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Abstract: As spring frost proves to be an increasing risk throughout Slovenia and Europe, a better
assessment of frost risk is needed. The statistical approach presented in this article consists of the
conditional probability that the last spring frost occurs before budburst or flowering. The analysis
was conducted using two separate phenological models and phenological data of various grapevine
(Vitis vinifera L.), apple (Malus domestica), and sweet cherry (Prunus avium L.) varieties in locations
across Slovenia. The increase in risk of spring frost for grapevine ranged from 1 to 1980, from 0.06
to 12 for apple, and from 1 to 180 for sweet cherry. Overall, the varieties most prone to frost proved
to be Refosk (Teran) and Merlot grapevine varieties as well as the Germersdorf sweet cherry variety.
We have identified the location in the hilly region with moderate climate where the Bobovec apple
variety is grown as the least exposed to frost. Although counterintuitive, the GDD generally proved
somewhat more efficient than the two-phase phenological model BRIN, although not in all cases.
For the purpose of the study, the phenological models were calibrated, and the model parameters
can serve as invaluable information for further research of this topic.

Keywords: phenological model; Slovenia; spring frost; budburst; flowering; climate change;
fruit tree

1. Introduction

The most prominent environmental factor for the temporal development of pheno-
logical stages is temperature [1], and due to climate change, its impact is accelerating the
onset of phenological stages in fruit trees in the majority of the winemaking and fruit-
growing regions in Slovenia and worldwide [2,3]. In the last decade, damaging frost
events have been occurring with increasing frequency in Slovenia, as in other European
countries [4,5], with the greatest losses noted by field experts in 2012 (mid-April frost),
2016 (late April), 2017 (2022 April), 2020 (late March), and 2021 (6-8 April). Fruit trees
can tolerate severe cold in winter; however, winter hardiness of the flower buds gradually
decreases during spring phenological development. Consequently, frost damage may oc-
cur at temperatures below freezing if the fruit tree is at a sensitive phenological stage,
such as budburst or flowering [1,6]. However, in recent years, both increasing and de-
creasing risks of spring frosts have been reported under future climate conditions [4-12].
The phenology of temperate fruit trees is mainly determined by radiative forcing, which
is strongly influenced by seasonal changes. The coldest months with a short photoperiod
mark a dormant stage characterized by growth arrest and high cold resistance [13]. Be-
cause the timing of budburst is determined by the sequential fulfilment of cold require-
ments and heat requirements for development, adaptation of fruit trees to a cool environ-
ment by reducing cold requirements can significantly increase tree susceptibility to crop-
destroying spring frosts [14,15].

Following the classical approach, phenological models generally assume that bud-
burst is temperature-regulated and is initiated by a period of sufficient exposure of the
plant to cold temperatures (chilling state or dormancy, also endodormancy). It is then
followed by a period of exposure of the plant to accumulated heat (forcing state or post-
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dormancy), which begins to take effect for bud development [16,17]. This stage eventually
culminates in budburst after the plant has been exposed to sufficiently warm tempera-
tures. Therefore, the phenological stage of budburst represents a crucial stage in the de-
velopment of grapevine (Vitis vinifera L.) [3,10,17-19]. In other fruit trees such as apple
(Malus domestica) [7,9,11,20], peach (Prunus persica) [12,21-23], pear (Pyrus communis) [6],
and sweet cherry (Prunus avium L.) [4,5], an equally crucial stage exposed to high spring
frost risk is flowering. With rising spring temperatures, the water content in buds and
shoots increases and the cold resistance of the buds steadily decreases [3,24,25]. In apples,
between the bud swell stage and the beginning of apple flowering, the cold resistance of
the tree buds decreases, and the temperature for 10% damage increases from LT10 =-9.4
°C to LT10 =-2.2 °C, thus increasing the risk of frost [1]. The critical temperature depends
on the phenological stage of the plant and the duration of the frost. In grapevine, the crit-
ical temperature for cold damage at budburst is =2 °C, although around 0 °C can cause
significant damage to young plant tissues such as buds [1,3]. However, for the Merlot va-
riety, even with 100% frost damage, the plant can still produce about 20-30% of the yield
from side branches [1]. For apples, the critical temperature for cold damage is -4 °C and
for flowering (first bloom) is —2.2 °C [1]. Varieties most susceptible to spring frost damage
in Slovenia include Elstar, Jonagold, and Belle de Boskoop, followed by Jonathan, Gala,
Alkmene, Summerred, and Idared; the least susceptible varieties include Golden Deli-
cious and Gloster [1]. Among grapevines, all early-flowering varieties such as Yellow Mus-
cat, Blaufraenkisch, Sipon, Chardonnay, and Gewuerztraminer are frost-sensitive, and
among varieties growing in the Mediterranean climate region of Slovenia, Cabernet Sauvi-
gnon and Malvasia are slightly frost-sensitive due to their late flowering. The most cold-
sensitive varieties are Chardonnay, Pinot blanc, and Barbera. For cherries, the critical tem-
perature for frost damage at the onset of budburst is —4.5 °C and for cold damage at the
onset of flowering is -2.2 °C [1].

The most common approach to model budburst, flowering, or other stages is the clas-
sical growing degree days (GDD, growing degree days) model [3,5,8]; however, authors
are constantly seeking alternative approaches to numerically assess frost risk [10,11,26,27].
One example of an approach by Swiss researchers [5] is to combine the growing degree
day model with the estimation of frost risk by calculating the safety margin, which is the
time interval between the predicted last flowering day and the last day of spring frost.
Another approach to calculating frost risk is represented by the methodology of [28],
which defines frost resistance of fruit trees based on the lethal temperature for 50% of the
trees contained in the sample (LT50). Other authors also use more advanced and uncon-
ventional approaches in their risk assessment, such as machine learning [29] and a cou-
pled stochastic model [30], where the first phase of the process is parameterized by the
Ornstein—Uhlenbeck process with linearly increasing spring temperature and the second
phase with the thermal time model.

