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Abstract

Climate change is expected to pose major challenges for olive cultivation in many Mediter-
ranean countries. Predicting the development phases of olive trees is important for agro-
nomic management purposes to foresee future climate impact and proactively act toward
adaptation and mitigation strategies. In this study, a statistical model was developed based
on winter chill accumulation and, in sequence, on heat accumulation to assess the changes
in flowering occurrence for Olea europaea cv. Koroneiki, in the island of Crete, Greece.
The model was based on and calibrated with long-term phenological observations and tem-
perature data from four different sites in the island, spanning an elevation gradient between
45 and 624 m a.s.l. This model was used to assess the changes in flowering emergence
under two Representative Concentration Pathway scenarios, RCP4.5 and RCP8.5, as pro-
jected by seven high-resolution Euro-CORDEX Regional Climate Models. Changes in chill
accumulation were determined using the Dynamic Model. Reduction rates in chill accumu-
lation for the whole chilling season ranged between 12.0 and 28.3% for the near future
(2021-2060) and 22.7 and 70.9% for the far future (2061-2100), in comparison to the ref-
erence period of 1979-2019. Flowering was estimated to occur between 6 and 10 days ear-
lier in the near future and between 12 and 26 days earlier in the far future, depending on the
elevation and the climate change scenario.
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1 Introduction

Olive oil and edible olives are among the most important agricultural products in the
Mediterranean region (Arcas et al. 2013). Olea europaea (Linnaeus), the olive tree,
is one of the most cultivated tree species in the region, with a very high economic,
social, and ecological importance (Rhizopoulou 2007). Crete is the fifth largest island
of the Mediterranean Sea with a considerable olive oil production. Olive has been
cultivated in Crete since Minoan times (from ca. 3500 BC; Boardman 1976). Its oil
constituted a dominant agricultural product for the centuries that followed in histori-
cal times, as it does today for Crete and Greece. Koroneiki olive cultivar is of Greek
origin, accounting for more than 55% of olive groves in the country (International
Olive Council, 2021). It is the most prized cultivar for its Extra Virgin oil, of Pro-
tected Denomination of Origin for the most part of its production, in the island and
for the whole country (Kosma et al. 2016). Koroneiki is also grown in many other
countries around the Mediterranean Sea (Albania, Algeria, Cyprus, Egypt, France,
Israel, Italy, Morocco, Portugal, Spain, Syria, Tunisia, Turkey) and in other coun-
tries with Mediterranean-type or temperate climates, e.g., Argentina, Australia, Bra-
zil, Chile, China, Mexico, New Zealand, Peru, Saudi Arabia, South Africa, USA, and
Uruguay (Bartolini 2008; International Olive Council 2021).

The Mediterranean Basin stretches between North Africa, with high temperatures
and low rainfall, and the more rainy, temperate regions of Southern Europe and the
Middle East. As a result, this area is often affected by interactions between sub-tropical
and mid-latitude climate-change processes (D’Agostino et al. 2020). Climate change is
expected to increase annual temperatures, especially in the southern parts of Europe,
by the end of the twenty-first century (Arias et al. 2021). Projections regarding the
southeastern Mediterranean region show an increase between 1.7 and 2.5 °C for the
Representative Concentration Pathway of 4.5 W/m? (RCP4.5) scenario, and between
3.5 and 5 °C for the higher-end RCP 8.5 (Zittis et al. 2019).

A very important site feature for orchards is the sequence of seasonal temperatures
in relation to the needs of tree crops. In temperate regions, fruit and nut tree spe-
cies have chill requirements that need to be fulfilled to achieve regular crop yields
(Luedeling et al. 2009). The annual olive fruiting process is a series of events that
starts in the previous vegetative period and is affected by temperature sequensation.
Olive flower induction commences in the summer (Fabbri and Benelli 2000). Later,
under colder conditions, growth of the tree shoot meristems is stopped, sensitive tis-
sues are protected in the buds, and the dormancy period starts (Dennis 1994). In rela-
tion to olive tree dormancy, three phases have been documented (Ramos et al. 2018;
Rojo et al. 2020): (1) paradormancy, as the period of bud dormancy induced by the
subtending leaves or a structure other than the buds; (2) endodormancy or chilling,
when growth is suspended and trees accumulate chill so that their requirements are
fulfilled; and (3) ecodormancy or forcing when, after sufficient exposure to higher
temperatures, growth resumes. It is widely accepted that the most important signal for
re-growth is temperature (Heide and Prestrud 2005). From the end of the winter, trees
must be exposed to higher temperatures, resulting in the break of the dormant period,
the activation of dormant tissues, shoot growth, and flowering (Fraga et al. 2020a).
Olive cultivar genotype and its local adaptation define thermal requisites whereas
latitude, longitude, and elevation are among the most important factors that modulate
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the fulfillment of the thermal requisites of the olive tree (Aguilera et al. 2014; Rojo
et al. 2020), although, so far, tree chill and heat needs generally have not been reliably
quantified (Chuine et al. 2016; Lorite et al. 2020). A number of studies have linked
changes in the chilling process with impacts on the quantity and quality of flowering
that subsequently may affect olive production (Torres et al. 2017; Koubouris et al.
2019; Benlloch-Gonzélez et al. 2019).

