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ABSTRACT

Rising temperatures, shifting precipitation patterns, and increasing frequency of extreme weather events across the Mediterranean,

driven by climate change, present significant challenges for olive cultivation, particularly if traditional soil management practices

are not adapted. Croatia, located at the northern edge of the Mediterranean olive-growing zone, represents the northernmost

region where olives are cultivated. However, comprehensive agroclimatic studies in Istria (Croatia), especially those examining

recent trends in olive tree phenology, remain scarce, providing the main motivation for this research. Our results indicate that

rising minimum and maximum temperatures across Istria, particularly in spring, have increased growing degree day (GDD) ac-

cumulation during the growing season. This has advanced the onset of key phenological stages and shortened the overall growth

period, with the Istarska Bjelica cultivar showing the most pronounced response. To further explore this, a simple GDD model

was developed and tested as a prognostic tool for predicting the initiation of phenological stages. The model successfully captured
the entire flowering period, performing best with a base temperature of 6°C. This highlights its strong potential for projecting the
onset of olive flowering under future climate conditions and supporting more effective management decisions.

1 | Introduction

The evidenced tradition of olive growing in Istria (Croatia) spans
over more than 2000years, dating back to the ancient Romans
who recognised the region's favourable conditions for olive trees
(Sostari¢ and Kiister 2001; Essert et al. 2018). Today, Istria has
become an olive-growing region planted by a great number of
olive trees (Olea europaea L.), gradually increasing from 735,062
in 2011 to 1,074,117 in 2023 (Paying Agency for Agriculture,
Fisheries and Rural Development (PAAFRD), official data).
This represents an increase of 46% in the cultivated area, which
reached around 4300ha by 2023. This longstanding tradition
owes its success to suitable climatic conditions, excellent soil

quality and timely processing of olives, all aimed at producing
high quality oil (Ben¢i¢ and Krapac 2009).

Quantifying the interplay between regional climate and the
stages of olive phenology is essential for predicting the onset
and duration of phenological stages (Krapac and Sladonja 2010).
The latter depends on heat units accumulated from the end
of the dormancy above a temperature threshold of 7°C, often
measured as growing degree hours (GDH) or growing degree
days (GDD) (Osborne et al. 2000; Vuletin Selak et al. 2018;
Fraga, Pinto, et al. 2020). Temperature is a critical factor in-
fluencing olive phenology, and studies show that the flowering
stage is particularly sensitive to temperature changes (Aguilera
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and Valenzuela 2012; Aguilera et al. 2015; Fraga, Moriondo,
et al. 2020; Silveira et al. 2023). To end dormancy and begin
accumulating heat for flowering, average daily air temperature
must be above 7°C for at least a week.

Although Istria's climate has supported a longstanding olive-
growing tradition, Croatia's climate has shifted over the last de-
cade (Brankovi¢ et al. 2013; Patarci¢ et al. 2014; Belu§i¢ Vozila
et al. 2019, 2023; Toj¢i¢ et al. 2024). Climate projections for
Istria indicate a gradual increase in air temperature (Svili¢i¢
et al. 2015; Radilovi¢ et al. 2020), and specifically up to 2.5°C
during the growing season (April-October) by the middle of the
21st century. Thus, traditional Istrian olive orchards are fac-
ing new challenges and threats to their sustainability (Simuni¢
et al. 2021).

The Mediterranean region has already documented adverse
climate change effects on olive cultivation. By 2040, Southern
Iberia is projected to fall outside its current GDD range by
2040 (Fraga et al. 2019). Rising temperatures have caused ear-
lier flowering and an extended growing season on the Iberian
Peninsula (Pérez-Lépez et al. 2008). In Crete, GDD increases
may shorten the growing season after the middle of the 21st
century, exceeding the needs of existing crops (Paparrizos and
Matzarakis 2017). A trend analysis of olive phenological stages
along the eastern Adriatic coast in the period 1956-2003 shows
a statistically significant earlier onset of flowering, by 5days
in 100years, and the first ripe fruits appearing 27days over
100years (Vuceti¢ and Vuceti¢ 2005).