Previous research by the Slovenian Environment Agency showed neither a signifi-
cant increase nor decrease in frost risk for some of the main Slovenian fruit-growing re-
gions for the period of 2010 onwards [31]. In contrast to these results, the frequency of
frost events causing severe damage in Slovenian vineyards and orchards has steadily in-
creased over the last two decades. Therefore, the aim of the present study was to test an
alternative methodology for the assessment of frost events. The present study was divided
into two parts. First, two different phenological models were applied to the Slovenian ob-
servational data. Then, the phenological model best suited for simulating the occurrence
of grapevine budburst and flowering in apple and sweet cherry was selected. Secondly,
an assessment of frost risk for period 2001-2020 in comparison with the reference period
1981-2000 was made using the methodology described in detail in [3]. The analysis was
conducted using phenological data from stations in all major Slovenian wine and fruit-
growing regions. This study provides new insights into plant response to climate change
in Slovenia, where the diverse characteristics of Alpine, Mediterranean, and continental
climates are present.
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2. Materials and Methods
2.1. Climate Data

Slovenia is situated in Central Europe and borders Austria, Croatia, Italy, and Hun-
gary, its climate being strongly influenced by the Alps in the north and the Adriatic Sea in
the south. In the northeast, the continental type of climate prevails, with the greatest dif-
ference between winter and summer temperatures, whereas in the coastal region, Medi-
terranean climate is present with mild winters and hot summers. Precipitation varies
across the country, exceeding 3000 mm in the western regions and dropping to 800 mm
in the northeast [31]. According to the most recent objective classification, the climate in
Slovenia can be divided into the following 6 climate types: sub-Mediterranean climate
region, wet climate of the hilly region, moderate climate of the hilly region, subcontinental
climate region, sub-Alpine climate region, and Alpine climate region [32].

For this study, we used historical climate data for the period 1981-2020. As a first
guess value for temperature, the gridded observational dataset E-OBS was used [33]. The
E-OBS observational data first had to be interpolated to the locations of phenological sta-
tions to take into account the effect of elevation on microclimate. The first guess estimate
was in the first step corrected with the elevation difference following [34] and finally by a
correction obtained from the measurement archive of the Slovenian Environment Agency.
The temperature downscaling model used can be described by the following equation:

Tint = TEobs + g% (h - hEobs) +dT (1)

where Teobs is the first guess estimate of temperature from the E-OBS dataset at phenolog-
ical station locations, g is the monthly mean vertical gradient, h is the actual altitude of
the phenological station, heobs is the altitude in the E-OBS raster at the phenological station
location, and dT is the correction term obtained by interpolation from temperature meas-
urement locations (where this deviation was calculated) using the simple inverse distance
interpolation method. Therefore, the climate dataset used in this analysis consists of daily
historical temperature data interpolated to the locations and altitudes of the phenological
stations.

2.2. Phenological Observations

To test the validity of the chosen phenological models, we used a set of observed
budburst dates from the Slovenian Environment Agency database of phenological obser-
vations. The database consists of observations of the most significant phenological stages
for the most common fruit-growing regions in Slovenia, as shown in Figure 1. For the
purpose of the analysis, we grouped the chosen phenological stations by their correspond-
ing climate types, according to the most recent objective classification of climate in Slove-
nia [32]. For grapevine, we analyzed 9 locations classified into subcontinental (Bizeljsko,
Slovenske Konyjice, Salovci, Zibika) and sub-Mediterranean climate regions (Portoroz,
RiZzana, Slap, Tomaj). For apple, a total of 18 locations were available, which are spread
across the following regions: moderate climate of the hilly region (Lesce, Slovenj Gradec),
subcontinental (Bizeljsko, Brod, Bukovci, Bukovzlak, Doblice, Kadrenci pri Cerkvenjaku,
Mokronog, Maribor, Novo mesto, Podlehnik, Rakic¢an, Slovenske Konjice, Salovci, Vrh-
nika, Zibika), and sub-Mediterranean climate regions (Portoroz) (Table 1). For sweet
cherry, all of the 5 stations are part of the sub-Mediterranean climate region (Bilje, Porto-
roz, Rizana, Slap, Tomaj). In general, the database of budburst and flowering dates covers
the period 1981-2010; however, the specific number of observations varies from location
to location, as shown in Table 1 below.

Table 1. Summary of the phenological database used in the analysis—observations of budburst
dates by location of phenological stations, period, and climate type classification of the locations.

Fruit Tree

Phenological
Stage

Variety Station Name (Period)

Location (Latitude, Longi-

tude, Altitude) Climate Type
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Rizana (1981-2020) (45°32" N, 13°50’ E, 80 m)  Sub-Mediterra-

