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Abstract

Olive cultivation constitutes a fundamental Mediterranean rural activity in Greece, as it
primarily accounts for the country’s substantial socio-economic development. Although the
olive tree is one of the best acclimated species, its overall performance may be significantly
impacted by changes in the climate. Thus, by considering the lack of scientific research on
the climate suitability evaluation of olive groves over the entire Greek territory, a study
between the geomorphological parameter mapping of Greece (altitude, aspect, slope, and
terrain roughness) and the respective required atmospheric conditions for the olive crop’s
growth (temperature, precipitation, and frost days) was performed. Every parameter is
reclassified to translate its value into a score, and the final suitability map is the outcome of
the aggregation of all score maps. Individually, the overall suitability for olive cultivation is
high in Greece, given its extensive area, resulting in a high score (8-10); geomorphological
and climatic conditions (34.44% and 59.40%, respectively); and overall suitability conditions
(42.00%) for olive cultivation. Over the identified olive grove areas, the model gives a high
score (8-10) for 91.59% of the cases. The model may be characterized by its simplicity,
usability, flexibility, and efficiency. The current modelling procedure may serve as a
means for identifying suitable areas for the sustainable and productive development of
olive cultivation.

Keywords: olive cultivation; Mediterranean; crop modelling; climate change; ERA5-Land;
WorldClim

1. Introduction

Most olive cultivation (97.9%) occurs in Mediterranean countries, with Greece ranking
fifth after Spain, Italy, Turkey, and Tunisia. It has one of the highest olive oil consumption
rates per capita, according to the International Olive Council [1] (data as of 2024). The olive
tree, Olea europaea L., named after the Greek word ‘elea,” covers over 2 million acres in
Greece, with approximately 130 million trees, accounting for 25% of the country’s farms
and contributing to 70% of global production, alongside Spain and Italy [2-4]. Greece
produces 300,000-400,000 tons of olive oil annually, with 80% of it being extra-virgin [5].
Olives are crucial for Greece’s socio-economic growth, ecology, and human health, with
olive oil playing a key role in the Mediterranean diet due to its protective effects against
cardiovascular diseases, diabetes, cancer, cognitive decline, and metabolic syndrome [6-10].
Olive cultivation is closely tied to the Mediterranean climate between 30° and 45° latitude,
marked by hot, dry summers; mild, humid winters; and high solar radiation, which
supports regular fruit production [11-13].
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Greece is included in the Northern Hemisphere’s temperate continental climate
zone [14]. Thus, the country’s climate conditions correspond to the typical Mediterranean
features, mainly characterized by relatively warm and dry summers, mild rainy winters,
and extensive sunshine throughout the annual period. The average annual temperature
may exceed 20 °C or be less than 8 °C in certain mountainous areas of the northern parts.
The average precipitation may reach approximately 300 mm per year in the Cyclades
Islands, while it can amount to 2000 mm per year in the mountainous regions (e.g., the
Pindos Mountain). Even with Greece’s relatively small surface area, its topography and
surrounding seas create a noteworthy climatic variety. The climate’s suitability for olive
cultivation extends across most of the country, thereby supporting the continued expansion
of olive growing into new areas [15].

Several scientific studies and literature reviews focus on the latest research achieve-
ments in modelling olive cultivation to monitor crop behavior as affected by climatic
conditions. Modelling of the olive crop involves the analysis of climatic and topographical
conditions (utilizing GIS in conjunction with climatic variables) to characterize olive-
growing areas [15]. Updated modelling and Decision Support Systems (DSSs) have been
developed upon the open-source Geospatial Cyberinfrastructure (GCI) platform (namely,
GeOlive), which provides a significant web-based operational tool that better connects
olive productivity and environmental sustainability by processing static and dynamic data
(e.g., pedology and daily climate) to perform simulation modelling via the Web [16,17].
The random forest algorithm has been exploited for the identification of suitable areas
for olive cultivation based on the resulting suitability maps by taking into account pe-
doclimatic parameters (e.g., average annual temperature, average annual precipitation,
solar radiation, slope, aspect, land use capability class, land use capability sub-class, soil
depth, other soil properties, and land cover) [16]. Process-oriented simulation models (e.g.,
OliveCan) have been conceived for investigating the influence of environmental conditions
and management applications on water relations, and the growth and productivity of the
olive under different irrigation strategies [18,19], enabling, thus, the comprehension of the
olive orchard’s productive dynamics as impacted by heterogeneous agricultural practices
and climatic conditions [18], but also under different climate change scenarios [20]. The
simulation of the effects of climate change and varying planting densities on the potential
olive growth and olive oil production has also been performed using the three-dimensional
modeling of canopy photosynthesis, respiration, and the dynamic distribution of assimi-
lates among organs [21]. Dynamic modeling has been implemented for the forecasting of
the expected olive flowering under natural temperature conditions [22]. Agro-hydrological
models (e.g., the FAO-56 model) have been utilized for simulating the transpiration fluxes
of table olive groves under soil water deficit conditions [23] and for evaluating the crop
water use and crop coefficient (e.g., the SIMDualKc model) in irrigated olive groves [24,25].
Simple process-based model (including the phenological sub-model) simulations of the
biomass accumulation and yield of olive groves have been conducted, interpreting the
competition between ecosystem components, including olive tree growth and grass cover,
for water [26].