Extreme weather events—such as heat, drought and storms—
are expected to intensify across southern Europe (Bindi and
Olesen 2011), potentially pushing climatically suitable areas for
olive cultivation northwards (Tanasijevi¢ et al. 2014). By com-
paring GDD for the present climate (1981-2000) and the end of
the 21st century (2081-2100) and using flowering maps, esti-
mates by Orlandi et al. (2013) for southern Italy indicate a pos-
sible northward and altitudinal expansion of oil-growing areas.
Similarly, Charalampopoulos et al. (2021) suggest that culti-
vation may extend to low-lying areas in the northern Balkans,
including northern Serbia and Croatia, though some farmers
in southern Europe may need to abandon cultivation if condi-
tions become excessively warm and dry (Tanasijevic¢ et al. 2014;
Ceglar et al. 2019).

In order to understand and quantify the impacts of climate
change, models are increasingly being developed to describe
olive phenology using machine learning (Oses et al. 2020;
Azpiroz et al. 2021), deep learning (Milicevi¢ et al. 2020;
Chacén-Maldonado et al. 2022) or other equations linking
meteorological parameters to phenology. Indeed, predicting
the timing of phenological stages is challenging. Garcia-Mozo
et al. (2009) developed a model for predicting the onset and
duration of flowering in Spain and Italy that combines forc-
ing temperature with photoperiod. Aguilera et al. (2015) used
partial least squares regression to create eight forecasting
models across the Mediterranean, with flowering dates (date
of flowering onset, date of full flowering) as dependent vari-
ables and meteorological and bioclimatic parameters (monthly
and seasonal temperatures and precipitation) as predictors.
These models proved to be effective, with deviations between

observed and expected flowering onset and full flowering
dates ranging between 1%-7% and 1%-5%, respectively, across
various regions.

The GDD model, based on heat accumulation, is another ap-
proach for predicting phenological stages (Orlandi et al. 2014;
Zouari et al. 2017; Garrido et al. 2020; Didevarasl et al. 2023).
This model has yielded reliable results for olive and simi-
lar crops, such as grapevine (Garcia de Cortdzar-Atauri et al.
2009; Omazi¢ et al. 2023). In this model, the base temperature
for GDD calculation is typically set at 7°C, the temperature at
which olives end dormancy and begin to accumulate heat for
flowering. However, recent studies indicate that optimal GDD
model performance varies with location and cultivar, with best
results in northern, central and southern Italy achieved at base
temperatures of 7°C, 8°C, and 9°C, respectively (Orlandi et al.
2014). Didevarasl et al. (2023) found the best base temperature
to range from 4.5°C to 7°C in Italy, depending on the growing
stage and cultivar.

The lack of comprehensive agroclimatic studies in Istria, par-
ticularly those focusing on recent trends in olive tree phenology
and the creation of statistical models to predict future phenolog-
ical stages, has been the key driving force behind this research.
Furthermore, it is of great importance for Croatia, and Istria in
particular, to raise awareness of the effects of climate change
and consequently improve adaptation strategies for successful
olive cultivation. To complement the existing studies over the
Mediterranean region, the objectives of this study are twofold:
first, to provide the very first calculations of the present-climate
GDD values over Istria and recent trends for each phenologi-
cal stage, and secondly, to develop and test a reliable statistical
model for future GDD predictions.