Refosk- nean
Teran Tomaj (1981-1983, (45°45’" N, 13°51" E, 326 m)  Sub-Mediterra-
1985-2012, 2020) nean
Portoro? (1985-2006) (45°28' N, 13°36" E, 2 m)  Sub-Mediterra-
Malvasia , o= near‘1
Riana (1981-2020) (45°32" N, 13°50" E, 80 m) Sub—l\r/f::::erra—
Grapevine Bilje (1990, 1994-2008, (45°53' N, 13°37 E, 55 m) _ Sub-Mediterra-
(Vitis Budburst
vinifera L.) Merlot 2011-2020) oy oras near.l
Slap (1984-2006, 2018-2020) 0 N 1 E1692m) - Sub-Mediterra-
nean
Bizeljsko (1982-2012, 2014-2020) (46°00" N, 15°41’ E, 176 m)  Subcontinental
. Slovenske Konjice (46°19' N, 15°25" E, 332 m) .
RI;ZISil::g (1981-2008, 2010-2015) Subcontinental
Zibika (1982-1984, 1986, (46°10" N, 15°34’ E, 235 m) Subcontinental
1988-1993, 1995-2020)
Chardonnay  Salovci (2002-2018, 2020) (46°45" N, 16°14" E, 347 m)  Subcontinental
Bizeljsko (1986-2012) (46°00’ N, 15°41" E, 176 m)  Subcontinental
Bukovzlak (1982-2021) (46°14’ N, 15°15" E, 266 m)  Subcontinental
Kadrenci pri Cerkvenjaku (46°33’ N, 15°57" E, 316 m) Subcontinental
(1981-2021)
Lesce (1982-1984, (46°20’ N, 14°10" E, 515 m) Moderate climate
1986-2015) of the hilly region
Mokronog (1982-2008, (45°56" N, 15°08’ E, 251 m) Subcontinental
Jonathan 2010-2013)
Maribor (1981-1991) (46°31" N, 15°38" E, 275m)  Subcontinental
Novo mesto (1981-2017) (45°48' N, 15°10" E, 157 m)  Subcontinental
Rakican (1981-1984, 1986-1996) (46°38' N, 16°11" E, 190 m)  Subcontinental
Slovenske Konjice (1981-1997) (46°19" N, 15°25" E, 332 m) Subcontinental
Salovci (1981-2018) (46°45" N, 16°14’ E, 347.5m) Subcontinental
Vrhnika (1981-1986, 1988-2021) (45°57’ N, 14°17" E, 293 m)  Subcontinental
Apple , Zibika (1981-2021) (46°10" N, 15°34’ E, 235 m)  Subcontinental
(Malus Flowering Y o o1, -
, Jonagold Bizeljsko (2014-2021) (46°00" N, 15°41" E, 176 m)  Subcontinental
domestica) Brod (1981-2021) (45°51’ N, 15°27' E, 147 m)  Subcontinental
Doblice (1981, 1989-2020) (45°33' N, 15°09" E, 157 m)  Subcontinental
Bobovec Podlehnik (1981, 1982, (46° 20" N, 15° 52’ E, 320 m) Subcontinental
1984-1987, 1989, 2002-2015)
Slovenj Gradec (1981, 1983, (46°29’ N, 15°06" E, 455 m) Moderate climate
1985, 1987, 1989-2021) of the hilly region
. Bukovci (1996-2008) (46°23' N, 15°57" E, 216 m)  Subcontinental
Golden Deli- . , ,
cious Rakican (1992, 1999-2012, (46°38" N, 16°11’ E, 190 m) Subcontinental
2014-2018)
Flstar Bukovci (2008-2021) (46°23' N, 15°57 E, 216 m)  Subcontinental
Maribor (1992-2004) (46°31" N, 15°38’ E, 275 m)  Subcontinental
Maribor (2005-2018) (46°31" N, 15°38" E, 275m)  Subcontinental
Idared Portoro? (2001-2021) (45°28" N, 13°36" E,2m)  Sub-Mediterra-
nean
Sweet (45°28' N, 13°36" E,2m)  Sub-Mediterra-

Flowering GermersdorfPortoroz (1989-1993, 1999-2020)
cherry nean
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p
a(vi;”::f ) RiZana (2001-2015, 2017-2020)
Bilje (1981-1982, 1987-1988,

1993, 2004-2020)

(45°32" N, 13°50" E, 80 m)  Sub-Mediterra-

nean

(45°53’ N, 13°37 E, 55 m)  Sub-Mediterra-

nean

Early Bigi Tomaj (1996-2012)

(45°45" N, 13°51" E, 326 m)  Sub-Mediterra-

nean

Tomaj (1981-1995)
Unknown Portoroz (1984-1995)

RiZana (1984-1995)

(45°45’ N, 13°51' E, 326 m)  Sub-Mediterra-

nean

(45°28' N, 13°36’ E,2m)  Sub-Mediterra-

nean

(45°32" N, 13°50’ E, 80 m)  Sub-Mediterra-

nean

(45°52" N, 13°49’ E, 169 m)  Sub-Mediterra-

Van Slap (1992-2006, 2018-2019)
nean
Elevation [m] Climate type

A Sub-Mediterranean c.
500

® Subcontinental c.
1000 Moderate c. of the
1500 hilly region
2000
2500 Elevation [m]

Climate type
A Sub-Mediterranean c.
® Subcontinental c.

500
1000
1500

2000
2500

Climate type

A Sub-Mediterranean c.

Elevation [m]
500
1000
1500

2000
2500

Figure 1. A topographic map of Slovenia (altitude in meters) and the locations of phenological sta-
tions where historical observations of the budburst day were available for our analysis. The stations
are indicated by points for (a) grapevine, (b) apple, and (c) sweet cherry.
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2.3. Phenological Models

Based on cumulative heat requirement, the GDD model is the most widely used ther-
mal time model for fruit tree phenology and accounts for the forcing period (post-dor-
mancy period). In other terms, the ending of the dormancy period is defined in advance
and fixed on the first consecutive day of the year to, i.e., 1 January. The equation for the
forcing units (Fu) of the GDD model is presented below.