Climate-crop models are essential tools for investigating the impacts of atmospheric
parameters on crop development, growth, and potential production, combining the sci-
entific knowledge of crop physiology with changing environmental conditions [27,28].
According to the aforementioned survey, several simulation models involving olive groves
have been formulated so far in olive-oil-producing areas for various purposes. However,
there is a lack of investigations corresponding to the climate suitability evaluation of spe-
cific cultivations in individual regions of Greece and even more so across the entire Greek
territory. The most important role of a climatic modeling tool may be to establish a better
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scientific connection between atmospheric conditions and the development of olive groves.
Having such a model could help project the spatial shifting of olive groves and the local
pressures on the crop due to climate change. Moreover, the presented results can be an
essential tool for agricultural policy, strategies, and practices for stakeholders.

Research-wise, the main goal of this investigation is to map the suitability of olive
cultivation in Greece for the objective of predicting changes in the latter due to alterations
in atmospheric conditions. This is the first step in a continuous process of modeling climate
for olive groves using data from a climate reference period. The next step is to apply the
model to climate projection data to map the future evolution of olive groves in Greece
and elsewhere. Therefore, for the realization of this purpose, a conjunction between the
geomorphological data of Greece and the required atmospheric conditions for the specific
crop’s cultivation has been accomplished.

2. Materials and Methods

The study area is Greece (38.85° N 24.4° E), located in the southern part of the Balkan
area, with a total surface of 131.957 km?2. Nearly 80% of this area is continental, while 20%
is divided among ~3.000 islands.

A digital elevation model (DEM) with a spatial resolution of 250 m was used to
generate the necessary data for assessing the area’s suitability. From this dataset, spatial op-
erations were performed to initiate digital data relative to the geomorphological indicators
of aspect, slope, terrain roughness, and elevation (above sea level).

The Corine Land Cover (CLC) dataset [29] for the year 2018 (time extent 2017-2018)
was exploited to compare the present study’s olive cultivation suitability results with
established olive cultivation locations. Since the olive groves are perennial, the relocation
of olive trees is scarce and rare for such small time period.

From a climatic perspective (1970-2000), data from the WorldClim [30] and
ERAS5-Land [31] datasets (for identifying the frost days) were exploited. WorldClim data
provides a monthly temporal resolution, while ERA5-Land, which was utilized in this
study, offers an initial hourly resolution. This allowed us to determine specific times
when air temperatures fell below 0 °C, indicating the occurrence of frost. Days meeting
this criterion were classified as frost days, and the annual number of frost days at each
pixel was subsequently aggregated. We used the 30s version of the WorldClim dataset,
which has a spatial resolution of 1 km, while the standard resolution of ERA5-Land is
approximately 9 km. To align the resolutions between these two datasets, we made the
necessary adjustments without altering the parameter values through interpolation. The
spatial operations were conducted for the generation of digital data involving the climatic
indicators of temperature (mean minimum values from November to March, mean January
values (as a measure of the necessary cool temperatures), mean July values, and mean
annual values), precipitation (annual precipitation), and frost days (annual number of
frost days, and Spring frost days). Thus, a total of 11 parameters were utilized for the
construction of the model. We selected this time period to establish a baseline for mapping
the suitability of olive tree cultivation using our model. This interval represents a recent
climatic era derived from observational data rather than projections, making it the most
relevant and complete reference available. Consequently, it serves as a dataset benchmark
for evaluating the performance and results of our model.