2 | Data and Methods
2.1 | Climate and Phenological Data

The region of Istria (Croatia), located between 44.7° and
45.5° north latitude, is among the northernmost areas in the
Mediterranean where olives are cultivated. Data from four me-
teorological stations in Istria (Figure 1) were obtained from the
Croatian Meteorological and Hydrological Service (DHMZ).
Three coastal stations, located on the west coast of Istria from
south to north, are Pula, Rovinj and Porec. These stations are
situated less than 1 km from the sea and at elevations below 30 m
above sea level. The fourth station, Cepi¢, is an inland station in
the eastern part of Istria, approximately 8 km from the sea and
30m above sea level, located in the valley at the bottom of the
slope of mountain Uc¢ka. To determine the climatic characteris-
tics during the study period, daily minimum (T, ), maximum
(T a) @and mean (T) air temperatures (in °C) were analysed.

The start dates of five phenological stages (beginning of flow-
ering, full flowering, end of flowering, fruit ripening, and har-
vest) were also obtained from DHMZ and recorded at the four
stations, with the addition of a station in Sveti Lovre¢, located
halfway between Rovinj and Pore¢ (Figure 1), approximately
13km from the sea and 196 m above sea level. All meteorolog-
ical measurements are carried out right near the respective
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orchards, except for Cepi¢. Phenological data for Cepi¢ were ob-
served 2km from the meteorological station and at an elevation
37m higher.

This study includes olive orchards of several varieties: Leccino
in Pore¢ and Pula, Istarska Bjelica in Pore¢, Rovinj and Cepic¢,
Frantoio in Poreé, Pendolino in Pula and Sveti Lovre¢, Buza
in Pula and Sveti Lovre¢, Oblica in Sveti Lovrec¢. Leccino and
Pendolino are the most common introduced varieties in Istria,
while Buza and Istarska Bjelica are the most widespread indig-
enous varieties. The olive cultivars investigated in this study
exhibit distinct phenological patterns with respect to flowering
and fruit ripening. Istarska Bjelica and Leccino are the earliest
to enter the flowering phenological stage, followed sequentially
by BuZa and Oblica, whereas Frantoio and Pendolino start flow-
ering later (Krapac and Sladonja 2010; Vuletin Selak et al. 2019).
Regarding fruit development, Leccino is classified as an early-
ripening cultivar (Barranco et al. 2000), Buza and Oblica as

mid-season cultivars, and Istarska Bjelica as a late-ripening
cultivar (Bandelj et al. 2014). These cultivars are the most com-
monly grown in our region and, as such, serve as reference va-
rieties for this area. The length of individual time series varies
between stations (Table 1), with Pula-Buza having the longest
uninterrupted record (1996-2021) and Sveti Lovre¢-Oblica the
shortest (2009-2016).

2.2 | GDD and a Statistical Model

The heat units accumulated up to the beginning of each phe-
nological stage are calculated as GDD per year, following
methodology established in previous studies on olive cultiva-
tion (Bonofiglio et al. 2008). To determine GDD, the daily T,
and T, are averaged to obtain daily temperatures. From this
value, the temperature threshold (=7°C) for olive crops is sub-

tracted (Equation 1). The resulting positive difference (active

15.0 16.0 17.0 18.0 19.0 20.0 21.0
46.0 46.0
45.0 450 %,
44.0 44.0
43.0 43.0 )
= ® Meteorological and
Sa, : :
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FIGURE1 | (a)The position of Istria on the map of Croatia. (b) Spatial distribution of three agrometeorological stations (blue dots), two phenolog-

ical stations (red) and one meteorological station (green).

TABLE1 | Summary of phenological data availability per location and olive variety.

Location/Variety Istarska Bjelica Buza Frantoio Leccino Oblica Pendolino
Pula 1996-2021 1999-2021 2000-2021
Rovinj 2005-2021

Porec 2006-2021 2005-2021 2005-2021

Sveti Lovre¢ 2008-2021 2009-2016 2003-2021
Cepi¢ 2012-2021
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TABLE 2 | Summary of temperature conditions on selected stations in the analysed period.