0;  if T,e<Ty
u Tavg_Tb;if Tavg>Tb (2)

The day of the budburst t,, takes place once the equation Ztgb F,=F.; is satisfied. Be-

cause several authors have shown experimentally that the base temperature for budburst
of grapevine is around 5 °C [3,17,35], the base temperature Ts is set as Tv = 5 °C for grape-
vine. The base temperature for apple is To = 3 °C and T = 4.5 °C for sweet cherry, as the
typically applied base temperature in numerous studies ranges between 1.6 and 4 °C for
apple [6,10,20] and between 4 and 5 °C for sweet cherry [4,5]. Parameter Tavs represents
the mean daily temperature. As parameters Feit have not yet been calculated for Slovenian
fruit tree varieties, we calculated the parameters from the historical dataset.

A logical upgrade of the GDD model for modeling budburst is the use of more com-
plex thermal time concepts such as the BRIN model [17], in which the budburst process is
induced by a two-phased process—a dormancy or cold action period and a post-dor-
mancy or warm action period. More specifically, the BRIN model is derived from a com-
bination of two models used for fruit trees, where the dormancy period is calculated using
Bidabe’s Cold Action model [36], and the post-dormancy period is calculated using a
growing degree hour approach (GDH) [22,23]. The main advantage of the BRIN model
over the classical GDD approach is the variability of the dormancy break, which in the
GDD model by definition occurs on the first consecutive day of the year (January 1), and
in the BRIN model, the dormancy break occurs once a critical chilling Cerit has been accu-
mulated starting from the initial day to [17]. In the case of the two-phased BRIN model
[18,37], the dormancy period break tg, occurs once the chilling forcing requirement is
satisfied (Ztgb C.= Cmt). The start of the dormancy period is set to August 1 (to) based on

numerous studies [38,39], and the chilling units are based on Bidabe’s formula

_Tmax _Tmin

where Tmin and Tmax are daily minimum and maximum temperatures. The dormancy pe-
riod is followed by the post-dormancy period, which is approximated by the growing
degree hours, accumulated over a day. The forcing unit is then as follows:

0,' if Tmax;_Tmin STb
Tm x+Tmin . Tm X+Tmin
Fu = a > ; if Tb<aT<TB (4)

Tt s
Tg-Tp; ifwﬂg

The budburst date tw then occurs when the condition Zg’; F, =F; is satisfied. The

configuration we used in our analysis is based on [3] and [17]; thus, the chosen parameters
are Q =2.17, Tg=25°C, T,=5 °C for grapevine, Ty,=3 °C for apple, and T,=4.5°C for
sweet cherry.

2.4. Statistical Assessment of Frost Risk

The methodology is thoroughly described in [3] and in the first phase focuses on the
use of phenological models for the calculation of the budburst date, whereas in the second
stage, a calculation of frost probability is in place. The main assumption in this procedure
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is that the frost event in the case of grapevine is characterized as an event that occurs when
budburst occurs before the last frost event [3], while for apple or sweet cherry, it is when
flowering occurs before the last frost event [4,6]. The methodology of the authors is thus
based on the calculation of (i) the date of budburst and (ii) the date of the last frost for
each year of data available at the phenological stations, where frost is defined as Tavg <2
°C and Tmin <=2 °C. The next assumption is that the day (DOY, “day of year”) of budburst
and the last day of frost can be both described by Gaussian probability distributions, i.e.,
(t-mpp)?
e 2% ©)

t =
pbb( ) O'bbm
for budburst and

(t-myp)”
Ne 1 ¢ 200
N Olfm
for the day of last frost. Since the probability of the last day of frost is the probability that

the DOY of budburst is t = t* and that date falls prior to the last day of frost t* < ti, it follows
that the probability distribution of tardive frost as described in [3] in more detail is

P (0= ©)

tf

Ptf=z Py (£) l—ZpH(t) . @)

t'=tg t=to
As mentioned before, in the case of apple or sweet cherry, the equation is Py =
Z?#O {pﬂ(t*) [1_ T, plf(t)]} where p, is the probability of flowering.

2.5. General Procedure

The main objective of this study was to test an alternative frost risk assessment meth-
odology for several grapevine, sweet cherry, and apple varieties in Slovenia between 1981
and 2020. The first part of the analysis demanded a calculation of a single set of input
parameters for the Slovenian grapevine, apple, and sweet cherry varieties. Afterward, the
second part of the analysis represented the implication of the statistical model of frost risk,
using the outputs of both phenological models. The aforementioned methodology, there-
fore, demands several sets of climatological and phenological data, which will be de-
scribed in detail in the following sections.

In order to obtain a set of phenological model parameters for each variety across all
locations in Slovenia, calibration of the phenological models was carried out using cross-
validation as proposed in [40] and [17]. Specifically, we used leave-one-out cross-valida-
tion (LOOCV) by dividing the set of N data values into a subsample of N-1 values on
which parameters were calibrated, and a single individual value (i) on which we evaluated
the resulting model. The validation results provided an estimate of the phenological
model that better fit the observed data. The root mean square error of prediction (RMSEP)
statistic was calculated to evaluate the agreement between the modeled and observed
budburst (flowering) data, and thus assess the model performance [41].

Nevertheless, the Nelder-Mead optimization method was applied to the entire da-
taset to fit the model parameters. The algorithm minimized the mean square error (RMSE)
function, which represents the squared difference between the observed dates (Oi) and the
dates predicted by the model (P3).

RMSE = 8)




Atmosphere 2023, 14, 683

8 of 18

A graphical comparison of the modeled and observed time series was also presented,
along with an assessment of the statistical significance of the trend in observed budburst
data (flowering data) using the Mann-Kendall test.

3. Results
3.1. Calculation of Model Parameters and Assessment of Model Performance

The available historical phenological datasets provided a basis for calculation of the
main GDD and BRIN model parameters — Feit for the GDD model, as well as Cait and Ferit
for BRIN. Based on the results of leave-one-out cross-validation, we chose the model that
showed better performance for implementing the statistical model of frost risk.