The bioclimatology of olive has been studied via various bioclimatic indices
including the compensated thermicity index, the simple continentality index, and the
annual ombrothermic index (Pifiar Fuentes et al., 2019; Rivas-Martinez et al. 2002).
These have been used mainly to study the bioclimate but not to quantify the effect
of the climatic indices on the physiological parameters. Galan et al. (2005) used the
accumulated growing degree-days (GDD), required after the chilling period, to initi-
ate flowering. They calibrated the threshold temperature that signals the end of the
chilling period and the start of the GDD accumulation for five sites in Spain. Their
results indicate that the threshold temperature varies between higher and lower ground
regions. Lower threshold temperatures were found at higher elevations. Aguilera et al.
(2014) have also found that there is an adaptive biological response related to the bio-
thermic requirements that differentiates olive crops over Mediterranean regions.

Chill accumulation is measured using different approaches. Three different mod-
els have been mainly used in calculating olive requirements, i.e., the Chilling Hours
model (Bennett 1949; Weinberger 1950), the Utah model (Richardson et al. 1974),
and the Dynamic Model (Fishman et al. 1987a, b; Luedeling et al. 2013). Compari-
sons of the different models for olive have not given consistent results (Rojo et al.
2020). Luedeling and Brown (2011) concluded that the Chilling Hours and Utah mod-
els need amendments related to location for successful use in estimating the impact of
climate change on tree crops. Campoy et al. (2012) compared different chill accumu-
lation approaches for apricot in the Mediterranean area and found that the Dynamic
Model was more accurate in estimating the chill requirements. Another recent study
on vineyards and olives concluded that the Dynamic Model for computing the Chill
Portions (CP) is an advanced chilling model and that the Growing Degree Hours
(GDH) model has been proven as more accurate than other models employing GDD
(Fraga et al. 2019).

Olive orchards in the Mediterranean are at risk as, under higher future tempera-
tures, they may not fulfill their chill requirements (Fraga et al. 2020b). Higher tem-
peratures may lead to earlier and shorter phenological stages that could affect yields
and quality characteristics (Bonofiglio et al. 2009; Garcia-Mozo et al. 2009). Olive
groves have a long productive lifespan and high investments are involved. To sustain
olive production in the current high yield areas, adaptation and mitigation strategies
for the climate change may prove necessary. To this end, it is essential to estimate and
quantify potential temperature changes in relation to olive cold and heat requirements
for the near and far future.

Objectives of this research were (a) to develop, calibrate, and validate a statisti-
cal model to determine the dates of olive tree flowering in Crete by utilizing data
from many consecutive years of phenological observations and temperature records,
employing well-established techniques and (b) to make use of the model to assess
changes in flowering timing under two global warming scenarios, utilizing an ensem-
ble of seven high-resolution Regional Climate Models.
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2 Methods and data
2.1 Study region

The study was carried out in the island of Crete, Greece (Fig. 1). The island covers 8336
km?, accounting for 6.3% of the total Greek land area, with a population of 633,000 inhabit-
ants (2018 census). It is located at the southern edge of the Aegean Sea, at about 160 km
from the mainland. The island exhibits Mediterranean climate with long and dry summers
and wet and mildly cold winters. Crete has steep topography with elevation varying up to
2456 m a.s.l. The olive groves of Crete account for 26.7% of the total olive area cultivation
in Greece (213,521 ha) according to Corine Land Cover maps of 2018 (Kosztra et al. 2019).

