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SUMMARY

The historical temperature (1981-2007) and phenological (1986-2011) data were analysed for the region of
Sremski Karlovci, one of the oldest grapevine growing areas in Europe, with the aim of detecting trends of
changes in the data, evaluating the sensitivity of grapevine phenology to temperature and revealing diversity
among cultivars in their response to observed changes in temperature. The onset dates of four major phenological
stages (budburst, flowering, veraison and harvest), along with the corresponding growth intervals between them,
were examined for 20 wine grape cultivars. A number of climatically important parameters for viticulture were
calculated for the calendar year, growing season and different grapevine growth periods. Significant increases
were detected in average and heat-related extreme temperature indices. The greatest rate of change in tempera-
ture variables across the growing season was observed during the period from the beginning of flowering to the
beginning of veraison and the smallest during the ripening period. Linear trends indicated that all phenological
stages, except budburst, have advanced significantly. Averaged across all cultivars, detected trends were —0-4,
—0-7 and -0-6 days/year for the beginning of flowering, the beginning of veraison and harvest date, respectively.
Observed warming and change in the timing of phenological events did not significantly affect the duration of the
growth intervals, which can be explained by significant inter-correlation between the phenological stages’ onset.
Ripening was occurring under warmer conditions due to earlier flowering and veraison, rather than because of
considerably higher temperatures preceding harvest or shortening of the ripening period. Most of the variation in
phenology timing (74-90%) can be explained by a linear relationship between the onset date of phenological
stage and temperature, with mean and maximum temperatures being more important than minimum tempera-
tures. According to the current results, a 1 °C increase in the most influential temperature variable during the
most relevant periods for the onset of phenological stages led to an advancement in the beginning of budburst,
the beginning of flowering, the beginning of veraison and harvest by 3-6, 3-1, 5-2 and 7-4 days, respectively, on
average for all cultivars. Among the cultivars studied, Pinot Noir displayed the greatest phenology advancement
in response to increased temperature.

INTRODUCTION term variability and long-term changes in climate
(van Vliet & Schwartz 2002; Cleland et al. 2007).
The knowledge of how up-to-date climatic variability
influences phenological timing can provide a baseline
for crop model development and assessment of plant
responses to future climate change. Many studies
have reported significant advances of spring pheno-
logical events, such as budding, leafing and flowering
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Global warming is inducing a wide range of changes
in the climate system (IPCC 2014). Recently, there
has been a growing scientific interest in biospheric
responses and feedbacks to climate change. Plant
phenology is considered to be one of the most sensi-
tive and easily observable indicators of both short-
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been less certain (Sparks & Menzel 2002;
Chmielewski et al. 2004; Schwartz et al. 2006;
Pudas et al. 2008; Julien & Sobrino 2009; Gordo &
Sanz 2010). However, there is a great variability
among species in their phenological sensitivity to
climate. Cleland et al. (2012) suggested that species
that cannot phenologically ‘track’ climate might be
at increased risk associated with climate change.
The results of Springate & Kover (2014) supported
the idea that phenological sensitivity, defined as the
shift in phenological event date per degree of tempera-
ture change, might be a good indicator of success
under increased temperatures at both genotypic and
species level.

Grapevine (Vitis vinifera L.) is a phenologically dis-
tinct crop with the major development stages being
bud break, flowering, veraison and harvest (Jones &
Davis 2000). The pace of grapevine development
differs with cultivar, climate and weather conditions,
topography, soil and vineyard management practices.
Each grapevine cultivar has its own climatic require-
ments, which, if satisfied, allows the grapevine to
complete its annual cycle successfully and vyield
quality grapes with favourable composition.
Matching genetic material to site characteristics is a
basic viticultural practice to enhance yield and
grape quality.

As a climatically sensitive plant, grapevine can alter
its genetically predetermined characteristics, includ-
ing onset and duration of the phenological events. In
the context of climate change, a better understanding
of cultivar differences in phenology is important for se-
lection of cultivars that are adapted for growing under
changing climate conditions. Temperature is consid-
ered to be the most important climatic factor influen-
cing the pace of development and productivity of
grapevine (Mullins et al. 1992). The effect of tempera-
ture on grapevine depends not only on the average
values that influence grapevine physiology and
grape composition (Coombe 1987), but also on the in-
tensity and frequency of extreme values. Extreme low
temperatures may cause freezing injury to grapevines.
The minimum temperature that vine may resist in the
winter varies from =5 to =20 °C (Winkler et al.
1974), depending on cultivar, location, timing and
duration of the low-temperature episode, as well as
vineyard management. Spring temperatures below —
2-5°C may damage buds and consequently reduce
yields and quality of grapes (Riou 1994). High tem-
peratures during berry growth may cause premature
veraison, damage of the grape skin, abscission of the
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berries, desiccated fruit and impaired flavour develop-
ment (Mullins et al. 1992). Very warm weather during
maturation may accelerate ripening, causing a faster
breakdown of acid and an increase in sugar content
in grapes, which leads to higher alcohol and lower
acid levels in the resulting wine (Duchéne et al.
2010). According to some studies, low night tempera-
tures during ripening along with a large diurnal
temperature range stimulate the synthesis of anthocya-
nins and other phenolic compounds (Kliewer & Torres
1972; Mori et al. 2007).

Numerous studies have found that the majority of
European wine regions have been subject to signifi-
cant warming trends in recent decades (Jones et al.
2005b; Laget et al. 2008; Ramos et al. 2008; Vri¢ &
Vodovnik 2012; Bonnefoy et al. 2013). This tendency
was also observed in other vineyard regions world-
wide, including Australia (Hall & Jones 2010), New
Zealand (Sturman & Quénol 2013), South Africa
(Bonnardot & Carey 2008) and the USA (Jones
2005). Warming during the second half of the 20th
century generally improved the quality of wine
(Jones & Davis 2000; Nemani et al. 2001; Jones
et al. 2005a; Jones & Goodrich 2008; Ramos et al.
2008), especially in cooler vineyard regions such as
Poland (Lisek 2008) and Canada (Caprio & Quamme
2002). The rising temperature trend was recognized
as a problem in wine production, due to increased
heat and water stress, in vineyard regions where
grapevine is grown close to the optimum temperature,
such as vineyards in Australia (Webb et al. 2008; Hall
& Jones 2010).

Considerable shifts in grapevine phenology have
been recorded in many vineyard regions of Europe
(Jones et al. 2005b; Jones 2006; Ramos et al. 2008;
Dalla Marta et al. 2010; Bock et al. 2011; Tomasi
et al. 2011; Daux et al. 2012), USA (Wolfe et al.
2005) and Australia (Sadras & Petrie 2011; Webb
et al. 2011) in recent decades. Observed tendencies
towards earlier onset of phenological stages and short-
ening of the growth intervals have been attributed
mainly to rising temperatures (Jones & Davis 2000;
Bock et al. 2011). Even though early maturation is
generally associated with higher vintage ratings
(Jones & Davis 2000), it has been suggested that
warmer conditions with advancement of phenology
impact on aromatic profiles and the balance
between sugar content and acidity in grapes at
harvest. This leads to the loss of wine typicity, a term
in wine tasting used to describe the degree to which
a wine reflects its varietal origins (Bock et al. 2011).
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To date, studies regarding grapevine phenology
variability and trends in viticultural regions of Serbia
are non-existent, mostly due to a lack of suitably
long and reliable phenological data. The only object-
ive dataset for detecting meaningful trends in Serbia is
that for the historical grape-growing area of Sremski
Karlovci in the province of Vojvodina, where vine cul-
tivation dates back to Roman times. At the experimen-
tal station of the Novi Sad Faculty of Agriculture, four
main phenological stages (budburst, flowering, verai-
son and harvest) for a number of grapevine cultivars
have been monitored since 1986. Sremski Karlovci
belongs to the Srem viticultural region, which, accord-
ing to the Winkler index based on growing degree-
days (GDD) (Amerine & Winkler 1944), falls into
Winkler region Il (Ruml et al. 2012a). According to
the classification based on average growing season tem-
perature (Jones 2006), the region belongs to the warm
category (Ruml et al. 2012a), which allows for a very
large range of cultivars to ripen successfully. In the
Geoviticulture  Multicriteria  Climatic ~ Classification
System defined by Tonietto & Carbonneau (2004), the
following viticultural climate classes were identified in
the Srem region (Ruml et al. 2012a): the temperate
class HI-1 (where late varieties can reach maturity),
sub-humid class DI-1 (absence of dryness) and the
very cool nights class Cl+ 2 (the positive effect of low
night temperatures on colour, aroma and flavour char-
acteristics). Comparison of indices of Serbian and viti-
cultural regions given in Jones et al. (2009) reveals
that viticultural regions of Serbia, including the
Srem region, have a very specific viticultural climate.
Regions with similar thermic conditions, such as Cotes
du Rhone Méridionales in France, Barolo, Chianti and
Classico Vino Nobile di Montepulciano in ltaly, and
Porto and Vinho Verde in Portugal, are much drier
and with higher minimum temperatures in the ripening
month. Considering hydric characteristics, Serbian
regions are similar to much cooler German vineyard
regions.