The generalized method’s flowchart is depicted in Figure 1.
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Figure 1. The method’s flowchart.

The applied method for the construction of the suitability model is as follows:

Each parameter is assigned a score ranging from 1 to 10. The score 1 is assigned to
acceptable conditions of the parameter in relation to olive tree cultivation, and score
10 is assigned to the optimal conditions of this parameter. We can also assign a score of
0 where this parameter is unsuitable for cultivation. Therefore, in case the conditions
are unsuitable for olive groves, the score is zero (0), and, when they are suitable for
this cultivation, the score can range from 1 (the lower suitability) to 10 (the higher
suitability). Suppose a model’s parameter score is 0 at a site. In that case, that site
remains unsuitable, regardless of the scores of the other parameters. The score tables
can be found in the Supplementary Materials (Tables S1-511).

The geomorphological parameters, after classification into suitability scores
(Figures 52-S5), have been summed to create a final geomorphological score raster.
This raster has been linearly normalized to obtain a score from 1 to 10 for suitable
sites. If one parameter receives a score of zero (0), this value remains in the final
geomorphological map.

The climatic parameter rasters have been classified according to the related score tables
(Tables S5-511) and mapped. After this step, the climatic score rasters have been
summed up to a final climatic score raster. This raster has been linearly normalized to
range from 1 for the less suitable areas to 10 for the optimal areas in terms of climatic
conditions, and has been mapped accordingly. In cases where a climatic parameter
does not allow olive cultivation, the final raster has been set to zero.

Finally, the geomorphology raster score and the climatic raster score have been added
to a final suitability score raster. Geomorphology accounts for 20% of the final score,
while climate accounts for the remaining 80% in this version of the model. This
proportion stems from the empirical observation of the olive tree’s ability to thrive in a
variety of geomorphological settings. The final score map has been linearly normalized
to have scores from 1 to 10 for the suitable areas and 0 for unsuitable areas.

To further clarify the data processing method, the low-temperature raster and its score

map represent the minimum monthly mean air temperature between November and March
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at a given location. The annual precipitation raster and its score map come from the sum of
annual precipitation in mm. The rest of the parameters are what their names declare.

All the above have been implemented using R language v. 4.4.2. [32]. Therefore, we uti-
lized packages (libraries) such as dplyr v. 1.1.4 [33], terra v. 1.8-60 [34], ggplot2 v. 3.5.2 [35],
and sf v. 1-21 [36] for the utilization, management, analysis, and visualization of the
overall applied geomorphological and climatic data, as they constitute an appropriate
tool for exploiting large volumes of data and creating maps and visualizations. Finally,
comprehensive maps illustrating the optimal distribution/scoring of olive cultivation from
a climatic and geomorphological perspective, as well as the conjunction of both elements,
are presented over the entire area without further intervention.

3. Results and Discussion

The resulting map of olive’s geomorphological suitability over Greece is shown in
Figure 2. The presented color scale represents the geomorphological suitability scores,
ranging from 0 (unsuitable areas) to 10 (suitable areas). The geomorphological suitability
of each point on the map is determined by combining the results obtained from each of the
parameters (Elevation, Aspect, Slope, and Terrain Roughness) for each point, as mentioned
in the Materials and Methods section.

Geomorphology score
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Figure 2. Geomorphology score map.

As illustrated in Figure 2, many points correspond to the optimal suitability scores for
olive cultivation. Overall, the geomorphology of Greece can be characterized as ideal for
olive cultivation, except in its mountainous areas (black-colored mountainous points with
a zero score), where most geomorphological parameters correspond to the lowest scores.
The olive tree grows best in northeastern and central Greece, much of the Peloponnisos,
many islands, and some western regions.

The overall surface coverage of each geomorphological suitability score over Greece is
presented in Table 1. It is evident that, although a significant distribution of ~24% results in
unsuitability (score 0), a large part of the country is suitable (41.44% relative to scores 2 to
7). In comparison, a pretty extensive area appears with the most optimal geomorphological
conditions for olive cultivation (34.44% corresponding to scores 8 to 10).
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Table 1. The percentage of Greece’s surface covered by each geomorphological suitability score.