2.2 Phenological observations

Phenological observations on the Koroneiki olive cultivar were recorded from 1984 to
2018 by the Regional Plant Protection and Quality Control Centre of Heraklion, Crete, a
regional center affiliated to the Hellenic Ministry of Rural Development and Food. A total
of ca. 1200 olive phenology observations, between the latent bud and the endocarp lignifi-
cation stages, were recorded in olive groves at Gazi, Dafnes, Kastelli, and Aghia Varvara at
elevations 45, 315, 340, and 624 m a.s.l. (Fig. 1). Phenology records for the four sites num-
bered 498 (from 1987 to 2018), 307 (from 1999 to 2018), 178 (from 1984 to 1998), and
164 (from 2007 to 2018), respectively. Table S1 in Online Resource (i.e., supplementary
information including detailed data in tables and graphs) includes coordinates for the four
sites. The times of emergence of each phenological stage for all sites are shown in Online
Resource Fig. S5. In bioclimatic terms, all observation sites lie within the Mediterranean
macroclimate, according to the classification proposed by Rivas-Martinez et al. (2017).
Phenology was recorded using the phenological scale of Colbrant and Fabre (1981). On
this scale, phenophases are symbolized with lettering from A to J, from latent buds to fully
grown fruit, respectively. To facilitate statistical analysis, numbers were assigned to the
Colbrant and Fabre letter symbols (Online Resource Table S2, Fig. S1). The conversion
was tested for linearity using the GDH accumulation from the peak of the Chill Portions
accumulation (Online Resource Fig. S6).
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Fig.1 The island of Crete. Different colors denote elevation gradient. Hatched areas show olive cultivation
as on the Corine Land Cover map of 2018. Observation sites (see Sect. 2.2 below) are marked by dots
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2.3 Chill and heat accumulation

The chill accumulation was assessed using the Dynamic Model (Fishman et al. 1987a, b).
This model computes chill as Chill Portions in a two-step procedure. Cold temperatures
promote the formation of a precursor which can be converted into a permanent Chill Por-
tion if moderate temperatures prevail. This process is potentially reversible. The precursor
can be removed if higher temperatures follow its formation, but once the precursor has
reached a certain threshold, warmer temperatures do not hinder its irreversible transfor-
mation into a Chill Portion. The Chill Portions are potentially accumulated through late
autumn and winter. In this study, the implementation of the Dynamic Model followed the
MATLAB codes provided in Rodriguez et al. (2019). The peak chill date was found by
estimating the centered 30-day moving average of the Chill Portions, between September
and May.

The heat accumulation was computed as GDH, based on the approach of Gu (2016).
They use sub-daily temperature data. In order to estimate GDH, records of minimum and
maximum daily temperatures were used to disaggregate daily temperature values to hourly
values, following the methodology of Wit (1978). The base temperature above which the
GDH are accumulated was calibrated, as described in Sect. 2.4. In this study, the imple-
mentation of the GDH followed the MATLAB implementation of Ault et al. (2015).

2.4 Regression model for the flowering date determination

The statistical model developed in this study follows the concept that floral bud dormancy
release occurs after olive trees have been exposed to a long enough period of chilling tem-
peratures (Rallo and Martin 1991). It is based on the assumption that chill accumulates
to break endodormancy and then heat accumulates to overcome quiescence phases, i.e.,
ecodormancy (De Melo-Abreu et al. 2004). First, the winter chill was calculated using the
Dynamic Model and the day of the peak chilling was assessed. Then heat accumulation
was determined, as GDH, until the onset of each observed phenological stage. For this
procedure, two variables were calibrated, the base temperature above which the GDH are
accumulated and the day from which onwards warmer temperature accumulation is cal-
culated in relation to the peak of chilling. This approach was also followed by Aguilera
et al. (2014), who calibrated the start date for the onset of the heat accumulation period in
relation to the date of peak chilling. This procedure does not exclude chill accumulation
beyond the day GDH start accumulating.

The optimization of the above two variables (base temperature for GDH accumu-
lation and days to start counting GDH) was achieved by testing base temperatures
between 1 and 25 °C in 0.5-°C steps. This is a wider range compared to test ranges
found in the literature, e.g., 5 to 12.5 °C used by Galén et al. (2005), 4 to 15 °C used
by Orlandi et al. (2006), and fixed 4.7 °C used by Pérez-Ldpez et al. (2008). GDH
accumulation was tested with starting dates between — 50 and + 50 days from the date
of peak chilling.