For grapevine, the GDD model with the chosen base temperature of 5 °C generally
provided better results than the BRIN model for all varieties except Refosk—Teran (Table
2; Figure 2). The best agreement between the historical and model data was obtained for
the Chardonnay variety, which is grown in the subcontinental climate in Slovenia (loca-
tion Salovci).

Table 2. Mean and standard deviation of observed historical budburst dates for the available sample
sizes of several grapevine varieties, and the performance of GDDs and BRIN models in modeling
budburst dates. The assessment was made by calculating the root mean square error of prediction
(RMSEP) for the modeled and observed budburst dates. In both models, the base temperature is Tb
=5°C.

Variet (Lgl":at"’tn Sample  Mean BB GDD:s BRIN
anety rmate Size  (DOY:SD) RMSEP  RMSEP
Type)
v Rizana (SM) 40 110+ 7
Refosk-Teran Tomaj (SM) 3 1746 10.79 9.89
. Portoroz (SM) 22 107 £ 7
Malvasia Rizana (SM) 40 116+ 6 7.80 9.70
Bilje (SM) 26 108+7
1 A 7.
Merlot Slap (SM) 26 1116 6.19 59
Bizeljsko (5C) 38 117 +9
Laski Rizling  S. Konjice (SC) 34 117 +6 5.14 8.57
Zibika (SC) 36 117+ 6
Chardonnay Salovci (SC) 18 113+5 4.19 9.26
Budburst (1981-2020) - TOMAJ, REFOSK (TERAN) Budburst (1981-2020) - SLOVENSKE KONJICE, LASKI RIZLING
140 140
‘ AVWV 130
130 .
5 120 : : .\. * \ 1 = : J 1 o Legend 120 Legend
o A A b Y 1l ‘ = BRIN O = BRIN
i \/\ \ \/ A S 8 -
. \ L 110
. \/ V 100
100
p=0.0074 p<0.001
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
years years
(a) (b)

Figure 2. Modeled and observed budburst dates of two grapevine varieties: (a) Refosk-Teran variety
at location Tomaj (sub-Mediterranean climate); and (b) Laski Rizling variety at location Slovenske
Konjice (subcontinental climate). Yellow lines indicate results obtained with GDD, green lines indi-
cate results obtained with BRIN, and black dots indicate the observed budburst date according to



Atmosphere 2023, 14, 683 9 of 18

the Slovenian Environment Agency dataset. Added is the statistical significance (p) of the trend in
observed budburst dates, calculated with the Mann-Kendall test, and day of year is denoted as
DOY.

The GDDs and BRIN (base temperature 3 °C) phenological models showed the high-
est performance for the Jonagold apple variety at location Bizeljsko, which represents the
subcontinental climate type in Slovenia (Table Al; Figure 3). In general, the GDD model
provided results that better matched phenological measurements for four out of six vari-
eties (Elstar, Golden Delicious, Jonagold, and Jonathan) while BRIN excelled in predicting
flowering for the remaining two varieties (Bobovec and Idared).

Flowering (1981-2020) - PORTOROZ, IDARED Flowering (1981-2020) - RAKICAN, GOLDEN DELICIOUS
130 i /\/\
/\ //\ 1 A “A. 120 \/ .
100 ! T \ .
/ . /TN /\ |
R N 110 \ By
. . '\ Legend Legend
o) - BRIN O JA \/ = BRN
a GDD O GDD
= locatic == locatic
80 100
L)
60
p=0.2749 go P=0.003
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
years years
(a) (b)

Flowering (1981-2020) - LESCE, JONATHAN

A AA
8 . \/\ | \/\\/ /\ /\/ lf%%:;
- P | Vi /‘\ | -
o \“. : \/ \/

p<0.001

1001980 1990 2000 2010 2020
years

()

Figure 3. Modeled and observed budburst dates of three apple varieties: (a) Idared at location Por-
toroz (sub-Mediterranean climate); (b) Golden Delicious variety at location Raki¢an (subcontinental
climate); and (c) Jonathan variety at location Lesce (moderate climate of the hilly region). Yellow
lines indicate results obtained with GDD, green lines indicate results obtained with the model, and
black dots indicate the observed budburst date according to the Slovenian Environment Agency
dataset. Added is the statistical significance (p) of the trend in observed budburst dates, calculated
with the Mann-Kendall test, and day of year is denoted as DOY.

For sweet cherry (Table A2; Figure 4), GDDas (base temperature 4.5 °C) performed
better than BRIN for three out of four varieties, and hence, the best agreement was discov-
ered for the Early Bigi variety, grown in the sub-Mediterranean climate (location Tomayj).
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Figure 4. Modeled and observed budburst dates of the Germersdorf sweet cherry variety in Porto-
roz, with the sub-Mediterranean climate type. Yellow lines indicate results obtained with GDD,
green lines indicate results obtained with BRIN, and black dots indicate the observed budburst date
according to the Slovenian Environment Agency dataset. Added is the statistical significance (p) of
the trend in observed budburst dates, calculated with the Mann-Kendall test, and day of year is
denoted as DOY.

The results of the Mann—Kendall trend test performed for the observed budburst
dates (whole period) show a statistically significant downward trend for the majority of
the grapevine varieties, as shown for the Refosk-Teran variety grown in the sub-Mediter-
ranean climate region and the Laski Rizling variety from the subcontinental climate region
(Figure 2a,b).