Since climate change and phenological shifts are
not homogenous, it is very important, as for other
regions in Europe and worldwide, to explore
ongoing changes in climate and their effects on grape-
vine growing in the Serbian wine-producing areas, es-
pecially having in mind their specific viticultural
climate. Therefore, the current research was under-
taken in order to: (1) determine the structure and
trends in the historical temperature and phenological
data for the region of Sremski Karlovci; (2) explore
phenology—temperature relationships; (3) identify
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key temperature variables and periods during grape-
vine growth that could explain variation in pheno-
logical dynamics; (4) examine wine grape cultivar
differences in phenological timing and their response
to climate variability in the studied area.

MATERIALS AND METHODS

Phenological data were collected at the Novi Sad
Faculty of Agriculture experimental station. The
station is situated in Sremski Karlovci (45°10" N, 20°
10" E, 110 m asl), 12 km away from Novi Sad in the
northern part of Serbia (Fig. 1). The vineyards are
located on the Mt. Fruska Gora’s slopes by the
Danube River, which moderates temperature
extremes, while the inclines ensure maximum heat
and light exposure. The climate of the region is tem-
perate continental of a transitional type, with mean
annual air temperature of 12-3 °C and mean annual
precipitation of 650 mm. The coldest month is
January, the warmest July. The precipitation
maximum is in May and June. The soil at the site is
pararedzina on loess. The collection was established
in 1979 and each cultivar is represented by 20 vines
planted with a spacing of 3 x 1 m and trained using
the single Guyot system.

For the study, a group of 20 wine grape cultivars
(seven red and 13 white, both Serbian and internation-
ally recognized cultivars) was selected from the ampe-
lographic collection (i.e. a collection for identifying
and classifying grapevines). Four phenological
stages of grapevine were examined for the period
1986-2011: the beginning of budburst — the date
when green shoot tips became just visible, identified
as stage 7 on the BBCH scale (Lorenz et al. 1995);
the beginning of flowering — the date when first
flower hoods are detached from the receptacle (stage
60 on the BBCH scale); the beginning of veraison —
the date when berries begin to develop cultivar-specif-
ic colour (stage 81 on the BBCH scale); and harvest
(stage 89 on the BBCH scale). Harvest is the most sub-
jective event and cannot be considered a true pheno-
logical stage, since it mainly depends upon winery
requests and some other constraints such as current
weather conditions, disease outbreaks, etc. A detailed
phenological analysis of the cultivars studied can be
found in Ruml et al. (2013).

The temperature data, consisting of daily observations
of maximum (TX) and minimum (TN) air temperature,
were provided by the Republic Hydrometeorological
Service of Serbia. The temperature observations were
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Fig. 1. Site location.

used to derive other variables and indices important for
grapevine growing. The mean daily temperature (TM)
was computed as the arithmetic mean of TX and TN.
To find changes in temperature extremes, indices that
suited the study goals were selected from the core
indices recommended by WMO Commission for
Climatology and the Expert Team on Climate Change
Detection, Monitoring and Indices (ETCCDMI) of the
Climate Variability and Predictability (CLIVAR) project
(Zhang et al. 2011). Recently, these indicators were
widely used to evaluate changes of extreme tempera-
tures all around the world (Moberg et al. 2006; El
Kenawy et al. 2011; Toros 2012; Donat et al. 2014;
Salinger et al. 2014). Selected indices (Table 1) included
relative indices (based on a percentile threshold), abso-
lute indices (based on a fixed threshold) and variability
extremes or mixed temperature indices (analysing the re-
lationship between maximum and minimum tempera-
tures). Threshold values of absolute indices were
chosen to be biologically meaningful for grapevine.
Temperature-based indices were computed for the cal-
endar year, growing season and several grapevine
growth periods as follows: 1 January to the beginning
of budburst; the beginning of budburst to the beginning
of flowering; the beginning of flowering to the beginning
of veraison; and the beginning of veraison to harvest.
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The mean dates averaged across all examined cultivars
were used as the phenological event onset time.

Temperature and phenological data were analysed
separately for their statistical properties, inter-annual
variability and trends. Analysis of temperature series
was limited to the period from 1981 to 2007, when
the National Service terminated their observation
programme at the site. In order to obtain as much
information as possible about recent temperature
and phenology changes and variability, the longest
available data series were used for determining temporal
trends, even though they did not cover exactly the same
time interval. To examine phenology-temperature rela-
tionships, the period 1986-2007 was used, because it
was the mutual period of both datasets.

The inter-annual variability of the variables was esti-
mated by determining their standard deviations. The
direction and magnitude of temporal trends were eval-
uated using a least-squares linear regression method.
Despite its simplicity, the least-squares linear regres-
sion model has proven to be a useful tool for descrip-
tion of phenological time-series behaviour (Parmesan
& Yohe 2003; Menzel et al. 2006) and it also offers the
possibility of comparison with phenological trends
already reported from different regions of the world.
The Pearson correlation coefficient was used to
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Table 1. Definition of indices based on daily mean (TM), maximum (TX) and minimum (TN) temperatures

Index Descriptive name Definition Unit
TMavg Average daily mean Average of TM °C
temperature
TXavg Average daily maximum Average of TX °C
temperature
TNavg Average daily minimum Average of TN °C
temperature
TN9Op Warm nights Number of days with TN >90th percentile days
TX90p Warm days Number of days with TX >90th percentile days
TN10p Cool nights Number of days with TN < 10th percentile days
TX10p Cool days Number of days with TX < 10th percentile days
ndTX > 25 Summer days Number of days with TX >25 °C days
ndTX>30 Tropical days Number of days with TX > 30 °C days
ndTX > 35 Hot days Number of days with TX > 35 °C days
ndTN > 20 Tropical nights Number of days with TN > 20 °C days
ndTN <0 Frost days Number of days with TN <0 °C days
ndTN < =25 Moderate cold days Number of days with TN <—2-5 °C days
ndTN <-10 Extreme cold days Number of days with TN <—10 °C days
LSF Last spring frost Date of last day in spring with TN <0 °C Day of year
FAF First autumn frost Date of first day in autumn with TN <0 °C Day of year
FFP Length of the frost-free period Number of days between the last date in spring days
and the first date in autumn with TN <0 °C
DTR Diurnal temperature range Average difference between TX and TN °C
GDD Growing Degree Days Sum of TM above 10 °C °C

relate the onset of phenological stages to the tempera-
ture variables. The key periods during which a tem-
perature affected the onset of phenological events
most markedly was determined using a correlation co-
efficient calculated for different periods preceding the
events. The slope of linear regression between the
onset of phenological events and temperature was
considered a measure of phenological sensitivity.

Statistical analysis was performed using XLSTAT
version 2014-1.