Geomorphological Suitability Score Total (%)
0 24.12
2 0.03
3 0.84
4 4.97
5 9.92
6 9.76
7 15.92
8 16.82
9 12.21
10 5.41

In Figure 3, we present the score of the spatial distribution of the lowest mean monthly
minimum temperature over Greece (Table S5) for the months of November to March.
Over most of the country, the area provides relatively suitable low-temperature conditions
for olive groves, except for the mountainous terrain characterized by a 0 score. More
suitable conditions gradually result southwards, with low temperature scores exceeding
7 (corresponding to low temperature values of 5 °C or lower from November to March;
Table S5). These areas are primarily located near the sea, encompassing the country’s
central eastern to central western regions, and substantial portions of the Peloponnisos,
as well as the Ionian and Aegean Islands (Figure S6). Most of the latter have received a
maximum score of 10.

Lowest mean monthly minimim temperature score from November to March
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Figure 3. Low temperature score map (lowest mean monthly minimum temperature from November
to March).
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The annual precipitation score map is illustrated in Figure 4. According to the scoring
map (Table S6), it appears that optimal precipitation conditions are formed over almost
the entire Greek peninsula, with high scores between 7 and 10 (precipitation amount of
500-800 mm; Table S6). Less suitable areas are primarily in the north and east of the country,
including some Aegean islands. This is due to the olive tree’s low water requirements.

Annual precipitation score
42°N

41°N A

40°N - Score

-
o

39°N 1

38°N

37°N 4

- N W M O O N ®© ©

36°N 4

35°N

20°E 22°E 24°E 26°E 28°E

Figure 4. Annual precipitation score map.

For the January mean air temperature, optimum scores over 5 (exceeding 8 °C;
Table S7) are demonstrated in a significant part of mainland Greece (Figure 5) except
for approximately the whole of the country’s islands, where scores of 1 to 4 are dominant.
Prohibitive conditions (0 score) are primarily found in relatively restricted areas, mainly in
the upland regions of northern and central Greece.

The domination of the optimal July mean temperature conditions is illustrated in
Figure 6, given the extensive occurrence of scores 5 to 10 (respectively, 19-30 °C; Table S8).
Relatively unsuitable temperature regimes (scores of above 32 or below 16.5 °C), along
with the prohibitive 0 score, result in majorly over-dispersed mountainous terrains (north,
central continental Greece, Peloponnisos, and Crete).

The mapping of the annual mean air temperature scores (Figure 7) reflects good to
optimal conditions (8 to 10) for olive cultivation across the entire country (Table S9). The
less suitable and prohibitive conditions (scores of below 3 and 0, respectively) result in
limited areas in the western central regions and restricted uplands in the northern areas
and the Aegean islands.

According to the annual frost days map (Figure 8), most satisfactory to optimal scores
of 7 to 10 (corresponding to 0 to 20 frost days annually; Table S10) characterize substantial
parts of the investigated area. Higher numbers of frost days (20 to 100) occur mainly for
upland Greece. In contrast, the restricted number of more than 100 days (score 0; Table S10)
corresponds to the mountainous terrain of considerable parts of continental Greece.
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Figure 5. January mean temperature score map.
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Figure 6. July mean temperature score map.
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Annual mean temperature score
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Figure 7. Annual mean temperature score map.

Annual frost days score
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Figure 8. Annual frost days score map.
As exhibited in Figure 9, spring frost exceeding 5 days in duration (0 score; Table S11)

is unsuitable over a considerably extensive area. Scattered parts of the northern, central,
eastern, and western mainland, around the Peloponnese, and most of the islands are
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excluded, given their more optimal environment for olive cultivation, with scores of 8§ to 10
(2 to 0 days; Table S11).

Spring frost days score

42°N -

41°N A

40°N 4

39°N

38°N
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<
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Figure 9. Spring frost days score map.

The overall score of each point of the resulting final climate suitability map is shown
in Figure 10. The mapping is obtained by adding up the individual scores of each point in
the individual maps on all climatological indicators, and maps of temperature parameters
(mean minimum values from November to March, mean January values, mean July values,
and mean annual values) and of frost days (annual number of frost days, and Spring frost
days) (Figures 3-9).

As demonstrated (Figure 10), a substantial part of Greece is rated 0, pinpointing, thus,
many parts of the country as climatically unsuitable for olive cultivation. These parts
include most areas of northeastern and central Greece, as well as central Peloponnese,
especially in the continental and mountainous regions. The same situation occurs in the
Attica region and in minor parts of various islands, where the 0 score may be attributed
to either low rainfall or high temperatures, or to a combination of both. However, many
areas in central and southern Greece are well-suited for olive groves, and, in contrast,
several others in which, although not corresponding to ideal conditions, the cultivation
may be developed.