Heat accumulated up to each phenological observation was then correlated to the pheno-
logical phase using linear regression. The best-performing regression model was obtained
by estimating the root mean square difference (RMSD) between the observed day of the
year (DoY) that each phenological observation was recorded and the DoY simulated by the
linear model. The RMSD is shown in Eq. (1).
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n 0BS SIM {2
RMSD = \/ZI(DOtheno - DOtheno) (1)
n

DngﬁfL , is the day of the year when each of the n phenological stages was observed
across the observation years for each site. DoY[S)%Z , 1s the day of the year when the respec-
tive phenological stage was determined by the regression procedure. The calibration was
based on the minimization of the RMSD. This optimization approach has been widely
used, e.g., by Rojo et al. (2020) and Aguilera et al. (2014). The calibration procedure
results in an average number of GDH that must be accumulated to reach each phenological
stage.

The phenological records were randomly split into two different sets of whole-year data,
to calibrate and validate the regression models. For the calibration, 70% of the data were
used, allowing 30% for validation. The procedure was performed for each of the four sites
separately and was repeated 10 times to secure that the data selection did not bias the cali-
bration—validation procedure. Tables S3 to S6 in Online Resource show the random years
used for calibration and validation for each study site. This methodology follows the cali-
bration—validation procedure of Grillakis et al. (2020).

For the climate projection data, to estimate the flowering date, winter chill, as Chill Por-
tions, and the date of peak chilling were determined. Then the GDH were summed, starting
from the calibrated date relative to the peak of chilling, until the calibrated number of GDH
for the emergence of the F phenological stage was reached. This procedure was repeated
for all study sites.

2.5 Temperature data
2.5.1 Recorded temperatures

Temperatures were recorded at the four sites (Online Resource Table S1) by the Regional
Center for Plant Protection, Quality and Phytosanitary Control of Heraklion, Crete. A few
missing temperature values at the four phenology observation sites were filled in using
datasets from another 63 weather stations distributed on the whole island of Crete, oper-
ated and calibrated by the Hellenic National Meteorological Service and the National
Observatory of Athens. The missing values were filled in by interpolating the data of the
above three weather station networks into a regular 100-m resolution dataset following the
procedure described in detail by Grillakis et al. (2022).

2.5.2 Projected regional climate models

Simulated daily temperature data of seven high-resolution Regional Climate Models
(RCMs), participating in the Coordinated Regional Downscaling Experiment for Europe
initiative—Euro-CORDEX 0.11° or EUR-11 (Jacob et al. 2013), were used as listed in
Online Resource Table S7. Two Representative Concentration Pathways (RCPs) (Moss
et al. 2010; O’Neill et al. 2014) for the future were considered, the mid-range climate
change RCP4.5 (Wise et al. 2009) and the high-end climate change scenario RCP8.5 (Riahi
et al. 2011). The above RCMs have been widely used for climate change impact assess-
ment in the Mediterranean region for their fine spatial resolution and the existence of many
model simulations (e.g., Mascaro et al., 2018; Grillakis et al. 2020; Molina et al. 2020).
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The model employed in the present study followed Jacob et al. (2018) with few modifica-
tions and enrichment with more simulations. Two 40-year periods were considered, one
for the near future (NF; 2021-2060) and one for the far future (FF; 2061-2100), and these
were compared against the historical period of 1980-2019.

Daily RCM temperature data were adjusted for their biases using Multi-segment Statis-
tical Bias Correction (MSBC) (Grillakis et al. 2013, 2017). This was considered necessary
because raw climate model simulations often include biases in the mean and the annual
distribution, compared to the observations (Christensen et al. 2008; Haerter et al. 2011).
The methodology is a quantile mapping technique with trend preservation. Advantages
and drawbacks of the quantile mapping family of methods have been widely discussed in
the literature, e.g., Maraun et al. (2010) and ThemeBl et al. (2011). The bias adjustment
transfer function was calibrated between the RCM simulated and the observed data of the
1979-2019 period. Since EUR-11 historical simulation period ends at 2005, with 2006
onwards simulations being forced by the RCP forcing, the bias adjustment was performed
twice for the baseline period, i.e., once for 1979-2005 complemented with the RCP4.5
between 2006 and 2019 and once more with RCP8.5 for the same period.