Similarly, for approximately half of the locations with various apple varieties, the
Mann-Kendall test of trend shows a statistically significant downward trend in observed
budburst dates towards earlier dates in the year. Examples of the Idared variety (sub-
Mediterranean climate), Golden Delicious variety (subcontinental climate), and Jonathan
variety (moderate climate of the hilly region) are shown in Figure 3a—c.

An example of fairly good agreement between model and historical data is shown in
Figure 4 for the Germersdorf sweet cherry variety at a sub-Mediterranean climate location
(Portoroz), where the GDD model results best fit the budburst records, which cover the
longest period of 27 years. Nonetheless, for the majority of the chosen sweet cherry varie-
ties, the results show no statistically significant trend in observed budburst dates.

The calculated mean GDD and BRIN model parameters for the analyzed grapevine,
apple, and sweet cherry varieties are presented in Tables 3, A3 and A4, respectively. The
budburst dates of grapevine varieties Refosk-Teran, Laski Rizling, and Chardonnay cal-
culated by the GDDs model coincide with the modeled budburst dates of the BRIN model.
For other varieties, either BRIN (Malvasia) or GDDs (Merlot) simulate a slightly premature
budburst in regard to the other phenological model (Table 3). In the case of apple varieties,
the GDDs model agrees very well with the budburst date as modeled by BRIN for three
out of six varieties (Jonathan, Elstar, Idared). For the remaining three varieties, GDDs pre-
dicts a slightly earlier budburst than BRIN (Bobovec, Golden Delicious, and Jonagold), the
difference in budburst dates not being larger than one day (Table A3). Similarly, in the
case of sweet cherry varieties, the GDDas model appears to plausibly represent the bud-
burst date as modeled by BRIN. Taking into consideration the fairly small dataset availa-
ble for some of the varieties (Jonagold apple variety, Early Bigi, and Van sweet cherry
varieties), the budburst dates modeled by both phenological models coincide relatively
well (Table A4). Nevertheless, only the better fitting model, either GDD or BRIN, was used
as a reference model for the second part of the analysis and the computation of frost risk.
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Table 3. Values of calculated parameter sets for several grapevine varieties and the two chosen phe-
nological models used in this analysis: GDDs and BRIN (both with To =5 °C).

] ) GDD:s BRIN
Variety Sample Size Frit ZDvb Cerit Frit ZDvb
Refosk-Teran 72 293.67 114 197.32 257.07 114
Malvasia 62 350.16 115 194.96 268.83 113
Merlot 52 276.09 110 204.52 257.17 111
Laski Rizling 98 267.19 119 200.98 265.11 119
Chardonnay 18 230.19 113 177.97 241.41 113

3.2. Frost Risk Comparison between Periods 2001-2020 and 1981-2000

To evaluate the change in the probability of frost occurrence, we analyzed two dif-
ferent periods featuring the mean climate, represented by the 20-year periods 1981-2000
and 2001-2020. In Figure 5, examples of a calculated probability of frost occurrence for the
chosen periods and representative phenological models are shown. For some of the loca-
tions with the sub-Mediterranean climate type, we note an increase in frost risk of up to
1980 times in the period 2001-2020 compared to the reference period (Malvasia at Porto-
roz, Merlot at Bilje and Slap, Refosk-Teran at Tomaj (Figure 5a)), whereas for other loca-
tions, the frost risk in 2001-2020 was unchanged (Malvasia and Refosk-Teran at Rizana).
For the locations in the wine-making region with the subcontinental climate type, the risk
of spring frost in 2001-2020 is 2-20 times higher than in 1981-2000, as shown for the ex-
ample of Laski Rizling (Figure 5b).

TOMAJ, REFOSK (TERAN) - BRIN SLOVENSKE KONJICE, LASKI RIZLING - GDD

0.00100 0.00100

0.00075 0.00075
2 2
3 3
® ©
QO Q
© 0.00050 © 0.00050
o o
D D
Qo o
[T [T

0.00025 0.00025

Period Period
(1981-2000) (1981-2000)
(2001-2020) (2001-2020)
0.00000 0.00000
0 50 100 150 0 50 100 150
DOY DOY
(a) (b)

Figure 5. Two examples of modeled results of the probability of spring frost for the analyzed wine-
making regions of Slovenia by their climate type: (a) sub-Mediterranean climate and the Refosk—
Teran variety (Tomaj); and (b) subcontinental climate and the Laski Rizling variety (Slovenske Kon-
jice). GDDs model results are presented for both varieties.

Beyond the exception of the varieties grown in the hilly region with moderate climate
(Bobovec variety at location Smartno pri Slovenj Gradcu and Jonathan variety at location
Lesce) (Figure 6c¢), the calculated risk of spring frost for apple appears to be moderately
increased in 2001-2020 compared to 1981-2000 (Figure 6a,b), with a factor of increase from
around 2 to 12 compared to the reference period. Moreover, results among locations
slightly vary. The highest increase in frost risk was noted for the Jonathan variety at loca-
tions Novo mesto, Rakican, and Vrhnika, Bobovec variety at Doblice, and Elstar variety at
location Maribor, with all of the locations having subcontinental climate (Figure 6b). For
the one location (Portoroz) with sub-Mediterranean climate, where the Idared apple
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0.002

0.000

variety is grown, the increase in frost risk was shown to be around 2 times higher in 2001-
2020 than in 1981-2000 (Figure 6a).