Pula (south) Porec (north)
Parameter/Location (1996-2021) Rovinj (2005-2021) (2005-2021) Cepi¢ (2012-2021)
Mean temperature 15.2°C 14.5°C 14.32°C 13.5°C
Mean temperature in July 25.2°C 24.7°C 24.7°C 23.2°C
Mean temperature in January 6.1°C 5.8°C 5.2°C 4.2°C
Max. temperature (year) 39°C (2017) 36.5°C (2013) 36.9°C (2013) 40°C (2017)
Min. temperature (year) —7.1°C (2009) —9.6°C (2016) —9.8°C (2009) —14.8°C (2012)
Mean max. temperature 19.34°C 19.12°C 19.06°C 20.38°C
Mean min. temperature 11.38°C 10.21°C 10.05°C 7.18°C
temperature, larger than 0°C) is assumed to contribute to the
olive growth. Accumulated heat units are then summed for each " ( p_ OA)z
day from February 1st to the day before the onset of the cor- RMSE = |/ &=L Y "V ©)

responding phenological stage following Equation (1) February
was chosen as the starting point, as it marks the onset of olive
bud differentiation (Jelovi¢ 2015). During February, buds begin
to develop into either flower buds (which bear fruit) or vegeta-
tive buds (which produce new shoots), and from this point on-
ward, the olive tree begins to accumulate active temperatures
required for the initiation of flowering and the following phe-
nological stages.

Oct
Tin+ T,
GDD= Z w ~Thase )
Feb

To expand on previous studies, we performed a sensitivity test
of GDD by changing the T, in Equation (1) from 5°C (model
A) to 8°C (model G) in increments of 0.5 (models B, C, D, E,
F). Additionally, we incorporated the known response of olive
trees to elevated temperatures, acknowledging that their photo-
synthetic activity diminishes once critical temperature thresh-
olds are exceeded (Haworth et al. 2018; Didevarasl et al. 2023).
Accordingly, we set a condition limiting GDD accumulation to a
maximum of 20units per day. Therefore, in our model, it could
not exceed 25°C to 28°C, depending on the T, _ model.

base

For each T,, ., model evaluation is conducted in the following
steps at each station. First, the available dataset was divided into
approximately equal numbers of training and testing years. The
years selected for training and testing were chosen randomly
using a random number generator—the details are provided in
Table S1 in the Supporting Information. For each year, location
and variety in the training period, GDD at the onset of a spe-
cific phenological stage was calculated. The median of these
values was then used as the threshold for the phenological stage
onset during the testing period. Statistical measures—includ-
ing the correlation coefficient (Rcv, Equation (2)), root-mean-
square error (RMSE, Equation (3)) and agreement index (d,
Equation (4), Willmott et al. (2012))—were used to evaluate
model performance during the testing years.

o, [(P,~P)(0,-0)]
VI (P-P)’ X0, (0,-0)°

Rev=

@

n

Zi:l (Pi—oi) } @)

d[ (20)
2i=1(|Pi_O|+|Oi_O|)

2.3 | Agroclimatic Conditions Over Istria During
the Growing Seasons

The Istrian region exhibits typical characteristics of a
Mediterranean climate (Table 2), with hot and dry summers,
and mild and rainy winters, and an average annual temperature
of about 14°C. The warmest month is July, with an average tem-
perature of 24°C, while the coldest month is January, with an
average air temperature of 5°C. In addition, temperature fluctu-
ations between day and night are minimal throughout the year,
creating highly favorable conditions for olive cultivation.

Olive flowering in the Istrian region typically begins in May
and lasts until early June, with evident differences between the
coastal and inland parts. To initiate flowering (Figure 2a), an
average heat accumulation of about 400°C, with the base tem-
perature of 7°C, is required in the interior (Cepi¢), compared
to 450°C-510°C on the western coast of Istria (Pore¢, Pula and
Rovinj). Full flowering is reached after an additional accumula-
tion of about 75°C (ranging from 510°C in Porec¢ to 620°C in Pula
and 490°C in Cepi¢). An additional 113°C is needed to complete
the flowering phenological stage (ranging from 610°C in Pore¢
to 750°C in Pula and 600°C in Cepi¢). The consistency of these
heat accumulation requirements provides a solid basis for apply-
ing the GDD model (described in Section 2.2) to predict the onset
of this phenological stage.