3 Results
3.1 Temperature trends, winter chill, and RCM projections

Annual temperature data showed a statistically significant increasing trend, rang-
ing between 0.36 and 0.40 °C per decade across all sites, with a 95% confidence inter-
val between 0.23 and 0.53 (Online Resource Fig. S3a). Mean annual temperatures of the
period from October to May, which mainly affect the flowering process of olive trees, fol-
lowed a similar trend (Online Resource Fig. S3b). Accumulated Chill Portions per season
ranged between 50.6 CP (for Gazi) and 97.3 CP (for Aghia Varvara), with a decreasing
trend between 0.53 and 0.70 CPs per year (Online Resource Fig. S3c). The distribution of
the daily maximum and minimum temperatures per site and per month is shown in Online
Resource Fig. S2. The accumulated Chill Portions showed a correlation with the flowering
process. Increased Chill Portions accumulation, either until the day of peak chilling accu-
mulation or until the end of winter, was shown to be positively correlated to a delay in the
flowering process among the four sites, following the increasing elevation gradient (Online
Resource Fig. S4).

The temperature data used in the model of this study were adjusted for bias toward the
reference period observed temperatures. Figure 2a shows the mean annual temperature,
averaged across the four sites, prior and after the application of the bias correction. The
raw RCM temperature underestimates the mean annual temperature by 1.5 °C (from 17.1
to 15.6 °C) in the reference period 1979-2019. On average, climate change is expected
to increase the temperature in the area of the case study sites by 0.96 and 1.3 °C under
RCP4.5 and RCPS.5, respectively, for the near future and by 1.6 and 3.3 °C under the
RCP4.5 and RCP8.5 for the far future. Figure 2b and c¢ show the changes in the adjusted
seasonal temperature in the near and far future, respectively. In Fig. 2d and e, the seasonal
differences are shown in comparison to the reference period. The expected changes in the
mean temperatures in the near future period range between 1.0 and 1.5 °C. In the far future
period, the RCP4.5 change ranges between 1.5 and 2.0 °C. For the RCP8.5, the temperature
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Fig.2 Mean annual temperatures (a) for the observation period (dotted line), for RCP4.5 (thin lines), and
for RCP 8.5 (thick lines), for the raw data (dashed lines) and the bias-adjusted data (solid lines). Graphs (b)
and (c) depict the comparison between the monthly seasonal mean temperatures of the observed (dotted
line), bias-corrected RCP4.5 (solid thin line) and RCP8.5 (solid thick line) temperatures, for the near future
(b) and far future (c) periods. Graphs (d) and (e) show the respective changes of (b) and (¢) in comparison
to the observed data for the near future and the far future periods, for the bias-corrected RCP4.5 (solid thin
line) and RCP8.5 (solid thick line) temperatures. All the y-axis units are in degrees Celsius

projection increase reaches ca. 4 °C for the summer months. The climate change signal was
analyzed for the mean daily temperature and the bias adjustment procedure was repeated
for the minimum and maximum daily temperature data, as required for the application of
the dynamic chilling model and the determination of heat accumulation. It is worth not-
ing that the interannual variability of the RCM ensemble members is canceled out in the
ensemble mean (Fig. 2a); hence, the variability of the observations in Fig. 2a is shown to
be much higher compared to the ensemble averages.

3.2 Regression model calibration and validation

The calibration procedure provided the optimal base temperature, in terms of RMSD, and
the day to start counting GDH in relation to the day of peak Chill Portions accumulation.
The optimal base temperature values obtained were 10, 11.5, 11, and 7.5 °C for Gazi,
Dafnes, Kasteli, and Aghia Varvara, respectively. The optimal day to start calculating heat
accumulation was the 10th, 5th, — 5th, and 15th day of the year for the above locations. The
RMSD ranged between 8.89 and 13.31 days for the calibration and 9.39 and 13.75 days for
the validation, among all the phenological stages. The split sample calibration and valida-
tion results for the optimal model parameters are detailed in Online Resource Tables S3 to
S6. Regarding the onset of flowering (phenological phase F), the RMSD was estimated at
9.64, 4.12, 6.45, and 3.67 days for Gazi, Dafnes, Kasteli, and Aghia Varvara sites, respec-
tively (see Online Resource Table S8 for the rest of the phenological phases). Figure 3
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shows the RMSDs obtained for each base temperature tested, and each day to start calculat-
ing heat accumulation, using all the available data for each location.