Similarly, as already illustrated for grapevine and apple, the calculated probability
of spring frost in sweet cherry varieties is shown to be up to 180 times higher in 2001-2020
compared to the reference period 1981-2000, as shown in Figure 7 for the example of the
Germersdorf variety at location Portoroz. The Germersdorf variety is monitored at loca-
tions Bilje, Portoroz, and Rizana. The chosen example represents the results of calculations
based on the longest available sweet cherry variety dataset (Figure 7). In Portoroz, frost
risk appears to be approximately five times higher in the period 2001-2020 than in 1981-

2000.
PORTOROZ, IDARED - BRIN RAKICAN, DELISES ZLATI - GDD
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2
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o
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Figure 6. Three examples of modeled results of the probability of spring frost for the analyzed apple-
growing regions of Slovenia by their climate type: (a) sub-Mediterranean climate and the Idared
variety (Portoroz); (b) subcontinental climate and the Golden Delicious variety (Raki¢an); and (c)
moderate climate of the hilly region and the Jonathan variety (Lesce).
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Figure 7. An example of modeled GDD results for the probability of spring frost in the analyzed
cherry-growing region of Slovenia with sub-Mediterranean climate and the Germersdorf variety.

A broader insight into the results of all analyzed locations for representative grape-
vine, apple, and sweet cherry varieties is presented in Figure 8. The outliers represent
locations Smartno pri Slovenj Gradcu (Bobovec apple variety), with the ratio of probabil-
ities equal to 0.06; Bilje for the Merlot grapevine variety, with an increase in the probability
equal to 1980 times greater risk in 2001-2020; and Bilje for the Germersdorf sweet cherry
variety, with the ratio of probabilities equal to 180.

7.5

Probability Ratio
N o
[$;] o

o
o

apple grapevine sweet cherry

Variety

Figure 8. Violin plot of the modeled probability of spring frost ratio between P(2001-2020) and
P(1981-2000) for the analyzed grapevine, apple, and sweet cherry varieties, in logarithmic scale.
Additionally presented is the boxplot of the ratio values.

4. Discussion

In the first part of the study, we applied two of the commonly used phenological
models, the growing degree days model (GDD) and an advanced BRIN model, which
takes into account the dormancy period, to simulate budburst (grapevine) and flowering
(apple and sweet cherry). Contrary to the results presented in [17] and our initial expec-
tations, GDD reproduced better results for the budburst of the majority of the analyzed
grapevine varieties, as was the case for the majority of apple and sweet cherry varieties.
Nevertheless, for some varieties (e.g., Idared and Bobovec apple varieties, Refosk—-Teran
grapevine variety), BRIN provided a better prediction of budburst (flowering dates),
which reveals the necessity of using several phenological models of various complexities
in such studies, as was also noted by several authors [42,43].
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Existing assessments for Slovenia show that an advance in blossom of 4 to 10 days
can be expected under a 1 °C rise in April and May temperature, which can pose a high
threat for losses in yield due to frost damage [1]. However, no specific study has been
made assessing the risk of spring frost from the perspectives of climatological data and
phenological observations, providing an assessment of frost risk for specific fruit tree va-
rieties. Concerning spring frost risk for grapevines, the leading research is carried out in
France and Switzerland [3,5,17,18,44]. Other authors that researched the effect of climate
change on grapevine phenological stages [19] estimated that the flowering dates of the
Pinot noir variety in Burgundy could in 2031-2040 advance by 8 to 12 days in reference to
the period 1970-1979, which agrees with our calculations of the downward trend for the
majority of grapevine varieties. Our results of a downward trend in flowering of several
apple varieties similarly coincide with another study [7] that assessed spring frost risk in
a changing climate in Italy and calculated a slightly decreasing trend for the decades 1991-
2056, while a scenario of increased risk seemed unlikely.

As previous attempts of frost risk assessment for Slovenia showed no projected
change in frost risk for the main Slovenian fruit-growing regions [31], whereas the obser-
vations proved contradictory outcomes, the second part of our study included frost risk
assessment. The assessment was based on the phenological model that showed better
agreement with the phenological observations. In general, we observed increased frost
risk for virtually all fruit tree varieties. Among the least susceptible were shown to be the
Jonatan and Bobovec apple varieties grown in locations with a moderate climate. In these
cases, the modeled results showed that the risk of spring frost in 2001-2020 is unaltered
or slightly lower than for the reference period. Based on our analysis results, the most
prone to frost among grapevine varieties were Merlot at both analyzed locations (Bilje and
Slap), Malvasia at location Portoroz, and Refosk-Teran at location Tomaj. In the latter case,
we found an increased risk of up to 600 times higher probability for a spring frost in the
period of 2001-2020 compared to the reference period. On the other hand, the risk of
spring frost in apple did not increase as significantly. Specifically, for apple varieties, the
risk of spring frost was shown to be from 2 to 12 times higher in the analyzed 20-year
period compared to the reference period. In the case of the analyzed sweet cherry varie-
ties, the risk was shown to be up to 180 times higher in 2001-2020 compared to 1981-2000.
In comparison, for fruit trees in Switzerland, authors also confirm [5] that the change in
risk varies regionally, arguing that it has only increased at higher elevations. To produce
a direct comparison with the varieties of Slovenia would be difficult as Slovenian vine-
yards and fruit-growing regions are typically in locations at slightly lower elevations than
in Switzerland. On the other hand, the results presented could be extended to neighboring
regions with temperate climates and similar growing conditions, such as regions in Aus-
tria, northern Italy, and Croatia. For example, studies of frost risk are being carried out for
the wine-growing region of Istria in Croatia, where the Refosk-Teran, Malvazija, Merlot,
Chardonnay, and other grape varieties are grown [45], and a comparison of the frost risk
calculated using the methodology of this study and other methods would be of great im-
portance. The model used in this study could also be calibrated for specific grapevine or
fruit tree varieties in other climates.

