assessments in temperate climates. However, more attention should be given to this problem in climate change studies or in studies in warmer climates, in which it could be possible that winter chill requirements are not entirely met.



The date of the beginning of the frost-sensitive period is estimated as the day following the first occurrence (from the beginning of the year) of five consecutive days with a mean daily temperature above the temperature threshold shown in Table 1. Mean daily temperature is calculated as an average of daily minimum and maximum temperatures, while possible damaging frost is defined as the occurrence of minimum daily temperature (Tn) below −2 °C. Frequency of the occurrence is calculated as the percent of years in which at least one frost day occurred after the onset of the full flowering.




2.4.2. High Summer Temperatures


Air temperatures above 35 °C cause physiological responses in plants. They increase evapotranspiration, while slowing down photosynthesis and fruit development [33]. High summer temperatures are commonly followed by intensive solar radiation, which may cause sunburns. The date of the first occurrence of at least two consecutive days with maximum daily temperatures above 35 °C is marked as the start of the hot period. The date of the last occurrence of the two consecutive days with maximum daily temperature above 35 °C is marked as the end of the hot period. Frequency of the occurrence is calculated as percent of years in which at least one event of at least two consecutive days with maximum daily temperature (Tx) is above 35 °C.




2.4.3. Intensive Rainfall


Intensive precipitation may cause a range of problems, such as waterlogging in flat terrain or saturated soils, increased soil erosion, and floods and flashfloods. In this study, we focus on damages intensive precipitation may cause on fruits of sweet and sour cherries, which may significantly lower their quality and price [34]. Therefore, calculated is the number of days with precipitation above 30 mm in the period of ripening and harvest of sweet and sour cherries. Frequency of the occurrence is calculated as percent of years in which there was at least one event of daily precipitation above 30 mm.





2.5. Water Deficit


Net water deficit was estimated following the procedure described in [35], as a difference between evapotranspiration and effective precipitation. Effective precipitation was calculated as 90% of daily precipitation. Referent evapotranspiration was estimated using the Hargreaves method [36]. Evapotranspiration for fruits and grapes was obtained by multiplying reference evaporation with crop coefficient values adopted from [35].





3. Results


3.1. Temperature and Precipitation Change


The mean annual, vegetational, and summer temperature and precipitation anomalies between two periods, as well as the statistical significance of the change are presented in Figure 2. Average annual mean temperature increased from period 1961–1990 to 1998–2017 in all regions of Serbia. For the largest part of the country, annual and vegetational temperature anomalies exceed 1 °C. Summer warming is more pronounced, as it is found to be larger than 2 °C for most of the country. The observed changes are statistically significant in almost the entire country. Statistically insignificant changes of annual mean temperatures were observed in 55% of the country and in regions with anomalies less than 1 °C, mainly in the high mountains in the south, east, and west. As the anomaly increases for vegetation and summer months, the area of the statistically insignificant change decreases.



Presented in Figure 3 are percentiles of temperature and precipitation anomaly distributions for four elevation categories: lowlands below 200 m, areas with elevation between 200 and 500 m, hilly regions with elevation from 500 to 1000 m, and mountains above 1000 m. As seen in Figure 1, annual temperature anomalies are the smallest and summer change is the largest. While the annual temperature change, on average, decreases with elevation, the smallest average anomalies in vegetation and summer seasons are found in hilly regions (500–1000 m). The largest distribution spans for all three seasons are found for elevations above 1000 m.



While temperature increases across Serbia, observed precipitation change is not uniform. However, for most of the country, annual and vegetational anomalies are in the range ±10%, which is considered climate variability. Positive anomalies above 10% are mainly in mountain regions and the south of the country, where the changes are also found to be statistically significant. During the summer months, drying is noted for the largest part of Serbia. Negative anomalies larger than −10% are observed across the country, as well as positive anomalies above 10%, mainly in the south and northeast. Average annual and vegetational precipitation changes are nearly the same for all four elevation categories (Figure 3). On the other hand, summer drying is more pronounced at higher elevations. The largest span in distribution of the precipitation anomalies is found in hilly regions, from 500 to 1000 m.