From the end of flowering to the beginning of fruit ripening,
approximately 130days are needed, during which the olive re-
quires an additional 1700°C-1900°C of heat accumulation for
the first fruits to ripen. As a result, the first fruits ripen when
an average heat accumulation reaches 2230°C in the interior of
Istria and 2500°C in the coastal region. On average, 150 days are
needed from the beginning of flowering to harvest, depending
on location and variety. Between fruit ripening and harvest,
an additional 110°C-240°C is required, corresponding to an
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FIGURE 2 | Boxplot of GDD (°C, with base temperature 7°C) from
four meteorological stations and available olive varieties (a) from
February 1st to the beginning of flowering and (b) between February
1st and harvest. The range of the y-axis is set to 1000°C in all subplots.

TABLE 3
at selected stations calculated on a monthly basis.

Statistically significant (p <0.05 by Student's t-test) trends in temperature (T

average GDD of 2500°C in Pore¢ and Rovinj, 2800°C for Pula
and 2300°C for Cepi¢. Still, year-to-year GDD fluctuations can
be substantial, ranging between 2200°C and 3100°C (Figure 2b).

3 | Results and Discussion
3.1 | Observed Trends

We examined trends in temperature and the onset dates of each
phenological stage for each site, identifying several statistically
significant (p<0.05) trends as listed below. All temperature
trends in Table 3 are positive, except for the minimum tempera-
ture in July and October at the inland station Cepi¢. The main
effect of temperature increase was observed for February and
August, where both minimum and maximum temperatures
show positive trends at most locations.

The rise in temperature also leads to an increase in temperature
sums (GDD) during the growing season, from early February to
the end of October. During the observed 30-year period (1992-
2021), all stations show a positive trend in GDD (Figure 3). The
most pronounced trend is recorded at Cepi¢, with an increase of
+118°C units per decade. Remarkable positive trends are also ob-
served in Pore¢ (+114°C units per decade) and Pula (+96°C units
per decade). All these trends are significant at the 5% level. A
positive GDD trend was observed in Rovinj (+39°C units per de-
cade), though this trend is not statistically significant. Indeed, an
increase in GDD indicates more heat availability for olive trees,
leading to earlier fruit maturation.

Additionally, we analysed the GDD for corresponding phenolog-
ical stages. However, statistical significance is confirmed only
sporadically (using Student's t-test). For instance, the beginning
of flowering for Leccino in Pula shows a trend of —59°C GDD
per decade, indicating advances in the onset of flowering, and
is the only statistically significant trend in the first phenological

T

maxe Imins - C/10years during the monitoring period)

mean’

Parameter Location January February March April June July August October
T ean Pula 0.7
Rovinj
Porec 2.1 2.0
Cepi¢ 3.2 1.5
Tk Pula 0.7
Rovinj 1.5 1.9 1.9 0.8 2.3
Porec 1.3 1.8 1.7 2.1
Cepi¢
T in Pula 0.8
Rovinj 2.3 1.6 1.8
Porec 1.9 1.3
Cepi¢ -1.6 -39

Note: There were no statistically significant data for May, September, November and December.
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FIGURE 3 | Trendsin GDD (°C units), with a base temperature of 7°C and in the growing season from February 1 to October 31 over a 30-year

period (1992-2021) from four meteorological stations.

stage (Figure 4a). In the full flowering stage, statistically sig-
nificant decreases in GDD are observed for the Leccino and
Pendolino varieties in Pula, with declines of —67°C and —46°C
per decade, respectively. No statistically significant trends are
observed for the end of flowering. As GDD values continue to
accumulate during the ripening period and the fall season, we
observed a significant positive trend of +160°C per decade for
fruit ripening and +185°C per decade for harvest (Figure 4b)
in Rovinj. This is an indication that some olive varieties might
accumulate higher GDD values preventing further advances in
fruit ripening, as already seen for the onset of flowering docu-
mented in Fornaciari et al. (2025), indicating a flexible flower-
ing of some cultivars and their adaptability to temperature and
other environmental changes.