5. Conclusions

The results of the statistical assessment of frost risk were shown for the representative
grapevine, apple, and sweet cherry varieties over regions of Slovenia with sub-Mediterra-
nean and subcontinental climates, and moderate climates of the hilly region. We calcu-
lated a significant increase in frost risk for the majority of grapevine and virtually all sweet
cherry tree varieties for the period 2001-2020 in comparison to 1981-2000. The results for
apple showed a moderate increase for the locations in the sub-Mediterranean and subcon-
tinental climate regions, whereas no change or a slight decrease was evident in the mod-
erate climate of the hilly region.
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Apart from the location of Rizana, climate-wise, the locations with the biggest frost
risk in Slovenia were shown to be the locations in regions with sub-Mediterranean climate,
although we found increased frost risk in the locations with subcontinental climate as
well. The least impacted proved to be the locations Smartno pri Slovenj Gradcu (in the
hilly region with moderate climate) and Podlehnik (in the region with subcontinental cli-
mate). The calculated input parameters of the phenological models GDD and BRIN, pre-
sented in the first part of the analysis, will enable numerous comprehensive studies of
budburst or flowering for a wide range of grapevine, apple, and sweet cherry varieties.
Nonetheless, a general improvement of the model parameter results is expected provided
that the datasets of phenological observations lengthen, most notable being the datasets
of the following varieties with less than three decades of phenological observations: Char-
donnay (grapevine), Jonagold (apple), Elstar (apple), and two sweet cherry varieties— Van
and Early Bigi.

In addition, the calculated increase in spring frost risk demonstrates the response of
fruit trees to climate change and can serve as a monitoring method for further research of
the effects of spring temperatures on frost events. In view of the results of this study, cal-
culation of frost projections for the analyzed grapevine and fruit tree varieties is needed
for Slovenia for the 21st century. Furthermore, an extension of this study to other Slove-
nian fruit tree varieties would be of great importance to the agricultural advisory services,
one of whose tasks is to inform farmers about economically efficient planting regimes to
avoid losses due to frost damage.
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Appendix A

Table Al. Mean and standard deviation of observed historical flowering dates for the available sam-
ple sizes of several apple varieties, and the performance of GDD and BRIN models in modeling
flowering dates. The assessment was made by calculating the root mean square error of prediction
(RMSEP) and index of agreement (d) for the modeled and observed flowering dates. In both models,
the base temperature is To =3 °C.

Variety Location Sample Mean FL GDD: BRIN
(Climate Type) Size (DOY = SD) RMSEP RMSEP
Bizeljsko (SC) 27 108+ 6
Bukovzlak (SC) 39 112+8
Kadrenci pri C. (S5C) 39 108 + 10
Jonathan Lesce (MCHR) 30 122+7 779 977
Mokronog (SC) 32 117 +7

Novo mesto (SC) 35 108 £ 9
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Maribor (SC) 11 112 £ 10
SI. konjice (SC) 17 113+10
Rakican (SC) 15 114+9
Salovci (SC) 38 114+ 8
Vrhnika (SC) 39 115+8
Zibika (SC) 39 109 +9

Jonagold Bizeljsko (SC) 7 9% +7 3.55 15.25
Brod (SC) 39 108 + 17
Doblice (SC) 34 112+8

Bobovec Podlehnik (SC) 20 112+9 16.48 11.08

Smartno pri S.G.

(MCER) 35 118 +8
Golden Deli- Bukoveci (SC) 13 110+7

7.61 10.02

cious Rakican (SC) 20 105+9 00

Bukovei (SC) 13 106 +5

El . 17

star Maribor (SC) 13 111+5 >63 5

Maribor (SC) 14 102+6

Idared Portoro? (SM) 20 98 +7 12.86 926

Table A2. Mean and standard deviation of observed historical flowering dates for the available sam-
ple sizes of several sweet cherry varieties, and the performance of GDD and BRIN models in mod-
eling flowering dates. The assessment was made by calculating the root mean square error of pre-
diction (RMSEP) and index of agreement (d) for the modeled and observed flowering dates. In both
models, the base temperature is Tv = 4.5 °C.

Variety Location Sample Mean FL GDDass BRIN
(Climate Type) Size (DOY * SD) RMSEP RMSEP
Bilje (SM) 25 94+8
Germersdorf  Portoroz (SM) 27 87+9 11.43 12.28
RiZzana (SM) 19 94+6
Early Bigi Tomaj V(SM) 17 101 +6 770 814
Unknown Portoroz (SM) 7 100 + 3
Tomaj (SM) 15 104 £ 10
Van Rizana (SM) 12 100+ 7 12.59 10.61
Slap (SM) 18 93+7
Germersdorf Bilje (SM) 25 94 +8 7.96 11.11

Table A3. Values of calculated parameter sets for several apple varieties and the two chosen pheno-
logical models used in this analysis: GDD and BRIN (both with Tv = 3 °C).

. . GDD:s BRIN
Variety Sample Size Ferit ZDs Cert Feri ZDa
Jonathan 361 313.97 113 171.26 343.56 113
Jonagold 7 300.88 97 180.45 325.79 98
Bobovec 128 327.80 113 184.91 348.00 114
Golden Delicious 33 301.88 107 184.37 331.06 108
Elstar 26 330.01 110 175.37 357.01 110
Idared 34 369.38 100 184.96 308.30 100
Table A4. Values of calculated parameter sets for several sweet cherry varieties and the two chosen
phenological models used in this analysis: GDD and BRIN (both with To = 4.5 °C).
. ) GDDas BRIN
Variety Sample Size Feri ZDs Ceri Feri ZDa
Germersdorf 61 226.82 92 120.27 262.35 93
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Early Bigi 17 204.26 102 140.25 250.18 101
Unknown 34 223.71 104 165.08 214.55 102
Van 18 198.10 95 186.22 182.30 94
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