3.2. Viticultural Indices


Categories of the four most important viticultural indices for the period 1987–2017 are shown in Figure 4. Regions where the index category changed in comparison to the period 1961–1990 are marked with black dots. Between the two researched periods, indices that represent heat accumulation during the vegetation, WIN and HI changed their categories toward the warmer end in almost the entire territory and in all wine-growing regions of the country. CI changed toward warmer nights in a smaller percentage of the territory, but the change affected some of the wine-growing regions in northern, central, and eastern parts of the country. The smallest modification is found in DI categories, which changed toward wetter climates in some hilly regions in the west, east, and south.



Categories of WIN and HI shifted 200 m on average to higher elevations (Figure 5). The largest elevation shift of about 500 m on average is noted for the “temperate climate” category of HI. For both WIN and HI, new, warmer categories that were not present in the 1961–1990 period emerged in the 1988–2017 period. For CI, the coldest, or “very cool,” category also shifted about 200 m upward, while the “cool” category moved toward lower elevations (100 m on average) at the expense of appearing in the “temperate” category, which was not present in 1961–1990. DI showed the smallest change, with only a 100 m average shift of the “humid” categories toward higher elevations.




3.3. Spring Frost


The average start of the frost-sensitive period estimated using mean daily temperatures advanced across the country toward the beginning of the year. This shift was up to 10 days early in most regions, the largest of which was for the threshold temperature of 10 °C. The frequency of years with frost occurrence during the sensitive period was the largest for the lower threshold temperature (i.e., for fruit trees that enter vegetation earliest, such as apricot and peach). The lowest risk frequency was for fruits with the latest vegetation start, such as apples and pears. The largest increase in the frequency of frost risk in comparison to the 1961–1990 period was found in regions that have experienced the largest warming, parts of eastern Serbia, central parts of northern Serbia, as well as valleys of large rivers (Sava, Danube, Great and South Morava) (Figure 6).




3.4. High Summer Temperatures


Hot periods, with maximum daily temperatures above 35 °C, are mainly observed below 300 m. The start of the period is most commonly in the second half of June or in the first half of July, and lasts about 20 days on average (Figure 7). However, in the most exposed regions, such as the Great Morava, Sava, and Danube River valleys, eastern parts of the country, and northeast and southwest parts, the period of high summer temperatures may last over 50 days. In comparison to the 1961–1990 period, changes in the start date and length of the hot period are statistically significant.



The frequency of years in which high summer temperatures occur has increased in the last two decades all over the country (except in high mountains). For most of the country, this risk is observed every other year, while there are regions where it could be observed almost every year.




3.5. Intensive Rainfall during Ripening


Precipitation above 30 mm during cherry ripening is most commonly observed at higher elevations, more precisely in mountains of western, southern, and eastern parts of the country. However, comparing the frequency of this risk with the 1961–1990 period shows its increase is larger than 10% across almost all parts of the country (Figure 8).




3.6. Low Dormant Temperatures


In line with the decreasing number of cold events, possibly damaging low winter temperatures for most fruit species cultivated in Serbia, below −20 °C appeared rarely, with decreasing frequency in comparison to 1961–1990. The only region where it does still appear more often than every other year on average are in the high mountains in the southwest. Temperatures below −15 °C, which could be damaging to wine grapes, occur more frequently. However, this risk is reasonable in most of the wine-producing regions and does not show a tendency to increase.




3.7. Water Deficit


The average water deficit for different fruit groups, from the start of vegetation until the harvest for the period 1998–2017, is presented in Figure 9 and Figure 10. The largest water deficits were found in eastern and northern parts of the country, as well as in the valleys of big rivers (the Sava, Danube, Great and South Morava). Water excess could be found at higher elevations. The largest deficits, mainly between 300 and 400 mm, were found for fruit trees that ripened the latest (e.g., apples, pears, and plums). Water deficits above 300 mm were observed every other year or more often at lower elevations, while the increase in frequency (larger than 10%) in comparison to 1961–1990 was noted in hilly regions of the central, western, and eastern parts of the country.