The scatter plots in Fig. 4a—d show the GDH accumulates in relation to the peak of
chilling against the phenological phases. Graphs e, f, g, and h show phenological phases
simulated by the linear model developed in this study against the observed phenophases.
The simulated DoY of emergence of the phenological stages against the observed DoY are
shown in Fig. 4i-1. In this study, the optimization was based on the least RMSD regarding
the observed versus simulated DoY for each phenological phase (Fig. 4i-1). The R* of the
regression between each phenological phase and the corresponding accumulated observed
GDH is depicted in Fig. 4a—d. The correlations showed a good fit, with R ranging between
0.82 and 0.91 for the four sites.

Normal probability plots of residuals were constructed for the optimized lin-
ear models of Fig. 4a—d to examine the validity of the linear relationships developed
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four locations examined. Day O represents the day of peak Chill Portion accumulation. RMSD values pre-
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(Online Resource Fig. S6). The residuals are normally distributed, showing that the
linear regression between accumulated GDH and the phenophase is valid. This correla-
tion approach exhibits a weakness when each phenophase is transformed from the cate-
gorical scale of Colbrant and Fabre into a numerical one (Fig. 4e—h, x-axis), i.e., while
for each phenophase a range of Growing Degree values were estimated depending on
the different years of observation, the regression model does not simulate this variabil-
ity, assigning a single heat accumulation value for each phenological stage. The cal-
culated GDH accumulated for phenophase F—“first flowers open”—were 8835, 8336,
7220, and 16,415 GDHs for Gazi, Dafnes, Kasteli, and Aghia Varvara, respectively, in
relation to the site-specific base temperatures.

3.3 Climate-driven changes in chill accumulation

The RCM-based temperature projections showed a significant loss in the chill accumula-
tion, both up to the day of maximum Chill Portion accumulation and for the whole cold
season (Fig. 5). Median chill accumulation reduction until maximum accumulation date,
across the above scenarios, varies between 8.8 and 28.6% for the near future and between
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Fig.5 Day of the year of peak chill accumulation (in CP units) and chill accumulation to the day of peak
chilling or for the whole period. Chill accumulation is shown, for the observations and the reference period
in the model, for near future (NF) and far future (FF), and RCP4.5 and RCP8.5 scenarios. Graphs (a) to (d)
show Chill Portions to the day of the year on which the peak chill accumulation is estimated. Graphs (e) to
(h) show the Day of the Year (DoY—starting from January 1st) when the peak Chill Portion accumulation
occurs. Graphs (i) to (1) show Chill Portions accumulated for the whole period. The boxplots of the model
data (reference period, NF and FF) are estimated on all seven RCM data, binned

20.2 and 72.0% for the far future, across all four sites. The respective reduction rates for the
whole chilling season vary between 12.0 and 28.3% for the near future and 22.7 and 70.9%
for the far future. The impact on chill accumulation is projected to be more severe in the
study sites that exhibit higher temperatures, i.e., Gazi and Dafnes. It is worth noting that.
under the RCP8.5 projection for the far future, the results showed that in areas located at
the lowest elevation, i.e., Gazi, Chill Portions are expected to practically nullify for some
years (Fig. Se, 1). The day of the year of peak Chill Portion accumulation did not vary con-
siderably in comparison to the reference period. The median difference ranged between —2
and 4 days across different periods, sites, and scenarios (see Online Resource Table S9).

Chill Portions determined through the bias adjusted RCM data are very similar to
those observed in the reference period, both for the Chill Portions accumulated up to the
day of maximum chilling accumulation and for the entire period (Fig. 5).
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3.4 Climate-driven changes in flowering emergence

The flowering day of the year, i.e., phenophase F on the Colbrant and Fabre scale, was
estimated for the reference period by applying the established regression relationships on
the RCM data. The observed average day of flowering is generally close to the day esti-
mated through the RCM data, with deviations of 4, 11,—4, and 7 days for Gazi, Dafnes,
Kasteli, and Aghia Varvara, respectively (Table 1). The flowering day for each year for the
individual RCM models and the median day among the models for RCP4.5 and RCP8.5
are detailed in Online Resource Fig. S7. In near future, flowering emergence is expected to
occur earlier by 6 to 10 days on average, depending on the scenario and the site of records
(Table 1). Changes in the far future are expected to be more significant, with flowering
emergence occurring 12 to 26 days earlier. The observed flowering days, detailed in Online
Resource Fig. S7, were found to be within the range of the different RCMs. Results did not
show a clear trend in all cases. The signal seems to be stronger for Gazi due to the long
period of records.