The overall surface coverage of each climatic suitability score over Greece is presented
in Table 2. It is demonstrated that a significant coverage of 36.29% corresponds to a score of
0, highlighting unsuitable conditions for olive cultivation. However, more extensive areas
covering 59.4% of the country’s surface result in scores of 8 to 10. In more detail, we observe
the highest score (10) in the eastern part of Crete, as well as on the islands of Karpathos,
Amorgos, and Naxos. The red sparse pixels indicate the optimum areas considering only
the atmospheric conditions. The major extended areas with a score of 9 (in yellow) are
the wider part of Crete, the western and southern parts of Peloponnisos, and a wide and
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uniform part of the coastal area of Thrace (northern Greece). In the areas mentioned above,
we found areas scoring 8 for atmospheric conditions.

Climatic score

42°N 4
41°N 4
40°N 4
39°N 1
38°N 1
37°N 1

36°N

A
35°N A WM 100k %

20°E 22°E 24°E 26°E 28°E

Figure 10. Climatic score map.

Table 2. The percentage of Greece’s surface covered by each climatic suitability score.

Climatic Suitability Score Area Covered (%)
0 36.29
5 0.00
6 0.54
7 3.77
8 17.02
9 36.00
10 6.38

There are no areas with scores ranging from 1 to 5. This situation may arise when one
parameter for a particular site receives a low score. At the same time, another parameter is
assigned a value of zero. For example, a site with a high-altitude score might simultaneously
receive a score of zero for the frost parameter. This indicates the need to recalibrate the
model in future updates to ensure a more balanced distribution of scores.

The final suitability map for olive cultivation in Greece combines the overall geomor-
phological and climatic score maps (Figures 2 and 10, respectively) and is demonstrated
in Figure 11. Each point’s final score was calculated by adding its geomorphological and
climatic map scores, unless any were deemed unsuitable on either map. The resulting
suitability map uses a color scale to show overall scores from 1 (lowest) to 10 (highest); zero
indicates no suitability.
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Total score
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Figure 11. Total suitability score map.

According to the resulting final suitability map (Figure 11), a significant part of the
country is deemed unsuitable for olive cultivation (score 0). The prevailing climate and
mountainous terrain make much of Greece—especially the north, center, and upland areas—
unsuitable. More suitable regions are found further south. Although the combination of
both climatic and geomorphological parameters may form a prohibitive environment (score
of 0) for olive cultivation in a significant part of the investigated area, it is demonstrated
that good and high scores are found in several places across the country. Greece has largely
favorable conditions for olive cultivation, which explains the extensive presence of olive
farming. These findings are based solely on climate and geomorphology, excluding factors
like irrigation, soil quality, labor costs, and pest risks.

Since there are no spatial olive grove productivity data available in Greece, we cannot
directly evaluate our model. However, to test the accuracy of the presented model and
mapping, we utilize the CLC dataset, which identifies several land cover classes across the
European territory [29]. This dataset offers details regarding the presence of land cover,
specifically olive groves. However, it does not include metrics on tree productivity or
related aspects. However, it serves as a dependable evaluation for the model presented.
Since the existence of an olive grove is not the result of local suitability only, we cannot
examine the false positive error [37]. In some areas where conditions are suitable for olive
trees, farmers may opt to grow different crops due to financial yield considerations. This
practice is common within Greek agriculture. Olive trees are typically planted where soil
fertility or irrigation does not support other higher-yield crops.

We can analyze the false negative errors produced by our model. In this context, a
false negative occurs when an actual location with olive trees is incorrectly classified by the
model as restricted (with a zero value). Therefore, Figure 12 presents the score over the
existing olive groves according to CLC, and Table 3 presents the percentage of Greece’s
surface covered by each total suitability score resulting from the model and the respective
surface covered by olive groves. The model’s high value coincides with the identified
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olive cultivation areas according to the CLC. This is demonstrated, for example, by the
resulting 32.23% total area with a suitability score of 8 and the identified olive grove area
covering 58.53% of the country’s surface. We note that there are no zero scores over the
identified olive areas, so we do not have false-positive errors. Moreover, we observe that,
over existing olive areas (CLC), we have scored 6 and higher, which is a strong indication
of the model’s reliability. On the other hand, we have low surface coverage (%) by score 10
over existing olive groves. This result indicates a need for the recalibration of the model in
future versions, particularly if additional productivity or other qualitative and quantitative
data become available.