Although they ripen late, wine grapes have smaller water needs, and therefore had smaller deficits, mainly between 200 and 300 mm in wine-producing regions. However, an increase in the frequency of water deficits above 300 mm was noted in most of these regions. Water deficits for raspberries and other berries in hilly regions where they are mainly cultivated ranged between 50 and 200 mm.



Fruits that ripen early (e.g., apricots, peaches, and cherries) had an average water deficit between 100 and 200 mm. The frequency of deficits above 300 mm increased more than 10% for apricots and peaches in northern Serbia and in the east and southeast regions of the country.





4. Discussion


Climate change influence on the development and yield of agricultural plants is twofold: (1) warming and shift in precipitation patterns change environmental conditions, while (2) extreme weather events often put plants under the pressure of heat and/or water stress. Both may have negative influences on the physiological processes in plants and decrease the quality and quantity of yields.



Although there is a number of predetermined climatic and bioclimatic indices that can be used to assess the level of exposure to climate change, it is often necessary to create and tailor new ones, which requires defining potentially unfavourable weather events depending on the specific characteristics of plant growth and development. Although the timing of sensitive phenological stages can be estimated in different ways, most of them are not applicable in studies like the present one, where the aim is an overall assessment of risks over the larger area with different climate characteristics for several different fruit tree species. Therefore, alongside the commonly used climate and viticultural indices, we have proposed a few simple indices for assessing the risks of late spring frost, high summer temperatures, and intensive precipitation.



The analysed viticultural indices show a shift of all temperature-related indices towards the warmer climate categories over the past 50 years. On average, the climate categories shifted about 200 m toward higher elevation. Similar changes have been observed in most European viticultural regions [22,37], and together with projected climate change, point out the need to adjust wine grape varieties in order to fully utilise a region’s climate potential [21,23,38]. Increased areas of WIN categories Region II and III in Serbia’s current wine-producing regions could potentially be used for the production of high-quality wines. At the same time, increased use of CI and the number of days with Tx > 35 °C show a need for adaptation measures to delay ripening and protect from high summer temperatures.



Increased risk of late spring frost above 10% between the two analysed periods was found in 28% of the territory for fruits that bloom earliest (apricot and peach), 17% for cherries, plums, and berries, and 12% for late-blooming fruits such as apples, pears, and quinces. In several attribution studies, it has been found that the increased frequency of potentially harmful spring frosts is a consequence of climate change [39,40,41,42]. The intensity of timing of such frosts may not necessarily change, however, its impact on fruit trees increased due to the earlier end of dormancy and endodormancy periods caused by the periods of higher winter (or early spring) temperatures [43,44].



Tree fruits that have the latest harvest (apples, pears, and plums) have the largest average water deficit across almost the entire country, except for high mountain areas in the southwest, south, and southeast. For most of the territory, it ranges from between 300 and 400 mm, while in the Great and South Morava River valleys, eastern Serbia, and some parts in the north, it overshoots 400 mm. Water deficits larger than 300 mm (prior to harvest) occur every other year and more often in lower elevations, while in hilly areas of western, central, and eastern Serbia, they appear less frequently. However, those hilly regions are, at the same time, areas where deficits above 300 mm occur at least 10% more frequently in comparison to the 1961–1990 period. The water deficit analysis is done up to harvest, thus, fruits that ripen earlier have smaller deficits, which could be increased in the future due to the earlier onset of the hot summer periods and warming in general, even if the precipitation amount does not change significantly. However, it could be beneficial for future studies to consider water deficits after the harvest as well, since they may influence the formation of buds for the next season.



In general, areas around large rivers (Danube, Sava, Great and South Morava), as well as northern parts of the country, are under increased risk of spring frost and high summer temperatures. Since, in these areas, the overall increase in temperature is the largest, they also present the largest water deficits during the vegetation season. These areas could be considered the most vulnerable in fruit and grape production, and they require implementation of a number of adaptation measures in order to secure the quantity and quality of yields.