4 Discussion

A statistical model was calibrated and validated to assess climate change impact on olive
tree flowering for the very broadly cultivated cv. Koroneiki in the island of Crete, Greece.
The model was based on observations of 12 to 31 years from four different sites in the
island, at an elevation gradient from 45 to 624 m a.s.. The model was used to estimate
possible differentiations related to fulfillment of olive tree thermal requirements due to cli-
mate change, focusing on the prediction of the onset of flowering under different climate
pathways. This model was based on the sequence of chill and heat accumulation, using the
Dynamic Model and the Growing Degree Hours approaches, respectively. Two parameters
were calibrated in relation to the day of maximum Chill Portion accumulation, the base
temperature above which heat is accumulated and the starting day of heat accumulation.
The resulting base temperatures varied across the study sites between 7.5 and 11.5 °C, with
the lowest threshold temperature corresponding to the highest elevation (Aghia Varvara),
similarly to the findings of Galan et al. (2005). The optimal DoY to start counting GDH
varied between 27 December and 15 January. Linear regression was performed between

Table 1 Median flowering day of the year, i.e., DoY in which phenophase F of Colbrant and Fabre scale
emerges, for the observation and reference periods, near and far future, RCP4.5 and RCP8.5, for each of the
four observation sites

Gazi Dafnes Kasteli Aghia Varvara
Observed 118 129 140 145
Reference 122 140 136 152

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Near future 114 (=8) 113(=9) 133(=7) 130 (=10) 1129 (=7) 1260 (=10) 146 (-6) 143 (- 10)
Far future 108 (—=14) 99 (=23) 126(=13) 115(=25) 123(=13) 110(=26) 140(=12) 129(-23)
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the accumulated GDH and the observed day of flowering emergence. The two parameters
were optimized with the aim to minimize the error in the flowering day determination. The
optimal linear models, one for each of the four case study sites, obtained RMSD values
between 8.89 and 13.31 days. The normal probability plots of residuals showed that linear
regression well approximates the correlation. This finding has a twofold importance, the
conversion of the phenological phases from categorical to numerical scale employed in
the model is valid, and the use of the GDH well approximates the determination of flower
emergence. This latter result is in agreement with the findings of Elloumi et al. (2020) and
Rojo et al. (2020).

A strong decrease in the winter chill accumulation was found, with RCP8.5 being the
worst-case scenario in both near and especially in the far future periods. Our findings indi-
cate that chill accumulation at the upper elevation margin of olive cultivation in Crete, as in
Aghia Varvara, will potentially exhibit a drastic reduction of ca. 45% and will be lowered
to current chill counts at sea level, as in Gazi. Furthermore, a significant outcome of the
chill accumulation estimates is that the lower quartiles of chill are close to zero, especially
for RCP8.5 and the far future period. This extremely low chill accumulation may not prove
adequate for the induction of flowering in Koroneiki or other olive cultivars of similar tem-
perature adaptations. Koroneiki olive cultivar has also been the subject of other research
studies in relation to its suitability in projected climate scenarios (Gabaldén-Leal et al.
2017; Koubouris et al. 2019). In comparison, the present study appears to have a higher
value as our analyses are based on field observations up to 31 years, whereas the above
two studies consist of experimentation on potted plants, including outdoor and greenhouse
treatments for a limited time.

Another interesting finding of this study, in all four sites, was that the day of the peak
Chill Portion accumulation does not appear to shift significantly. As a consequence, the
earlier emergence of olive flowering is mainly governed by higher temperatures that result
in a faster Growing Degree Hour gain rate. Flowering emergence was found to be advanced
by 6 to 10 days on average in the four different locations in the near future and by 12 to
26 days in the far future. Advancement of flowering emergence, as a result of projections in
this and other studies (Orlandi et al. 2010; Rojo et al. 2020), may expose sensitive growth
stages to risks of damage due to extreme weather events occurring at higher frequencies,
e.g., surges of higher temperatures, frosts, and extreme precipitation events.