RESULTS
Analysis of temperature data

Basic descriptive statistics, the slope of linear regres-
sions, corresponding coefficients of determination
and levels of statistical significance for the selected
temperature indices are displayed in Table 2.
Average annual and growing season TM, TX and TN
increased significantly at similar rates, with TN
showing the smallest inter-annual variability, the
highest coefficient of determination and the highest
level of statistical significance (P <0-001) of temporal
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trends. The annual series of most indices related to
high temperatures showed positive trends. The
trends of warm night occurrence and the number of
tropical nights exhibited the highest coefficient of de-
termination and the highest level of statistical signifi-
cance among all annual trends. The annual number
of tropical days increased at a faster rate than the
annual number of summer days, which did not show
a significant trend at the annual level. The number
of days with so-called ‘negative’ temperatures for
vine (TX>35°C) increased significantly (P<0-05).
Annual and seasonal frequencies of days with low tem-
peratures declined, but notsignificantly, with the excep-
tion of the annual number of days with TN <-2-5 °C,
which did show a significant negative trend (P<
0-05). The combined effect of the earlier last spring
frost and later first autumn frost lengthened the frost-
free period, but none of these trends was significant.
Heat accumulation during the growing season, cal-
culated as GDD, increased significantly (P <0-001),
mostly during the period from the beginning of bud-
burst to the beginning of veraison. Diurnal tempera-
ture range had a small or no change in all periods
examined, as both TN and TX increased at similar
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Table 2. Descriptive and trend statistics for indices based on daily mean (TM), maximum (TX) and minimum
(TN) temperature for the region of Sremski Karlovci over the period 1981-2007

Trend
Index Mean s.D. Range (per year) R? P
Annual
TMavg 12-3 0-87 3-2 0-05 0-25 <0-01
TXavg 16-8 1-1 4-2 0-06 0-18 <0-05
TNavg 77 0-76 2-8 0-05 0-30 <0-001
TN9Op 33 12-2 44 1-05 0-46 <0-001
TX90p 36 151 58 0-87 0-20 <0-01
TN10p 36 11-2 40 —-0-22 0-03 NS
TX10p 36 10-5 39 -0-15 0-01 NS
ndTX> 25 88 16-2 63 0-52 0-07 NS
ndTX> 30 28 131 52 0-74 0-20 <0-01
ndTX > 35 3 39 15 0-20 0-17 <0-05
ndTN > 20 10 73 24 0-56 0-36 <0-001
ndTN <O 67 14-8 58 —-0-44 0-06 NS
ndTN< - 2:5 39 11-3 41 —0-48 0-12 <0-05
ndTN< - 10 4 4-7 19 -0-10 0-03 NS
LSF 83 18-4 66 —0-41 0-03 NS
FAF 311 13-1 50 0-44 0-07 NS
FFP 229 219 79 0-85 0-10 NS
DTR 4-5 0-3 0-9 0-00 0-00 NS
Growing season (10 April-17 September)
TMavg 19-4 1-1 4-0 0-08 0-34 <0-001
TXavg 24-8 1-4 5-1 0-08 0-23 <0-01
TNavg 14-0 0-90 3-4 0-08 0-47 <0-001
DTR 10-8 0-81 2-7 0-00 0-00 NS
GDD 1528 166-4 6133 120 0-33 <0-001
1 January - Beginning of budburst (1 January-10 April)
TMavg 4-7 241 7-3 0-06 0-04 NS
TXavg 8:5 2:3 8-3 0-06 0-05 NS
TNavg 0-8 19 7-1 0-05 0-04 NS
ndTN <O 42 157 60-0 -0-26 0-02 NS
ndTN<-2:5 27 13-3 54 —-0-48 0-08 NS
ndTN<-10 3 4-9 19 -0-12 0-04 NS
DTR 77 0-58 2:2 0-02 0-07 NS
GDD 67 31-5 1319 0-47 0-01 NS
Beginning of budburst — Beginning of flowering (11 April-28 May)
TMavg 15-4 1-7 75 0-10 0-22 <0-01
TXavg 20-6 2-1 9-4 0-11 0-18 <0-05
TNavg 10-3 1-4 5-5 0-08 0-26 <0-01
ndTN <0 0-3 0-68 2-0 0-00 0-07 NS
DTR 10-4 1-0 4-1 0-03 0-04 NS
GDD 278 73-4 323-8 3-91 0-18 <0-05
Beginning of flowering — Beginning of veraison (29 May-26 July)
TMavg 211 1-3 5-0 0-10 0-39 <0-001
TXavg 265 1-5 6-1 0-11 0-33 <0-001
TNavg 15-7 1-1 4-7 0-09 0-42 <0-001
ndTX > 25 36 70 27-0 0-46 0-27 <0-01
ndTX> 30 14 71 24-0 0-55 0-37 <0-001
ndTX> 35 1 2:3 10-0 0-14 0-24 <0-01
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Table 2. (Cont.)

Index Mean s.D. Range Trend R? P
(per year)
ndTN > 20 5 4-3 14-0 0-36 0-45 <0-001
DTR 10-8 0-79 3-4 0-02 0-03 NS
GDD 656 751 293-7 5-92 0-39 <0-001
Beginning of veraison — Beginning of harvest (27 July—17 September)
TMavg 21-2 1-2 52 0-04 0-01 NS
TXavg 26-7 1-6 7:2 0-03 0-02 NS
TNavg 157 1-0 3-7 0-06 0-21 <0-01
ndTX>25 34 6-8 270 0-05 0-00 NS
ndTX > 30 13 7-8 280 0-08 0-57 NS
ndTX > 35 2 2-4 10-0 0-06 0-55 NS
ndTN > 20 4 45 18-0 0-20 0-59 <0-05
DTR 11-0 1-1 4-0 -0-03 0-05 NS
GDD 594 63-4 2765 2-21 0-08 NS

Bold values correspond to trends P < 0-05.

rates in all of them, except during the ripening period.
The largest trends of temperature-based indices in the
period from the beginning of flowering to the beginning
of veraison, and absence of significant trends in most
indices during ripening, can be explained by the fact
that June and July temperatures showed the greatest
and the most significant (P<0-01) positive trends
among all calendar months, while September tem-
peratures showed a negative (but not significant)
trend (data not shown). The only indices showing
significant change during the ripening period
were TN (P <0:01) and the number of tropical nights
(P<0:05). In the period from the beginning of the
year to the beginning of budburst, no significant
trends were observed either in average or in cold-
related indices.

Analysis of grapevine phenological data

The basic descriptive statistics and trends of pheno-
logical stages and corresponding intervals between
them for 20 wine grape cultivars grown in the region
of Sremski Karlovci between 1986 and 2011 are
given in Tables 3 and 4, and Tables 5 and 6, respect-
ively. In the last column of the tables, parameter
values correspond to the ‘average cultivar’. The date
for each phenological stage of this ‘average cultivar’
was obtained by averaging dates over all examined
cultivars for each year. Interval length between pheno-
logical events, slopes and correlation coefficients
were then determined for that ‘average cultivar’, not
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by averaging values of these parameters across all
cultivars.

An overall mean date for the beginning of budburst
was 10 April with a range of 36 days. The cultivars
with the earliest beginning of budburst were
Chardonnay, Bouvier and Petra, with a mean date of
7 April, and the cultivar with the latest beginning of
budburst was Cabernet Sauvignon, with a mean date
of 18 April. Cabernet Sauvignon exhibited the lowest
budburst year-to-year variability and the least range,
while Chardonnay was the cultivar with the highest
variability and the greatest budburst range.

The mean date of the beginning of flowering, aver-
aged across all cultivars, was 28 May with a range of
30 days. The earliest flowering, on average, was
observed in Chardonnay (26 May) and the latest in
Probus and Bagrina (2 June). Riesling Italian exhibited
the least variation and smallest range, while Bagrina
exhibited the highest year-to-year variation and the
greatest range in the beginning of flowering.

The mean date of beginning of veraison averaged
across all cultivars was 26 July with a 36-day variation.
The earliest beginning of veraison, on average, was
observed in Bouvier (13 July) and the latest in
Probus (3 August). Riesling Italian had the lowest
year-to-year variation and the least range, while
Petra had the highest year-to-year variation and the
greatest range in the beginning of veraison.