Total score over CLC olive areas

42°N 4

41°N 4

40°N 4

39°N A

38°N

37°N 1

36°N

35°N

Figure 12. The total score over the olive areas according to CLC.

To clarify and enhance the usefulness of these results for policymakers and stake-
holders, the mean score per Greece’s district is illustrated in Figure 13. The spatial mean
suitability score was calculated, excluding zero values representing unsuitable sites. Higher
mean scores are observed in the Xanthis (8.6) and Ilias (8.5) districts, followed by the
Messinias, Zakynthou, Irakliou, and Kavalas districts (each at 8.3), as shown in Table S12 of
the Supplementary Materials. This calculation covers all areas within each district except
locations with zero values. The two grey-colored districts in northern Greece (Florinas and
Kastorias) do not display suitability for olive tree cultivation.

Figure 14 shows the mean suitability score per Greece’s district for sites identified as
olive groves by the CLC dataset, with related statistics in Table S13. The Xanthis district has
the highest mean score (9.0), followed by the Zakynthou and Ilias districts (8.7). Table S13
ranks Greece’s western, southern, and Crete districts as having high suitability scores.
Overall, Figure 14 aligns with known patterns of olive tree productivity.
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Mean score per district
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Figure 13. Mean suitability score per district (grey areas indicate absence of suitability).

Mean score per district over CLC identified olive groves

42°N 4
41°N 4
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Score
39°N 9.0
8.5
8.0
38°N 75
7.0
37°N 4
36°N e
35°N
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Figure 14. Mean suitability score per district over olive groves according to CLC (grey areas indicate
absence of suitability).

In Figure 14, we see some northern Greece districts that have grey colors. This indicates
the absence of olive groves according to the CLC dataset. We must note that the spatial
resolution of CLC is 100 m and the minimum mapping unit is 25 ha for real features (and
100 m width for linear features). Therefore, in the case of small and scattered olive groves,
CLC is unable to identify them. It is evident that CLC underestimates the surface covered
by olive trees.
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Table 3. The percentage per total suitability score over the Greece area and over the identified olive
groves’ positions by CLC.

Total Suitability Score Total Greece Area (%) Over CLC Areas (%)
0 41.93 0.00
5 0.02 0.00
6 1.44 0.13
7 14.61 8.28
8 32.23 58.53
9 9.76 33.05
10 0.01 0.01

Regrettably, there are currently no recent published studies on the climatic suitability
for olive cultivation in Greece under present or near-present conditions, making it difficult
to compare our findings with those reported in other studies. Accordingly, we reference
the principal findings of recent studies concerning the suitability of olive cultivation across
Europe to provide readers with a more comprehensive perspective on the subject. In their
study, Khan and Verma [38] compiled the global geographic occurrence data of a wild
olive (Olea europaea subsp. cuspidate) to project its potential distribution in current and
future climate scenarios. By utilizing ensemble modeling, they predicted a significant
decrease in habitat suitability, particularly in regions such as the coastal areas of Spain,
France, Italy, and Greece. Guise et al. [39] employed a spatially explicit Ecological Niche
Modelling approach to project environmental suitability for olive growing throughout
the Iberian Peninsula under two distinct climate change scenarios (Representative Con-
centration Pathway RCP 4.5 and RCP 8.5) within the 2050 time horizon. The authors
documented the alteration of the spatial distribution patterns of environmentally suitable
areas, along with the threatened ability of Protected Designation of Origin (PDO) regions
to retain their current distinctive environmental conditions. By exploiting Species Dis-
tribution Models (SDMs), Arenas-Castro et al. [40] have forecasted the reduction in the
environmentally suitable areas for olive cultivation and, therefore, of the olive production
in Andalusia (Southern Spain). By combining high-resolution GIS data with Papadakis’
agro-climate classification, Montsant et al. [41] have demonstrated that, in the 2031-2050
climate RCP4.5 scenario, over 15% of Catalonia (Northeastern Spain) will no longer be
adequate for non-irrigated olive, at locations in which it has been traditionally a rainfed
crop. Bordoni et al. [42] aimed to reconstruct different scenarios of environmental suit-
ability for olive trees under current and future climatic scenarios, considering a marginal
area (Oltrepo Pavese, South Lombardy, Northern Italy) that is not yet developed for olive
cultivation. By applying a data-driven method based on predictors representative of the
main geological, geomorphological, climatic, and plant cover variables, future projections
at different periods (by the years 2050, 2070, and 2100) have demonstrated the expansion of
the suitable areas for olive groves. The increased suitability was justified by the projected
temperature increase and the number of frost days’ decrease, especially in sectors located at
higher latitudes and altitudes. By constructing and exploiting simple and reliable equation
modelling, Charalampopoulos et al. [43] have calculated and projected the olive GDDs
(Growing Degree Days) over the Balkans. The time and latitude were most influential
among input parameters (time, altitude, distance from seashore, and latitude). The pro-
jections revealed a vast sprawl of olive cultivation areas (23.9% by 2040 and 20.3% by
2060) towards the northern parts of the examined area. Under the scope of sustainable
development, Tsiaras and Domakinis [44] have aimed at the selection of suitable olive tree
crop cultivation sites in mountainous, favored areas. Climatic, topographic, pedological,
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and geological data layers were processed using a simple set of rules and with the aid of
GIS geo-processing routines to identify optimal sustainable cultivation sites in the Pierion
Municipal Unit (Municipality of Katerini, Northern Greece).