5. Conclusions


This study spatially analysed changes in the most important climate characteristics and frequency of weather-related risks in fruit and grape production over the last two decades across Serbia. Besides well-established bioclimatological indices, a few simple indices for assessing the risks of late spring frost, high summer temperatures, and intensive precipitation are proposed. They enable the assessment over the larger area with different climate characteristics for different fruit tree species and can be used in regional studies.



The presented analysis provides an overview of changes in general climate characteristics and the frequency of potentially harmful weather events. It does not, however, include the consideration of soil conditions and terrain features, which can be considered “constant” features, and does not include the current position of fruit- and grape-producing regions, as the results are meant to provide information on climate change impacts alone, assessing current increasing vulnerabilities as a potential contribution for the future systematical planning of adaptation measures and agricultural development on a national level in order to increase resilience to climate change. High-resolution of the results enables their use down to the local level.
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Table A1. Statistical data on the surfaces (ha) under the fruits and grapes in 2020 [10].






Table A1. Statistical data on the surfaces (ha) under the fruits and grapes in 2020 [10].





	Fruit/Grape
	Total Serbia (ha)
	Northern Region (ha)
	Central and Western Region (ha)
	Southern and Eastern Region (ha)





	Apples
	26,360
	10,018
	10,113
	6229



	Pears
	5036
	1230
	2707
	1099



	Plums
	73,010
	5563
	50,401
	17,046



	Sweet cherries
	4348
	1793
	1615
	940



	Sour cherries
	19,601
	3283
	3815
	12,503



	Apricots
	5985
	3803
	1419
	763



	Quinces
	1984
	500
	773
	711



	Peaches
	5106
	2664
	662
	1780



	Raspberries
	24,028
	2242
	19,268
	2518



	Grapes
	19,840
	3805
	8810
	7225
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Figure A1. Map of statistical regions as used in Table A1: Northern region—blue; Central and Western region—green; Southern and Eastern region—pink. 






Figure A1. Map of statistical regions as used in Table A1: Northern region—blue; Central and Western region—green; Southern and Eastern region—pink.
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Table A2. Definition of viticultural indices and corresponding climate categories for the northern hemisphere.






Table A2. Definition of viticultural indices and corresponding climate categories for the northern hemisphere.





	Viticultural Index
	Equation
	Climate Categories





	Winkler Index (WIN)

[25]
	  W I N =   ∑  1.04 .   31.10 .        T n + T x  2  − 10 ° C    

Tn—Daily minimum temperature (°C)

Tx—Daily maximum temperature (°C)
	2223–2700 °C Region V

1945–2222 °C Region IV

1668–1944 °C Region III

1389–1667 °C Region II

1111–1388 °C Region I



	Huglin Index (HI)

[27]
	  H I =   ∑  1.04 .   30.09 .        T − 10 ° C   +   T x − 10 ° C    2  d  

T—Daily mean temperature (°C)

Tx—Daily maximum temperature (°C)

d—Coefficient for day length correction, as in [27]
	>3000 °C Too hot

2700–3000 °C Very warm

2400–2700 °C Warm

2100–2400 °C Warm temperate

1800–2100 °C Temperate

1500–1800 °C Cold

1200–1500 °C Very cold

<1200 °C Too cold



	Cool Nights Index (CI)

[20]
	  C I =  1  30     ∑  1.09 .   30.09 .    T n  

Tn—Daily minimum temperature (°C)
	>18 °C Warm nights

14–18 °C Temperate nights

12–14 °C Cool nights

<12 °C Very cool nights



	Dryness Index (DI)

[20]
	  D I = W 0 +   ∑  A p r   S e p t      P − E t − E s    

  E t = a P E T  

  E s =   1 − a  N  P E T N e f  

W0—available soil water at the beginning of vegetation (200 mm)

P—monthly precipitation

Et—monthly transpiration

Es—monthly bare soil evaporation

PET—monthly potential evaporation [28]

a—plant radiation absorption coefficient [20]