The mean harvest date averaged across all cultivars
was 17 September with a range of 50 days. Bouvier
and Muscat Ottonel were the cultivars with earliest
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Table 3. Descriptive and trend statistics for the beginning of budburst and beginning of flowering for the region
of Sremski Karlovci over the period 1986-2011

Phenological stage

Beginning of budburst

Beginning of flowering

Trend Trend

Statistic (date or days) Mean s.0. Range (peryear) R’ P Mean  s.n. Range (peryear) R’ P
Pinot Noir 9 April 10-5 40 —0-4 0-09 NS 28 May 7-8 29 —0-45 0-19 <0-05
Cabernet Sauvignon 18 April  6:7 25 —0-25 0-05 NS 31 May 7-6 30 —0-29 0-09 NS
Gamay 8 April 10-0 38 —0-27 0-04 NS 27 May 7:8 29 —0-48 0-22 <0-01
Merlot 14 April 83 26 —0-37 0-12 <0-05 29 May 81 31 —0-44 0-18 <0-05
Probus 16 April 84 35 —0-19 0-03 NS 2Jun 78 30 —0-41 0-16 <0-05
Limberger 8 April 10-3 38 —0-16 0-01 NS 28 May 8:0 29 —0-44 0-18 <0-05
Prokupac 10 April 10-6 42 —0-26 0-03 NS 31 May 7-1 28 —0-32 0-12 <0-05
Chardonnay 7 April 10-7 42 —0-38 0-07 NS 26 May 8-3 28 —0-49 0-20 <0-01
Bouvier 7 April 10-1 38 —0-26 0-04 NS 28 May 7:7 28 —0-43 0-18 <0-05
Ezerjo 8 April 93 36 —0-12 0-01 NS 28 May 7:6 28 —0-40 0-16 <0-05
Petra 7 April 10-2 40 —0-18 0-02 NS 28 May 7-6 28 —0-40 0-16 <0-05
Pinot Blanc 9 April 10-0 39 -0-27 0-04 NS 27 May 87 31 —-0-49 0-18 <0-05
Neoplanta 11 April 10-2 35 —0-26 0-04 NS 31 May 80 31 —0-45 0-19 <0-05
Kreaca 11 April 94 35 —0-28 0-05 NS 31 May 79 30 —0-43 0-18 <0-05
Muscat Ottonel 11 April 80 30 —0-20 0-04 NS 30 May 7-8 30 —0-40 0-15 <0-05
Riesling 239-20 Gm 12 April  9:3 39 —0-35 0-09 NS 29 May 7-4 28 —0-44 0-21 <0-01
Pinot Gris 12 April  9:2 34 —0-31 0-07 NS 27 May 7-5 27 —0-34 0-12 <0-05
Beli Medenac 13 April 91 40 —0-18 0-02 NS 31 May 82 31 —0-41 0-15 <0-05
Bagrina 13 April 78 29 —0-24 0-05 NS 2Jun 88 33 —0-52 0-21 <0-01
Riesling Italian 13 April 75 33 —0-23 0-05 NS 30 May 66 24 —0-31 0-13 <0-05
Average 10 April  9:3 36 —0-25 0-05 NS 28 May 7:8 30 —0-42 0-18 <0-05

Bold values correspond to trends significant at P < 0-05.

mean harvest date (6 September), while Cabernet
Sauvignon, Probus and Prokupac had the latest
mean harvest date (28 September). The cultivar with
the lowest inter-annual variation in harvest date was
Bouvier and that with the greatest was Pinot Noir.
The cultivars with the smallest harvest range were
Ezerjo and Kreaca, while Petra had the largest.
Temporal correlation analysis between dates of pheno-
logical stages averaged across all cultivars (not shown)
revealed that the beginning of budburst showed signifi-
cant correlation only with the beginning of flowering
(r=0-41, P<0-05). Other phenological stages were
strongly correlated: the beginning of flowering with
both the beginning of veraison (r=0-87, P<0-001)
and harvest (r=0-86, P<0-001), and the beginning
of veraison with harvest (r=0-92, P <0-001).

The length of intervals between events is often more
important than the dates of phenological events them-
selves. The most important growth intervals are the
growing season (defined here as the period from be-
ginning of budburst to harvest) and ripening phase
(from beginning of veraison to harvest). Growing
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season length averaged 160 days with a mean interval
range of 56 days. Muscat Ottonel (149 days) exhibited
the shortest average growing season and Prokupac
(171 days) the longest. The cultivar with the lowest
year-to-year variability and the least interval range
(46 days) was Cabernet Sauvignon. Limberger was
the cultivar with the greatest year-to-year variability,
while Petra had the greatest growing season range
(74 days). The ripening phase lasted 53 days, on
average, for all cultivars. The length of the ripening
phase was the shortest, on average, in Neoplanta (43
days) and the longest in Limberger (62 days). The cul-
tivar with the lowest inter-annual variability was
Bouvier, while Bagrina was the cultivar with the great-
est variability. Muscat Ottonel was the cultivar with
the least ripening interval range (22 days) and
Riesling Italian with the greatest (42 days).

Among the phenological stages examined, harvest
showed the highest inter-annual variation (Table 4)
and the beginning of flowering the least (Table 3).
Among growth periods, the interval from budburst to
harvest displayed the greatest year-to-year variability
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Table 4. Descriptive and trend statistics for the beginning of veraison and harvest for the region of Sremski Karlovci over the period 1986-2011

) Beginning of veraison Harvest

Phenological stage
Trend (per Trend (per

Statistic (date or days) Mean s.D. Range year) R? P Mean S.D. Range year) R? P
Pinot Noir 22 July 9-7 38 —-0.76 0-35 <0-001 18 September 157 59 -1-09 0-28 <0-01
Cabernet Sauvignon 31 July 85 35 —0-63 0-32 <0-001 28 September 1241 46 —0-44 0-08 NS
Gamay 23 July 86 35 —0-57 0-26 <0-01 21 September 12:9 50 —0-59 0-12 <0-05
Merlot 31 July 10-5 44 —0-69 0-25 <0-01 27 September 13-4 49 —-0-58 0-11 <0-05
Probus 3 August 8-5 37 —0-68 0-38 <0-001 28 September 13-1 54 —0-44 0-06 NS
Limberger 24 July 10-1 49 —0-82 0-38 <0-001 24 September 14-6 55 —0-42 0-05 NS
Prokupac 30 July 86 31 —0-69 0-38 <0-001 28 September 12:2 46 —0-61 0-15 <0-05
Chardonnay 24 July 89 31 —0-70 0-37 <0-001 11 September 12-8 46 —0-69 0-17 <0-05
Bouvier 13 July 85 30 —0-64 0-34 <0-001 6 September 10-5 46 —0-64 0-22 <0-01
Ezerjo 22 July 8-8 33 —0-62 0-29 <0-01 11 September 12-5 41 —-0-65 0-16 <0-05
Petra 30 July 109 49 —-0-89 0-39 <0-001 17 September 13-4 64 —-0-56 0-10 NS
Pinot Blanc 27 July 9-1 36 —0-76 0-41 <0-001 14 September 128 52 —0-83 0-25 <0-01
Neoplanta 30 July 9:2 35 —0-93 06 <0-001 11 September 111 44 —0-58 0-16 <0-05
Kreaca 29 July 10-2 40 —0-81 0-36 <0-001 18 September 11-6 41 —-0-67 0-20 <0-05
Muscat Ottonel 22 July 81 30 —0-56 0-28 <0-01 6 September 11-8 50 —0-60 0-15 <0-05
Riesling 239-20 Gm 30 July 10-2 39 —0-89 0-44 <0-001 17 September 12-4 52 —-0-56 0-12 <0-05
Pinot Gris 23 July 8-2 31 —-0-53 0-24 <0-01 12 September 12-6 45 -0-72 0-19 <0-05
Beli Medenac 23 July 8-4 32 —0-78 0-5 <0-001 10 September 11-9 46 —0-93 0-35 <0-001
Bagrina 30 July 9-7 41 —-0-77 0-37 <0-001 20 September 14-3 49 -0-73 0-15 <0-05
Riesling Italian 22 July 80 30 —0-59 0-31 <0-01 26 September 119 56 —0-71 0-21 <0-01
Average 26 July 9-1 36 —0-72 0-41 <0-001 17 September 12-6 50 —0-65 0-21 <0-01

Bold values correspond to trends significant at P < 0-05.
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Table 5. Descriptive statistics for length of grapevine growth periods (beginning of budburst to beginning of
flowering, beginning of budburst to beginning of veraison and beginning of budburst to harvest) for the region of
Sremski Karlovci over the period 1986-2011

Beginning of budburst

to beginning of Beginning of budburst

) flowering Beginning of budburst to beginning of veraison to harvest
Growth period
Trend