The sustainability of traditional Mediterranean olive systems is under threat due to
climate change issues, primarily associated with future increases in temperature, reductions
in rainfall [45,46], and the occurrence of more frequent and extreme weather events, which
pose some of the problems that farmers will have to cope with in the upcoming decades.
These impacts may potentially endanger the sustainability of traditional olive orchards
in southern Europe, which are already barely economically viable under current environ-
mental conditions [47]. This perspective highlights the need for the accurate identification
and effective implementation of adaptation measures to climate change. For implementing
immediate actions, the acquisition and processing of extensive knowledge related to olive
cultivation are fundamental, as they will empower sustainable quantitative and qualitative
production [48]. However, the present model relies on historical climate data from the
closest to present conditions (1970-2000), which may not accurately represent present or
future climatic conditions.

For example, precision agriculture technologies can be leveraged to support agri-
cultural decision-makers and monitor complications related to various aspects of olive
cultivation management. Such actions may involve the application of efficient irrigation
management strategies and the adoption of precision irrigation technologies, establishing,
thus, sustainable and resource-efficient olive cultivation [49,50]. Other adaptation strate-
gies may involve implementing soil and cover crop management techniques (e.g., no-till
soil management, and seed-mix cover crops) [6]. The application of spray compounds is
used for protection against extreme weather conditions. Additionally, critical long-term
adaptation measures may include the selection of suitable cultivars, the implementation of
effective breeding systems [40,45], and the relocation of olive orchards [51].

Future versions of the model may require recalibration. We can also incorporate
climatic data based on projected scenarios to map shifts in suitability due to climate change.
Adding parameters like soil conditions and irrigation will make the model more compre-
hensive. In a more advanced version of this model, embodied information and parameters
related to pests and pathogens, along with other socioeconomic factors such as labor avail-
ability and road network condition, are considered. Releasing it as an R package v. 4.4.2.
would facilitate the work of agricultural scientists and researchers.

4. Conclusions
The conclusions deduced from the present investigation can be summarized as follows:

e  Individually, the overall geomorphological and climate suitability for olive cultivation
is high in Greece.

e A quite extensive area (34.44% surface coverage) appears with very high score geo-
morphological conditions for olive cultivation.

e Large areas (59.4% surface coverage) result in very high climatic conditions for
olive cultivation.

e  The conjunction of geomorphological suitability and climatic suitability mapping
highlights a substantial part of the country’s area (approximately 60%) that appears as
a very high score for olive groves.

e  Opverall, the olive suitability model may be characterized as efficient.

e  The observed differences between the model-derived final suitability map and the
recorded olive-growing areas in Greece (CLC) may be justified by the application of
limited climate and geomorphology components in the model.
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e  This document provides mapping data to help policymakers organize the agricultural
sector. Information on location and suitability scores supports targeted measures
for olive cultivation, helping to create informed sustainability plans in response to
climate change.

e  The current modeling procedure can serve as a tool for identifying suitable areas for
the development of sustainable and productive olive cultivation.

o The model is characterized by simplicity, usability, and flexibility.

e Introducing environmental parameters impacted by future climate change into the
model may create a new map of climatic suitability.
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