As aresult, we found a statistically significant shift in the timing
of flowering and veraison at some sites (Figure 5). Flowering
onset (Figure 5a) has advanced significantly for Istarska Bjelica
in Pore¢ by approximately 10days per decade, for Leccino in
Porec¢ by 15days per decade, and for Leccino in Pula by 8.5days
per decade. This statistical analysis demonstrates that spring
temperature trends (Table 3) are closely linked to olive flower-
ing patterns through their influence on bud development, a re-
sult consistently reported in numerous previous studies (Galan
et al. 2004; Orlandi et al. 2005, 2009). These effects, combined
with the increased risk of extreme events during sensitive phe-
nological stages, may have substantial negative impacts on both
final yield and fruit quality (Moriondo and Bindi 2007; KneZevic¢
et al. 2017). In contrast, flowering in Cepi¢ starts approximately
13days later over the past decade. The delay may be related to
more frequent temperature fluctuations and late frosts in inland

areas, as previously reported by Mycking (1997) and Orlandi
et al. (2005). However, since this result is based on a short-
term period and data from a non-local meteorological station, it
should be interpreted with caution.

The olive fruit ripening has also started earlier: up to 20days
earlier for Leccino in Pore¢ and Buza in Pula (Figure 5b), and
approximately 10days earlier for Istarska Bjelica in Porec
and Leccino in Pula over the past decade. When comparing
trends in flowering and fruit ripening, and consistent with
rising temperatures, olive fruit development is expected to
accelerate: phenological stages will occur earlier, and the
overall growth period will be shorter. This is consistent with
the findings of Moriondo and Bindi (2007) and Didevarasl
et al. (2025), and aligns with previous studies conducted
in Portugal (Fraga et al. 2019), Italy (Di Paola et al. 2023),
Montenegro (Knezevi¢ et al. 2017), and Dalmatia, Croatia
(Vuceti¢ and Vuceti¢ 2005).

We conclude that the relationship between plant phenology,
temperature trends, and geographical features is indeed very
strong. The results further emphasise the importance of long-
term data series to prevent partial interpretations or misleading
conclusions regarding such complex dynamics, as also noted by
Orlandi et al. (2009). Harvest dates were not included in this
analysis, as no statistically significant trends were found. It is
essential to note that the timing of harvest is highly dependent
on the chosen maturity level, available olive oil processing facili-
ties, the capacity for processing plants at any given time, and the
weather leading up to harvest. In other words, the start of the
harvest is highly dependent on human decision.
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FIGURE 4 | Time series of GDD (°C) and their statistically significant (p <0.05) trends, calculated for two varieties. (a) From February 1st until
flowering of Leccino in Pula and (b) from February 1st until harvest for Istarska Bjelica in Rovinj. Student's ¢-test was performed at the significance
level of 0.05. Note that the extension of the y-axis is the same for both figures (500°C).
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FIGURES5 | Statistically significant (by Student's t-test, p <0.05) trends in the observed data for (a) flowering onset and (b) ripening onset.