Statistic (days) Mean sn». Range Mean s.b.  Range (peryear) R’ P Mean s.p.  Range
Pinot Noir 48 10-8 40 103 12:3 51 -0-35 0-05 NS 162 163 66
Cabernet Sauvignon 43 67 25 105 97 48 —0-47 0-14 <005 163 12-0 46
Gamay 49 10-0 36 106 112 44 —0-31 0-04 NS 166 14-2 54
Merlot 45 87 36 108 113 54 —0-32 0-05 NS 166 13-8 50
Probus 48 87 36 109 111 49 —0-49 0-12 <005 166 14-8 62
Limberger 50 11-4 42 107 136 54 —0-66 0-14 <005 169 175 65
Prokupac 51 99 32 111 112 43 —0-44 0-09 NS 171 132 60
Chardonnay 49 10-2 38 108 10:6 41 -0-32 0-05 NS 157 126 50
Bouvier 51 10-3 36 97 119 41 -0-38 0-06 NS 152 13-1 48
Ezerjo 49 10-0 36 105 132 53 -0-49 0-08 NS 155 14-2 49
Petra 51 10-1 35 115 13-1 57 —0-71 017 <0-05 163 149 74
Pinot Blanc 48 10-5 38 109 10-3 38 —0-49 013 <005 158 143 59
Neoplanta 51 96 32 110 115 43 —0-67 0-20 <005 153 13-0 48
Kreaca 50 10-7 37 109 13-4 52 -0-52 0-09 NS 160 13-1 56
Muscat Ottonel 49 96 35 103 98 38 -0-36 0-08 NS 149 136 55
Riesling 239-20 Gm 47 97 35 109 11-8 47 —0-53 012 <005 159 13-5 60
Pinot Gris 45 99 34 102 111 42 —0-22 0-02 NS 152 13-8 56
Beli Medenac 48 94 36 104 11-4 50 —0-60 016 <0-05 150 11-8 45
Bagrina 50 9-7 37 107 11-8 50 —0-53 012 <005 159 133 56
Riesling Italian 47 76 26 110 89 30 -0-36 0-09 NS 166 12:3 53
Average 48 97 35 106 115 47 —0-47 011 <0-05 160 13-8 56

Trends are displayed only for growth periods having trends significant at the 5% level for at least one cultivar. Bold values
correspond to trends P < 0-05.

(Table 5), and the interval from beginning of flowering
to beginning of veraison the smallest (Table 6).

All phenological stages examined showed a negative
trend over the period of observation (Tables 3 and 4).
The beginning of budburst exhibited no significant
trend for any of the cultivars studied, except for
Merlot, while the beginning of flowering displayed sig-
nificant trends for all cultivars, except for Cabernet
Sauvignon. The beginning of veraison exhibited signifi-
canttrends for all cultivars, while harvest dates showed a
significant trend for 17 out of the 20 cultivars examined.
The steepest slope for the linear trend was obtained
for the beginning of veraison (averaged value over all
cultivars: —0-7 days/year) with the highest level of signifi-
cance (P<0-001). The highest rate of veraison date
change was —0-9 days/year, which was observed in cul-
tivars Neoplanta, Petra and Riesling 239 20 Gm, while
the smallest rate was -0-5 days/year, which was
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observed in Pinot Gris. The mean date of the beginning
of flowering averaged over all cultivars showed a trend
of -0-4 daysfyear (P<0-05). The greatest observed
trend was —0-5 days/year for Bagrina, Pinot Blanc and
Chardonnay and the smallest (non-significant) trend
was -0-3 days/year for Cabernet Sauvignon. The
mean date of harvest averaged over all cultivars
showed a trend of -0-6 days/year (P<0-05). The
largest trend (-1-1 days/year) was found for Pinot
Noir and the smallest (-0-4 days/year) trends were
found for Limberger, Probus and Cabernet
Sauvignon, which were not significant.

No clear pattern of phenological timing changes
was detected among cultivars. For instance, the culti-
vars Limberger and Petra, which exhibited above-
average advancement of the beginning of veraison,
were among the four cultivars with the smallest and
non-significant trends of harvest dates. Merlot was
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Table 6. Descriptive statistics for length of grapevine growth periods (beginning of flowering to beginning of veraison, beginning of flowering to harvest and
beginning of veraison to harvest) for the region of Sremski Karlovci over the period 1986-2011

Beginning of veraison to

. Beginning of flowering to beginning of veraison Beginning of flowering to harvest harvest
Growth period
Trend (per Trend ( per

Statistic (days) Mean sp.  Range  year) R? P Mean  s.p. Range  year) R? P Mean  s.b. Range
Pinot Noir 55 6-2 24 —0-31 0-14 <0-05 114 10-8 48 —0-65 0-21 <0-01 59 9-5 39
Cabernet Sauvignon 62 5-8 26 —-0-34 0-20 <0-05 120 8-8 28 -0-15 0-02 NS 58 8-2 30
Gamay 57 4-1 18 -0-10 0-03 NS 117 9-0 34 —-0-11 0-01 NS 59 8-7 34
Merlot 63 6-2 29 —-0-25 0-09 NS 121 9-7 34 -0-14 0-01 NS 58 101 37
Probus 62 6-1 24 —-0-28 0-12 <0-05 118 99 39 -0-03 0-00 NS 56 9-2 30
Limberger 57 4-5 16 —0-38 0-38 <0-001 119 10-5 35 0-02 0-00 NS 62 101 41
Prokupac 60 5-3 21 —-0-37 0-28 <0-01 120 10-4 44 -0-29 0-04 NS 60 8-2 30
Chardonnay 59 5-3 24 —-0-21 0-09 NS 108 8-1 30 -0-20 0-03 NS 49 7-5 31
Bouvier 46 3-5 14 —0-22 0-20 <0-05 102 7-0 33 —-0-22 0-06 NS 55 6-0 25
Ezerjo 56 5-9 31 —-0-22 0-08 NS 106 9-5 39 —-0-25 0-04 NS 50 9-8 40
Petra 64 6-4 24 -0-49 0-34 <0-001 113 9-4 41 -0-16 0-02 NS 49 8-8 38
Pinot Blanc 60 5-3 23 —0-27 0-16 <0-05 110 8-8 30 —-0-35 0-09 NS 49 6-9 25
Neoplanta 60 5-2 23 —0-48 0-48 <0-001 103 7-6 33 —-0-13 0-02 NS 43 7-0 30
Kreaca 60 6-9 26 -0-37 017 <0-05 110 86 39 -0-24 0-05 NS 51 83 29
Muscat Ottonel 54 3-7 16 -0-16 0-11 NS 100 7-3 26 —-0-20 0-04 NS 46 6-4 22
Riesling 239-20 Gm 62 6-0 26 —0-45 0-33 <0-001 111 8-0 35 —-0-13 0-01 NS 50 7-1 29
Pinot Gris 57 4-4 18 -0-18 0-10 NS 107 86 36 —-0:37 0-11 <0-05 50 7-4 29
Beli Medenac 56 5-3 18 —0-37 0-29 <0-01 102 8-0 33 —0-51 0-24 <0-01 46 7-6 28
Bagrina 58 5-3 21 —0-25 0-14 <0-05 110 10-8 46 —-0-21 0-02 NS 52 11-2 40
Riesling Italian 63 4-3 15 —-0-27 0-23 <0-01 119 10-9 51 -0-39 0-08 NS 56 99 42
Average 58 5-3 22 —0-31 0-35 <0-001 111 9-1 36 —-0-23 0-08 NS 53 8-4 32

Trends are displayed only for growth periods having trends significant at the 5% level for at least one cultivar. Bold values correspond to trends P < 0-05.
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the only cultivar with significant trends for all pheno-
logical stages studied. In general, Cabernet Sauvignon
displayed the least advancement of phenological
stage onset, with the veraison trend being the only sig-
nificant one. The cultivar with the largest phenological
advancement recorded on average for all stages was
Pinot Noir.

Intervals between phenological stages showed less-
significant temporal trends (Tables 5 and 6) than stages
themselves (Tables 3 and 4). The length of all intervals,
except the interval from the beginning of veraison to
harvest, decreased over the period. However, only
the period from the beginning of flowering to the be-
ginning of veraison showed a significant decreasing
trend for most cultivars. Besides this growth period,
only the interval from the beginning of budburst to
the beginning of veraison displayed a significant short-
ening for the ‘average cultivar’, even though trends
were significant for only 8 out of the 20 cultivars.

Relationship between temperature and phenology

In Table 7, due to the large amount of data, correlation
coefficients between the onset of phenological stages
and temperature indices are shown for the ‘average
cultivar’ only. A cultivar-specific analysis of this kind
will be the subject of another paper.