Nef—monthly effective soil evaporation

N—Number of days in a month
	>150 mm Humid

50–150 mm Moderately dry

−100–50 mm Sub-humid

<−100 mm Very dry
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Figure 1. Geographical position of the Republic of Serbia (a) and its topography (b). 
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Figure 2. Mean temperature (°C) and precipitation (%) anomalies between periods 1961–1990 and 1998–2017. Black dots mark areas where the observed changes are statistically significant according to the t-test. (a) mean annual temperature anomaly; (b) mean vegetational (April–October) temperature anomaly; (c) mean summer (June, July, August) temperature anomaly; (d) annual precipitation anomaly; (e) vegetational precipitation anomaly; (f) summer precipitation anomaly. 
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Figure 3. Quantiles of distribution of mean temperature (a) and precipitation (b) anomalies between periods 1961–1990 and 1998–2017 for four elevation categories. Whisker and box lines denote from bottom–up: minimum, 10th percentile, 25th percentile, median, 75th percentile, 90th percentile, and maximum anomaly. Black boxes are annual mean anomalies, green boxes are vegetational mean anomalies, and red boxes are summer anomalies. 
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Figure 4. Winkler index (a), Huglin index (b), Cool Nights index (c), and Dryness index (d) categories for the period 1998–2017. Black dots mark areas where the index category has changed in comparison to 1961–1990. 
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Figure 5. Quantiles of distribution of elevation in Winkler index (WIN), Huglin index (HI), Cool Nights index (CI), and Dryness index (DI) categories for periods 1961–1990 (black) and 1998–2017 (red). Whisker and box lines denote from bottom–up: minimum, 10th percentile, 25th percentile, median, 75th percentile, 90th percentile, and maximum anomaly. 
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Figure 6. Frequency of years in which at least one day with Tn < −2 °C occurred after the start of the frost-sensitive period for threshold temperature 10 °C (a), 11 °C (b), and 12° (c) in the period 1998–2017. Black dots mark areas where the frequency has increased more than 10% between the periods 1998–2017 and 1961–1990. 
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Figure 7. Mean date of the first occurrence of at least two consecutive days with Tx > 35 °C (a) and mean length of the period in which such events occurred, (b) for the period 1998–2017. Black dots mark areas where the change between the periods 1998–2017 and 1961–1990 is statistically significant. Data are given only for points in which such events occurred in more than half of the years of the period. Frequency of years in which at least two consecutive days with Tx > 35 °C occurred during summer (c) in the period 1998–2017. Black dots mark areas where the frequency has increased more than 10% between the periods 1998–2017 and 1961–1990. 
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Figure 8. Frequency of years in which at least one occurrence of Tn < −15 °C (a), Tn < −20 °C (b), and daily precipitation above 30 mm during cherry ripening (c). Black dots mark areas where the frequency has increased more than 10% between the periods 1998–2017 and 1961–1990. 
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Figure 9. Upper row: average water deficit (mm) for different fruits in 1998–2017. Black dots mark areas where the change between the periods 1998–2017 and 1961–1990 was statistically significant. Lower row: frequency of years in which observed water deficit was larger than 300 mm in the period 1998–2017. Black dots mark areas where the frequency has increased more than 10% between the periods 1998–2017 and 1961–1990. Results for cherries (a,d), apricots and peaches (b,e), apples, pears, and plums (c,f). 
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Figure 10. Upper row: average water deficit (mm) for different fruits in 1998–2017. Black dots mark areas where the change between the periods 1998–2017 and 1961–1990 was statistically significant. Lower row: frequency of years in which observed water deficit was larger than 300 mm in period 1998–2017. Black dots mark areas where the frequency has increased more than 10% between the periods 1998–2017 and 1961–1990. Results for berries (a,c), and grapes (b,d). 
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Table 1. Threshold temperature (°C) of the frost-sensitive period for fruit trees commonly grown in Serbia.
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	Threshold Temperature (°C)
	Fruits





	10
	apricot, peach



	11
	peach, sweet cherry, sour cherry, plum, raspberry



	12
	apple, pear, quince, sour cherry
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