Our results show that climate warming will have a significant impact on olive and
potentially on other tree crops in the Mediterranean region and in other areas with Medi-
terranean type climates. These results are in line with those of previous studies (Giorgi
and Lionello 2008; Guiot and Cramer 2016; Santos et al. 2017). Rising temperatures may
lead to gaps in fulfilling chill requirements in late autumn and early winter. Failure to meet
temperature requirements will potentially result in changes in the quality and quantity of
olive production. These conclusions are in agreement with those of several other research-
ers (Moriondo et al. 2015; Koubouris et al. 2019; Fraga et al. 2019; Benlloch-Gonzalez
et al. 2019).

Projections by other researchers have also shown very significant reductions in chill-
ing in other countries with Mediterranean type climates, e.g., Australia, South Africa, and
the USA (Luedeling 2012). The assumed chilling requirements of the plants, together with
these losses in chilling, constitute a grim outlook for many production areas, especially for
those with higher temperatures. In many cases, crop adaptation does not appear possible.
Selection of suitable plant cultivars for areas with projected dramatic temperature changes is
likely to be very restricted because there are no reliable assessments of the chilling require-
ments of the different plant varieties. Luedeling and Brown (2011) reported that chilling
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requirement estimates have been made for many plant cultivars in specified areas, but these
estimates cannot be applied to areas other than those where they were determined. The value
of these estimates is restricted by the fact that in the research literature there are serious gaps
in our knowledge of the genetic mechanisms and the physiological processes that under-
lie tree dormancy and how any of these mechanisms may be modified and adapted. Crop
adaptation could be approached through climate analogue analysis, i.e., (a) the search for
climates among present-day areas that may have the main features of the projected climates
and (b) simulation of adaptation activities from such areas, as an approach for securing that
tree orchards maintain their productivity and financial sustainability in the projected periods
of drastic climate changes in temperate regions (Luedeling 2012).

Research findings of Zouari et al. (2015) and Elloumi et al. (2020) in Tunis offer them-
selves for a climate analogue analysis. Temperatures in Tunis appear to be on average
2.5 °C higher than current temperatures at olive growing areas in Crete. This difference
falls within the temperature differences of the climate change scenarios applied for Crete
(Fig. 2). In Tunis, Elloumi et al. (2020) found that flowering occurred between 93 and 125
DoY. Throughout our observation period, flowering in Crete occurred on average between
121 DoY (Gazi) and 149 DoY (Aghia Varvara). This comparison leads to the conclusion
that our estimated future temperature increase of 2.5 °C will potentially result in flower
emergence occurring in Crete on Days of the Year similar to those that occur in Tunis
today. Considering our specific findings about earlier flower emergence, the above com-
parison adds validity to the overall outcomes and conclusions of the present work.

A limitation of this study is that the effects of the projected climatic changes on olive
flowering are analyzed only as a function of temperature, as the main driving factor. Other
factors may also prove important, probably to a lesser extent, including water relations,
wind regimes, and farm management practices. These factors and others of minor impor-
tance in relation to the purposes of this study could not be taken into consideration within
the limits of the present research.

The model developed in the present study obtained satisfactory results in predicting the
flowering day of the year for the olive tree cv. Koroneiki in Crete for a gradient of olive
grove altitudes. The climatic changes, especially in relation to lower temperatures that con-
tribute to chilling, could have a negative effect on the fulfillment of olive tree requirements
for the break of endodormancy and eventually on flowering and fruit production in areas of
low altitude in Crete and in other areas of Greece and other countries with Mediterranean-
type climates. Therefore, a question arises as regards future suitability of current olive
varieties in the high productivity areas they are grown at present or for future olive grove
expansion. Adaptation and mitigation strategies are needed as well as further research on
olive dormancy physiology, genetic material, and agronomic practices to proactively ame-
liorate the negative effect of increasing temperatures.

5 Conclusions

The application of the statistical model developed in this study suggested a noteworthy
reduction in the chill accumulation across all climate projections and altitudes of the study
sites and an earlier occurrence of the flowering phase. Predicted temperature increases in
some areas may not allow the fulfillment of chilling requirements of the olive tree every
year, for flowering and fruit production, and thus threaten the economic viability of olive
cultivation in some regions of the Mediterranean. The combination of models based on
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long-range temperature and phenology data with climate change projections constitutes a
valuable tool for restructuring sustainable olive production systems. In this context, the
present study lends support to ongoing efforts for climate change adaptation strategies for
olive cultivation.
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