3.2 | Evaluation of the GDD Model

The presented GDD model performs well in predicting pheno-
logical stages, especially the flowering period (Figures 6, S1
and S2). Results for the beginning of flowering (Figure 6 and
Table S2) show the best performance for Istarska Bjelica at Cepi¢
(0.96), followed by Istarska Bjelica at Pula (0.8) and Pore¢ (0.78).
Adjusting the T\, within the same variety and location leads to
changes in the agreement index by a maximum of 6%. The larg-
est discrepancies with observations, and thus the lowest agree-
ment index, are found for Istarska Bjelica at Rovinj (d=0.63).
For this phenological stage, we found that adjusting T, has the
most significant effect for Istarska Bjelica at Cepi¢, Pendolino at
Pula, and Istarska Bjelica and Leccino at Pore¢. Therefore, the
best agreement is obtained at T, ,=7°C for the first two, and
at T, =5°C for the latter two. For all other varieties and loca-

base
tions, differences are negligible.

For the full flowering (Figure S1 and Table S3), the high-
est agreement index is found for Istarska Bjelica at Cepi¢
(d=0.97), followed by Istarska Bjelica at Pore¢ and Frantoio

Pore¢. The lowest agreement is obtained for Istarska Bjelica
at Rovinj (d=0.64). The variations of T, resulted in the best
model performance for Istarska Bjelica at Cepi¢ and Rovinj
at T, .=6.5°C, Buza at Pula, Istarska Bjelica and Frantoio
at Pore¢ at T\, ,=6°C, and Leccino at Pore¢ at T, =5°C.
The agreement index for the end of flowering (Figure S2 and
Table S4) varies between 0.62 (Istarska Bjelica at Rovinj) and
0.95 (Istarska Bjelica at Cepi¢), followed by Istarska Bjelica at
Pore¢, and Istarska Bjelica at Pula. The best fit to the observa-
tions is found at T,, . =5°C for Buza at Pula, Istarska Bjelica
and Leccino at Pore¢, and at T,, = 6°C for Istarska Bjelica at
Cepi¢, Pore¢ and Rovinj.

base

The further the olive growth progresses, the less the GDD model
can describe the phenological stages as for initial stages. This
is due to the fact that meteorological indicators (i.e., tempera-
ture) play the most important role for flowering while, in later
phenological stages, other factors (such as disease infestation,
fertilisation, that is the application of technologies that are not
included in the GDD model) are taking the effects. Nonetheless,
the largest agreement with observations for the onset of fruit
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FIGURE 6 | Comparison of the predicted (y-axis) and observed (x-axis) dates for the onset of flowering. From model a to g the T,
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ripening (Figure S3 and Table S5) was found for Leccino Porec
(d=0.92), followed by Istarska Bjelica at Pore¢ and Frantoio
Pore¢. The worst agreement was found for Istarska Bjelica at
Rovinj (d=0.4). Changing T, indicates optimal T, =5°C
for Istarska Bjelica at Cepic’ and Pore¢, Frantoio and Leccino at
Pore¢, while T, =7°C is optimal for Istarska Bjelica, Buza and
Pendolino at Pula.

The GDD model shows a poor fit for harvesting at most stations,
as the agreement indices are below 0.55 for 63% of the data an-
alysed. The only exception is the harvest data for all varieties at
Pore¢, where the agreement index exceeded 0.7, even reaching
0.9 for Istarska Bjelica. These less accurate results for harvest
are likely also due to subjective harvesting criteria and incon-
sistent GDD accumulation by harvest date (Figure 2b), as ex-
plained earlier.

The presented GDD model for Istria has a strong potential
for predicting the onset of flowering of olive crops. Similar
results were obtained for four olive varieties in Italy using a
comparable GDD model (Didevarasl et al. 2023). For all inves-
tigated varieties and locations studied here, the best fit during
the flowering period was documented at T\, =6°C, and the
model robustly simulated Istarska Bjelica at all sites with the
highest agreement index for all phenological stages. The use of
the GDD model to determine the most suitable threshold tem-
perature has been widely reported. For instance, in California,
a threshold temperature interval of 10°C-13°C was identified
for olive trees grown in a greenhouse (Snyder et al. 1999).
Alcald and Barranco (1992) and Galan et al. (2001) deter-
mined a threshold of 12.5°C for the World Collection of Olive
Cultivars in Cérdoba, Spain. Orlandi et al. (2005) reported that
most Spanish inland olive orchards exhibited threshold tem-
peratures between 7°C and 9°C. The fact that Istria represents
the northernmost region where olives are cultivated within
the sub-Mediterranean bioclimatic zone may explain the lower
threshold temperatures obtained in this study compared with
the aforementioned works, a finding already noted by Galan
et al. (2005).