The beginning of budburst dates correlated significant-
ly with average annual temperatures, GDD and tempera-
tures averaged over the period preceding the event and
most of the cold-related indices. The onsets of later
phenological stages were correlated negatively and sig-
nificantly with average annual and growing season tem-
peratures, GDD and temperatures averaged over periods
preceding the events and heat-related extremes. Among
examined temperature indices, the strongest correlation
coefficient with the beginning of budburst date exhibited
GDD and TX for the period from 1 January to the event
onset (r=-0-82, P<0-001). Dates for the beginning of
flowering had the strongest correlations with TM and
TX averaged over the period from the beginning
of budburst to the beginning of flowering (r=-0-91,
P <0-001). Temperatures averaged over the period
from the beginning of budburst to the beginning of
flowering exhibited higher correlation with the begin-
ning of veraison and harvest dates than temperatures
averaged over the period preceding the events.
Dates for the beginning of veraison displayed the
strongest correlations with TM averaged over the
period from the beginning of budburst to the begin-
ning of flowering (r=-0-93, P<0-001). Harvest
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dates were more affected by temperatures higher
than 35 °C in the period from the beginning of flower-
ing to the beginning of veraison and temperatures
higher than 30 °C in the ripening period than by the
average temperatures in these periods. Harvest dates
had the strongest correlation with TM averaged over
the period from the beginning of budburst to the be-
ginning of flowering and growing season TM, TX
and GDD (r=-0-89, P <0-001).

The division of the growing season into growth
periods according to observed dates and further
division into different sub-periods provided more
insight into the relationship between phenology and
temperature than calendar date divisions. The key
temperature variable that most influenced the onset
of budburst was the mean daily temperature averaged
over the period from 1 March to the event onset (r=
—0-86, P<0:001). For the beginning of flowering,
the key variable was the maximum daily temperature
averaged over the period from 15 April to onset of the
event (r=-0-92, P <0-001). For the beginning of verai-
son, the most influential factor was the maximum tem-
perature averaged over the period from 1 April to 30
June (r=-0-95, P<0-001). For harvest, the key vari-
able was maximum daily temperature averaged over
the period from 1 April to 31 August (r=-0-95, P<
0-001).

Phenological data fitted linearly to the most relevant
temperature variables for ‘average cultivar’ are dis-
played in Fig. 2. According to regression equations,
an increase of 1°C in the key temperature variable
averaged over the most relevant period led to an
earlier occurrence of the beginning of budburst, the
beginning of flowering, the beginning of veraison
and harvest by 3-6, 3-1, 5-2 and 7-4 days, respectively,
on average for all cultivars. Phenological sensitivity of
individual cultivars, determined as the slope coeffi-
cient of a linear regression between the onset of
phenological event and the most relevant temperature
variable, can be found in Table 8. The cultivar with the
smallest advancement in the beginning of budburst
date per 1 °C of increase in the mean daily tempera-
ture averaged over the period from 1 March to the
event onset was Cabernet Sauvignon (-2-6 days),
while cultivars with the greatest advancement were
Prokupac and Chardonnay (-4-4 days). Riesling
Italian exhibited the smallest response in the begin-
ning of flowering date (-2-4 days) per 1 °C of increase
in the maximum daily temperature averaged over the
period from 15 April to the event onset and Pinot
Blanc the greatest (-3-7 days). An increase of 1 °C in
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Table 7. Correlation matrix between the onset of grapevine phenological stages (dates averaged across 20 cultivars) and temperature indices calculated for
calendar year, growing season and different grapevine growth periods for the region of Sremski Karlovci over the period 1986-2007

Annual
TMavg TNavg TXavg TN9Op ~ TX90p TN10p  TX10p ndTX>25 ndTX>30 ndTX>35 ndTN>20 ndTN<O0 ndTN<-2-5 ndTN<-10 LSF FAF FFP  DTR
Beginning of —0-57 —0-65 —0-49 0-57 0-55 0-69 0-54 0-51 —0-54
budburst
Beginning of —0-73 —0-64 —0-75 —0-46 -0-64 -0-70 -0-60 —0-58 -0-55 0-49 —0-44 -0-57
flowering
Beginning of —0-70 —0-66 —0-69 —0-66 -0-70 —0-68 —0-68 —0-64 -0-71 —0-42 -0-43
veraison
Harvest -0-77 -0-67 —-0-80 —0-63 -0-78 -0-78 -0-76 -0-79 -0-68 —0-42 -0-62
Growing season 1 January — Beginning of budburst Beginning of budburst — Beginning of flowering
TMavg TNavg TXavg DTR GDD TMavg  TNavg TXavg ndTN<0 ndTN<-2-5 DTR GDD TMavg TNavg TXavg DTR GDD
Beginning of —0-81 -0-80 —0-82 0-76 0-60 -0-53 —0-82
budburst
Beginning of —0-80 —0-70 —0-79 —0-56 -0-80 —0-91 -0-83 —0-91 -0-78 -0-90
flowering
Beginning of —0-89 —0-87 —0-82 —0-44 —0-88 —0-93 -0-88 -0-92 -0-70 -0-91
veraison
Harvest —0-89 -0-78 —0-89 —0-64 —0-89 -0-86 -0-75 —0-89 —-0-81 -0-83
Beginning of flowering — Beginning of veraison Beginning of veraison — Beginning of harvest
TMavg TNavg TXavg ndTX>25 ndTX>30 ndTX>35 ndTN>20 DTR GDD TMavg TNavg TXavg ndTX>25 ndTX>30 ndTX>35 ndTN>20 DTR GDD
Beginning of —0-59 —0-56 —0-58 —0-47 —-0-45 -0-65 -0-57 -0-60
veraison
Harvest -0-62 -0-53 -0-64 —0-57 -0-41 -0-72 -0-48 -0-49 —0-62 -0-61 -0-55 —0-58 —0-48 -0-67 —0-61 —0-60 -0-61

A blank cell indicates that the variable does not significantly correlate with the onset of phenological stage (P> 0-05). The highest correlation for each phenological stage is

displayed in bold.
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Fig. 2. Relationship between: (a) the beginning of budburst and the mean daily temperature averaged over the period from 1
March to the event onset (Tb), (b) the beginning of flowering and the maximum daily temperature averaged over the period
from 15 April to the event onset (Tf), (c) the beginning of veraison and the maximum daily temperature averaged over the
period from 1 April to 30 June (Tv), (d) harvest date and the maximum daily temperature averaged over the period from 1
April to 31 August (Th) averaged across 20 cultivars for the region of Sremski Karlovci over the period 1986-2007. Lines

represent best-fit linear regressions.

average April-June temperature led to an earlier oc-
currence of veraison from —4-3 days in Beli
Medenac to —6-2 days in Limberger. The cultivars
studied displayed the greatest difference in pheno-
logical sensitivity for harvest, ranging from -5-2 days
(Riesling Italian) to —10-5 days (Pinot Noir) per 1 °C
of increase in the maximum daily temperature aver-
aged over the period from 1 April to 31 August.

Of note, for the purpose of phenological prediction,
there are some other periods during which phenology
and temperature exhibited strong correlations, but
which, in addition, offer the possibility of predicting
the onset of phenological stages from approximately
10 days (dates of the beginning of budburst and flow-
ering) to up to 2-5 months (harvest date) ahead. For the
beginning of budburst, a useful variable for pheno-
logical prediction was the average March T™M
(r=-0-79, P<0-001), for the beginning of flowering,
TX averaged over the 30 days from 15 April
(r=-0-88, P<0-001), and for harvest, the average
TX from April to June (r=-0-91, P <0-001). The begin-
ning of veraison can be predicted with best fit (average
TX for the period April-June) c. T month ahead. The
assessment of the monthly temperature impact on
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the onset dates identified the May TX as the most influ-
ential, followed by the June TX for the beginning of
veraison and the May and August TX for harvest.
The July temperature showed a very weak correlation
with the date of the beginning of veraison and the least
correlation with harvest date among calendar months
in the period April-August.

DISCUSSION

The results of the present study show that the recent
period in the region of Sremski Karlovci has been
characterized by significant temperature increases. A
similar rate of change in annual and growing season
TM, TX and TN was observed, resulting in non-
significant trends in the mean diurnal temperature
range. This finding is not in agreement with the
reported decreasing trend in the mean diurnal tem-
perature range over most areas of the globe, driven
by a greater increase in TN (Alexander et al. 2006).
Evidence that TN has increased at higher rates than
TX has been found by many other authors for different
parts of the world (Jones 2005 — Western USA; Heino
etal. 1999 — Finland; Brazdil et al. 1996 — Central and
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Table 8. Coefficient of determination (R?) and parameters of a linear regression between the onset of grapevine phenological stages and the most influential
temperature variable during the most relevant period* for the region of Sremski Karlovci over the period 1986-2011

Riesling

Phenological Pinot  Cabernet Pinot Muscat  239-20  Pinot  Beli Riesling
stage Noir  Sauvignon Gamay Merlot Probus Limberger Prokupac Chardonnay Bouvier Ezerjo Petra Blanc Neoplanta Kreaca Ottonel Gm Gris ~ Medenac Bagrina Italian ~ Average
Beginning of budburst

Slope (days/ 40 —2-6 -40 -33 -31 =38 —4-4 —4-4 —4-1 -3-8 -43 -42 —4-3 -39 =33 =37 -3-8 =35 -3:0 =29 =36
°C)

Intercept 1343 1300 1325 1326 1328 1316 1373 134-4 1326  131-0 133-7 1345 1373 1354 1290 1339 1351 1340 1296 1283 133-0
(days)

R? 0-60  0-61 069 072 058 0-58 0-67 0-66 0-74 069 074 070 0-72 075 072 0-66 0-73 0-66 0-62 0-74 0-71
Beginning of flowering

Slope (days/ -3-2 -29 -33 =32 =30 =34 =29 -3-4 -3-1 -31 =31 =37 =30 =31 =32 =30 -3-0 =31 =34 =24 =3-1
°C)

Intercept 2174 21441 218-4 2194 217-8 2208 212-8 2195 2153 2149 2149 2265 2169 2188 220-2 2143 211-6 2183 2282 2029 2171
(days)

R? 0-83 0-71 088 084 076 0-86 0-76 0-78 0-83 0-82 082 083 0-80 0-80 0-87 0-81 0-77 076 0-80  0-68 0-85
Beginning of veraison

Slope (days/ -5-4  —5-0 -53 =58 -47 -62 -4-9 —=5-1 -45 =50 =59 -49 -4-9 =55 —46 -5-8 -49 43 =57  —45 =52
°C)

Intercept 3227 3229 3217 342:6 3204 3436 320-2 319-1 294-7 3141 3447 3179 3207 3341 3064 340-4 313-5 3033 3385 3142 3329
(days)

R? 0-85 091 085 080 094 071 0-84 0-95 0-90 0-77 077 071 0-90 093 0-86 073 090 094 0-75 0-84 0-90
Harvest

Slope (days/ —10-5  —7-8 -90 -85 =87 =97 =70 -8-3 -59 -61 -78 =75 —6'5 -69 =77 -8:0 -79 =53 =73 =52 —7-4
°C)

Intercept 521-3 4629 484-6 480-4 4854 505-1 443-2 459-0 3942 403-6 4519 443-7 4144 4319 4392 457-4 450-8 3856 445-1 3981 442-3
(days)

R? 0-95 0-89 095 088 091 0-88 0-71 091 0-75 069 078 0-82 0-80 079  0-89 0-87 0-92 0-71 0-72 0-66 0-90

* These were: the beginning of budburst and the mean daily temperature averaged over the period from 1 March to the event onset, the beginning of flowering and the
maximum daily temperature averaged over the period from 15 April to the event onset, the beginning of veraison and the maximum daily temperature averaged over the
period from 1 April to 30 June, harvest date and the maximum daily temperature averaged over the period from 1 April to 31 August.
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Southeast Europe). However, in some viticultural
regions, TX had a greater increase than TN (costal
California — Nemani et al. 2001; Spain — Camps &
Ramos 2012). It has been reported only rarely that,
in the recent warming period, TN and TX have been
increasing at the same rate, for instance by Brunet
et al. (2007) for the Iberian Peninsula since the last
decades of the 20th century and by Vrdic &
Vodovnik (2012) for the Maribor station in Slovenia
for the period 1980-2009. The determined trends of
0-06, 0-06 and 0-07 °Clyear for annual TM, TN and
TX, respectively, and the trend of 10-1 °C/year for
GDD for Maribor, are in line with findings for
Sremski Karlovci. On the other hand, Vucetic (2011)
for Zagreb (Croatia) reported quite different tempera-
ture trend values with a much stronger contribution
of minimum temperatures than maximum tempera-
tures to recent warming. Unkasevic et al. (2005), in
an analysis of the summer trends in extreme tempera-
tures for Belgrade, Serbia during the period 1975-
2003, reported that more warming was observed in
TX (0-14 °Clyear) than in TN (0-10 °Clyear). At
Sremski Karlovci, TX was rising somewhat more than
TN in the periods from the beginning of budburst to
the beginning of flowering (0-11 v. 0-08 °C/year) and
from the beginning of flowering to the beginning of
veraison (0-11 v. 0-09 °C/year), while during ripening,
the rate of rise in TN was double that of TX (0-06 v.
0-03 °Clyear). All the above-mentioned findings
confirm spatial heterogeneity of the recent warming
pattern (IPCC-SREX 2012; IPCC 2013).

Observed increasing trends of growing season tem-
peratures and heat accumulation may affect the exist-
ing climate—cultivar balance in the region studied.
According to Jones (2006), cultivar suitability has a
window of 2-3 °C. Changes of this magnitude in the
mean growing season temperature have the potential
to cause large shifts in cultivar suitability, while
changes of smaller magnitude can affect suitability
of cultivars grown near the upper threshold of the
optimum temperature range for quality wine produc-
tion. The recorded increase in the frequency of heat-
related extremes may have a negative effect on viticul-
ture by inducing heat stress in the vine and affecting
grape composition and quality. Even though higher
temperatures initially improve ripening, resulting in
better quality wine, in the long term they could lead
to unbalanced ripening profiles (Duchéne &
Schneider 2005). Temperatures higher than 30 °C
can inhibit anthocyanin formation (Mori et al. 2007).
So-called ‘negative’ temperatures for vine (TX >35°
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C) can severely damage vine leaves and grapes by in-
creasing the incidence of Botrytis infections (Steel &
Greer 2008), and may cause partial or total inhibition
of vine function, especially during dry periods (Laget
et al. 2008). An increase in the occurrence of tropical
nights can negatively affect the formation and ratio of
grape components that give the colour, aroma and
flavour characteristics (Kliewer & Torres 1972). The
cold-related indices displayed no significant trends,
except for the number of days with TN <-2-5°C.
However, the declining number of these cold days
was not observed during the spring, when such low
temperatures can adversely affect growth and reduce
bud fruitfulness.

Phenological analysis revealed general advance-
ment of grapevine phenology, with the beginning of
budburst being the only stage not displaying signifi-
cantly earlier onset. Showing an integrated effect of
a warmer growing season, detected trends were great-
est for the beginning of veraison (from —0-5 to —0-9
days/year, depending on the cultivar) and harvest
(from —0-4 to —1-1 days/year). Similar trends towards
an earlier occurrence have been reported by Bock
et al. (2011) for three white grape cultivars (Miiller-
Thurgau, Riesling and Silvaner) in Lower Franconia,
Germany, over the period 1949-2010. The advance
in budburst was small and not significant, but the
full flowering dates advanced 0-3-0-4 days/year, and
veraison dates showed the strongest trend in time
with advancement of 0-4-0-6 days/year, while
harvest occurred 0-2-0-5 days earlier per year, de-
pending on cultivar and location. Tomasi et al.
(2011) reported for the Veneto Region in Italy that
trends averaged over 18 cultivars were —0-3, -0-3
and -0-4 days/year for flowering, veraison and
harvest, respectively, with no significant trend for bud-
burst over the period 1946-2009. In contrast, in the
productive area of Montepulciano wine in ltaly, the
budburst and flowering dates showed a negative
trend, while the harvest date of the Sangiovese grape-
vine showed no significant changes during the period
from 1970 to 2006 (Dalla Marta et al. 2010). However,
observations from diverse viticultural regions have
mostly revealed the advancement of harvest dates, in-
cluding those in France (Alsace — Duchéne &
Schneider 2005; Bordeaux — Jones & Davis 2000;
Burgundy — Madelin et al. 2008), Spain (Camps &
Ramos 2012), Slovenia (Vrsic & Vodovnik 2012),
Poland (Lisek 2008) and Australia (Webb et al. 2011).