Recent research using regional climate models indicates that
the mean air temperature in the growing season (from April
to October) in the period 2041-2070 in Istria will increase by
2°C-2.25°C compared to the period 1971-2000, and that GDD
(with a base temperature of 10) will increase by 500°C-525°C
units in the same period (Omazi¢ et al. 2020). Therefore, this
GDD model can serve as a useful tool for predicting flowering
under future climate conditions, in order to make more effec-
tive management decisions. Still, one should be cautious on the
use of the GDD model due to a higher-than-average tempera-
ture increase in the Mediterranean than globally (Giorgi 2006),
which may induce plasticity and adaptability of some olive cul-
tivars to different climatic conditions (Fornaciari et al. 2025;
Tedeschini et al. 2025; Li et al. 2025). Further, beyond GDD,
there is a possible influence of other meteorological parameters
on later phenological stages (such as wind, precipitation, num-
ber of hot days, etc.), suggesting that advanced methods (such
as machine learning) may be needed in the future to achieve
accurate predictions throughout the entire growth cycle, in
particular during later phenological stages such as fruit ripen-
ing and harvesting.

4 | Conclusions

In this study, we investigated thoroughly the effects of climate
conditions over Istria on the phenological stages of olive culti-
vation. Furthermore, we tested a simple but reliable statistical
model for future projections of GDD for each phenological stage.
The main conclusions are as follows.

i. The rising minimum and maximum temperatures over
Istria, particularly pronounced in spring, contributed to an
increase in GDD in the growing season during the observed
period and, consequently advancing the onset of phenolog-
ical stages. The onset of flowering showed a statistically
significant trend, advancing by approximately 10 days per
decade. In addition, the onset of fruit ripening has ad-
vanced by up to 20days over the past decade, particularly
for Leccino, Buza and Istarska Bjelica varieties, thereby
shortening the overall growth period.

ii. The presented GDD model shows strong potential for pre-
dicting the onset of flowering under future climate con-
ditions, providing valuable support for more effective
management decisions. Our statistical model performed
best for the flowering period for Istarska Bjelica with the
index of agreement up to 0.96. Overall, the index of agree-
ment for the whole flowering period was 0.75. Adjusting
the T, revealed the optimal fit at 6°C for most locations

base
and varieties over Istria.

Rising temperatures, changing precipitation patterns, and ex-
treme weather events across the Mediterranean, driven by
climate change, pose significant challenges, particularly if tra-
ditional soil management and olive cultivation practices are not
adapted. However, as the northernmost region for olive cultiva-
tion, Croatia may be affected in two ways due to the olive's well-
known ability to tolerate and adapt to varying environmental
conditions. First, increasing temperatures may expand the po-
tential cultivation range, especially in areas with favorable pre-
cipitation patterns. Second, the adoption of cultivars better suited
to projected changes in temperature and water availability will
be necessary to maintain productivity. The Intergovernmental
Panel on Climate Change (IPCC) in its Sixth Assessment Report
(ARG, IPCC 2022) has pointed out that adaptation challenges are
likely to continue for the next generations. Therefore, as a next
step to complement this study, we recommend investigating the
sensitivity of olive cultivation to the projected climate changes,
following a variety of high-resolution climate projection ensem-
bles available through Euro-CORDEX and Med-CORDEX pro-
grammes (Jacob et al. 2014; Ruti et al. 2016).
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