Tomasi et al. (2011) noted that the absence of a
grapevine budburst temporal trend in their study was
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probably related to previous vintage, post-harvest and
dormancy factors, such as starch levels in the roots,
fulfilment of chilling requirements, etc. Jones &
Davis (2000) commented that the lack of inter-pheno-
logical correlation with budburst in the dataset for
Bordeaux, France, might signify that temperature
extremes had little impact on early-season growth.
Absence of a significant trend of budburst dates and
no inter-relationship with veraison and harvest date
in the present study may be explained solely by the
non-significant temporal change in temperature in
the period preceding budburst. The correlations
between the beginning of budburst date and the tem-
perature variables in the preceding period were strong
and significant, and therefore it cannot be concluded
from study results that spring temperatures do not
affect budburst considerably.

The current results revealed that in the viticultural
region of Sremski Karlovci, among the cultivars exam-
ined and on average for all phenological stages,
Cabernet Sauvignon showed the smallest phenology
advancement and Pinot Noir the greatest. It should
be noted that, in the region of Sremski Karlovci with
a growing season average temperature of 17-8 °C,
Pinot Noir is growing outside its suitability window,
in contrast to Cabernet Sauvignon, which is growing
in the middle of its optimal growing season tempera-
ture range. According to Jones (2006), Cabernet
Sauvignon has a growing season average temperature
range of c. 3-5 °C (16-8-20-2 °C), nearly double that of
Pinot Noir (14-:0-16-0 °C). On the other hand, Pinot
Gris, having lower optimal temperature range (13-0-
15-2 °C) than Pinot Noir, showed smaller phenology
advancement than Pinot Noir in the region studied.
Nevertheless, Cabernet Sauvignon, one of the most
widely recognized wine grapes in the world, seems
to be a distinctive cultivar regarding its phenological
response to temperature stimuli. Webb et al. (2011),
in their study of historical trends in grapevine ripening
dates from diverse viticultural regions in Australia,
found that Cabernet Sauvignon was the only cultivar
showing a trend to later ripening at one site, though
the trend was not statistically significant. Examining
climate influences on grapevine phenology of the
two main cultivars grown in the Bordeaux region,
Jones & Davis (2000) found that Cabernet Sauvignon
was less phenologically and climatologically sensitive
than Merlot, as it was in the present study.

Unlike most other studies conducted on grapevine
(Jones & Davis 2000; Duchéne & Schneider 2005;
Jones et al. 2005b; Bock et al. 2011; Tomasi et al.
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2011), no significant shortening of growth intervals
and growing season was detected in the present study.
The interdependency of onset of each phenological
stage, with each event being highly correlated with the
preceding one, may explain the relatively constant dur-
ation of growth intervals at the study site. The only inter-
val showing a significant decreasing trend for most of the
examined cultivars was the period from the beginning of
flowering to the beginning of veraison, which is concur-
rent with the largest and most significant changes of tem-
perature indices during this developmental period.
Interestingly, Tomasi et al. (2011) reported that the
growth intervals from bloom to veraison and bloom to
harvest — i.e. the growth periods that exhibited signifi-
cant shortening in the present study (at least for some
cultivars) — did not change significantly for the Veneto
Region over the period from 1964 to 2009. On the
other hand, growth intervals that did not show any sig-
nificant changes in the present study did display signifi-
cant changes in the Tomasi et al. (2011) study.

Understanding the drivers of phenological events is
crucial for predicting a plant’s response to climate
change. The advantage of considering data from a
single vineyard is that variations in some factors
other than climate, such as viticultural practices,
average age of the vines, etc., are excluded. The
present study results revealed that most of the vari-
ation in grapevine phenology (74-90%) could be
explained by temperature changes. Mean and
maximum temperatures generally displayed stronger
relationships ~ with  grapevine phenology than
minimum temperatures. The beginning of budburst
and flowering date were correlated significantly with
temperature during the period immediately prior to
the event (40-45 days on average). In contrast, the be-
ginning of veraison and harvest were not significantly
responsive to temperature occurring a few weeks prior
to the occurrence of phenological events. Even though
July was one of 2 months that exhibited the greatest
and most significant temporal trends in temperature,
it was not a temperature variable that strongly corre-
lated with veraison and harvest date.

The determined phenological sensitivities (from 3 to
7 days per 1 °C of warming, depending on pheno-
logical stage) are in agreement with results of similar
studies, but the strength of the relationship between
phenology and temperature was outstanding in the
present study, with R* ranging from 0-71 for the begin-
ning of budburst to 0-90 for the beginning of veraison
and harvest. Tomasi et al. (2011) reported for the
Veneto Region in ltaly that the shift in phenological
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event dates per 1 °C change of the most influential
temperature variable were 2-9, 4-1, 3-2 and 8-0
days, with corresponding R* of 0-45, 0-77, 0-29 and
0-39 for budburst, flowering, veraison and harvest, re-
spectively. In a study of changes in European wine
grape phenology and relationships with climate
(Jones et al. 2005b), phenology showed a 3-6 day re-
sponse per 1 °C of warming averaged over all loca-
tions and cultivars over the last 30-50 years, with r
from -0-4 to -0-8 between grapevine phenology and
climate parameters.

In a detailed analysis of grapevine phenology for the
region of Sremski Karlovci (Ruml et al. 2013), a greater
variation in onset of phenological stage and length of
growth periods was found between years for a single
cultivar than among cultivars within individual years,
suggesting that climatic factors had a stronger influence
on phenological dynamics than genetic characteristics
of cultivars. However, in climatologically extreme
years, the difference in phenological timing among cul-
tivars was considerable. The diversity exhibited among
cultivars in their sensitivity to climatic variables may
offer adaptation options to climate change. Species
with a high plasticity level, according to Schlichting
(1986), are those for which the meteorological condi-
tions may induce higher phenological adjustments in
comparison to those caused by the internal biorhythms
dictated by the long-term repetitive climatic and astro-
nomical cycles. Among the cultivars studied and on
average for all examined phenological stages, Riesling
[talian, followed by the autochthonous cultivar Beli
Medenac, exhibited the smallest phenological sensitiv-
ity, while Pinot Noir, followed by Limberger, displayed
the greatest phenological response per 1°C of
warming. As already mentioned, according to
Cleland et al. (2012) those cultivars capable of pheno-
logically tracking temperature changes might be at
lesser risk from future climate change.

The current research is the first national study of the
phenological response of different wine grape culti-
vars to temperature change and variability. The
results suggest that the observed trends of earlier
onset of phenological events over the last few
decades in the region of Sremski Karlovci resulted
from increasing temperature and that impacts of tem-
perature changes were not uniform across cultivars.
The detected temperature and phenological trends
have shown that ripening is tending to occur under
warmer conditions in the first place because of
earlier flowering and veraison, not because of consid-
erably higher temperatures in the period from veraison
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to harvest or because of the shortening of the ripening
phase. Future research should investigate how
changes in climate and phenology affect the yield
and quality characteristics of wine grapes such as
sugar concentration, acidity, and aromatic and phen-
olic profiles in the studied region. High correlations
between phenology and temperature data, as well as
between dates of phenological stage onset, indicate
that it is feasible to build empirical phenological
models capable of predicting the onset of phenologic-
al stages early enough to be useful for planning viticul-
tural activities.

According to climate projections for Serbia (Ruml
et al. 2012b), the rising trends of temperature and fre-
quency of heat-related extremes are likely to continue
and become even stronger, which may result in further
advancement of phenological events, affecting grape-
vine growing and wine production. Possible conse-
quences may include shifts in regional cultivar
suitability, changes in wine styles or the necessity of
costly adaptation measures to preserve the regional typi-
city of wines. In addition, higher temperatures lead to
greater susceptibility of grapevine to pests and pathogens
and higher evapotranspiration rates. The higher evapor-
ation rates in conjunction with the projected decrease in
rainfall (Ruml et al. 2012b) would lead to soil moisture
reduction and higher probability of water stress.

Besides having national significance, the present
study contributes to the general knowledge on
climate and grapevine phenological relationships
and differences in the impacts of global warming on
grape phenology in existing wine-producing regions.
The results obtained may find application in crop
modelling, vineyard management and assessment of
present and future suitability of wine grape cultivars
in the studied region, as well as in other vineyard
regions with similar climatic conditions but with no
long-term phenological data available.

The paper was part of the project ‘Studying climate
change and its influence on the environment:
impacts, adaptation and mitigation’ (no. 43007)
financed by the Ministry of Education and Science of
the Republic of Serbia within the framework of inte-
grated and interdisciplinary research for the period
2011-2014.
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