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The olive tree (Olea europaea L.) is an ancient traditional crop in the Mediterranean Basin. In the Mediterranean region,
traditional olive orchards are distinguishable by their prevailing climatic conditions. Olive trees are indeed considered one
of the most suitable and best-adapted species to the Mediterranean-type climate. However, new challenges are predicted
to arise from climate change, threatening this traditional crop. The Mediterranean Basin is considered a climate change
“hotspot,” as future projections hint at considerable warming and drying trends. Changes in olive tree suitability have
already been reported over the last few decades. In this context, climate change may become particularly challenging for
olive growers.
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| 1. Olive Orchards in the Mediterranean Basin

The olive tree (Olea europaea L.) is an ancient, traditional crop in the Mediterranean Basin L2, |t is believed that the olive
tree originated in the Mediterranean region and has been cultivated since 4800 B.C. 8. Today, this perennial evergreen
tree has great socio-economic importance for many countries in southern Europe 4!, which jointly produce roughly 95% of
the world's supply of olive oil &. The world’s production of olive oil is approximately 2.5 million tons (Figure 1), and the
main producers are Spain (38%), Italy (11%) and Greece (11%) (Table 1). From 1990 to 2018, olive oil production
underwent an upward trend (36 x 10° t/yr), mostly driven by the increases in Spain &, although the effect of biennial or
alternate bearing is apparent (high/low yield years). About 90% of the world’s olive production is for oil extraction, whereas
the remaining 10% is for table olives . Since olive oil is traditionally exported worldwide, this crop has become the
foundation for the economic development in many of these agrarian regions [,

Figure 2 depicts the current olive orchard land cover in the Mediterranean Basin. The olive tree area worldwide is
approximately 10 million hectares—more than 90% is located in the Mediterranean Basin, mainly in Spain (25%), Tunisia
(13%), Italy (11%), Morocco (10%) and Greece (9%) . The growing awareness of olive oil's nutritional value has been
helping with the expansion of olive tree cultivation area over the last few decades (€. Some of the most important olive-
growing regions in Europe are Andalucia, Extremadura and Castilla/La Mancha, in Spain; Sardegna, Sicily and Puglia, in
ltaly; and Crete and Peloponnese, in Greece €,

Figure 1. Olive oil production (tons) from 1990 to 2018 along with the linear trend (LT), adapted from &,

Figure 2. Distribution of the olive orchards in the Mediterranean region according to [,

In the recent past, most of the Mediterranean olive orchards were grown under rainfed conditions and low-density
management systems (<100 plantstha) 19, mostly exploiting marginal areas characterized by shallow soils and steep
terrain that could not easily be used for other crop cultivation L1, Under these circumstances, while playing a significant
role in local economies 223l glive cultivation may indeed contribute to the preservation of natural resources of the
ecosystem through soil protection, enhanced soil water retention and carbon sequestration LAILSI16]L7][18]

Nonetheless, a recent increase in global food demand, lack of human labor and other socio-economic constraints, such
as the need to increase profitability, are promoting a shift toward intensive (200-500 plants/ha) or even super-intensive
(up to 2500 plants/ha) cropping systems. Therefore, crop profitability through the reduction of costs per unit yield is the
main reason for the change in crop management. These changes also entail that large areas need to be irrigated and

fertilized to increase yield per area 12, Additionally, olive trees need to be adapted to mechanical pruning and harvesting
[20]



The large expansion area and long life of the olive tree explain the vast number of existing cultivars, over 2600 B! (Table
1). The behavior of each variety in each region results from genetic determinism, which is expressed in the characteristics
of each cultivar Bl. These genetic traits are then expressed in phenology, fruit ripeness, resistance to stress, resistance to
pests and diseases, final yield and oil quality. Despite the different characteristics of each cultivar, it is known that most of
these expressions are also strongly conditioned by the pedoclimatic conditions prevalent in each olive grove.

Table 1. List of the top countries regarding olive tree production and area (2016—2018) [, and also the list of the most
used cultivars in each country .

Country Prod. (t) % Area (ha) % Main Cultivars

Arbequina, Alorena,
Cornicabra,
Empeltre, Farga,
Gordal Sevillana,

) Hojiblanca, Lechin

Spain 7,817,206 38 2,551,841 25 )

de Sevilla,
Manzanilla de
Sevilla, Morisca,
Negral, Nevadillo,
Picual, Picudo

Anphissis,
Chalkidiki,
Conservolia,
Kalamon,
Greece 2,224,096 11 851,194 9 o

Koroneiki,
Kolybada, Lianolia,
Mastoidis,

Megaritiki

Ascolana, Bella di
Cerignola,
Biancolilla, Bosana,
Canino, Carolea,
Casaliva, Coratina,
Frantoio, Leccino,
Italy 2,171,166 11 1,144,782 11 Moraiolo, Nocellara
del Belice,
Nocellara etnea,
Ogliarola,
Pendolino,
Peranzana,
Taggiasca

Ayvalik, Domat,
Erkence, Cakir,

Turkey 1,776,822 9 852,011 8 Memecik, Memeli,
Uslu, Izmir Sofralik,
Gemlik

Picholine

Marocaine, Dahbia,
Morocco 1,338,896 7 1,024,707 10 .

Haouzia, Menara,

Meslala



Aggizi Shame,
Kosiem, Maraki,
Egypt 912,549 4 81,523 1 Meloky, Hamed,
Sebhawi, Sinawy,
Toffahi, Wateken

Aaroun, Azeradj,
Blanquette,
Bouchouk,
Algeria 747,225 4 429,217 4 Chemlal, Ferkani,
Khadraya, Hamra,
Limli, Mekki,
Sigoise, Roulette

Galega,

Corbrancosa,

Cordovil, Verdeal
Portugal 697,456 3 358,647 4

Transmontana,

Carrasquenha,

Lentrisca, Madural

Chétoui, Chemlali,
Oueslati, Chemlali

Tunisia 675,156 3 1,372,104 13 Tataouine, Zalmati,
Gerboui, Baroni,
Rkhami

World 20,337,435 10,185,151

In the Mediterranean Basin, traditional olive orchards tend to have distinctive climatic conditions [4]. Olive trees are
considered one of the most suitable and best-adapted species to the Mediterranean-type climate 24122 | ong, warm and
dry summers, with mild and wet winters, are general features of this climate (23][24] Additionally, olive orchards in the
Mediterranean are usually exposed to high levels of solar radiation, particularly during spring and summer. Nowadays,
olive trees face new challenges and threats, some of the most important being related to climate change. Increased
warming and drought, and increases in the frequency of the occurrence of extreme weather events, such as heatwaves,
are some of the problems that growers will have to deal with in the upcoming decades.

| 2. The Olive Tree Cycle and Climatic Influences

Globally, the olive tree cultivation is approximately limited by the 30° to 45° parallels [3] (Figure 2). This latitudinal belt
suggests that climatic conditions are a key factor for olive tree cultivation, and for its development cycle, and the link
between climate and olive cultivation was recognized very early on. Theophrastus (as reported by Pliny the Elder [Plin.
Nat. 15.1]), for example, identified its geographical limits, indicating that the olive tree had to be cultivated at no more than
300 stages (53 km) from the Mediterranean coast. Pliny the Elder observed that the climatic limits were imposed by the
sensitivity of the plant to low temperatures, winter frost and extremely high temperatures in summer (“Fabianus negat
provenire in frigidissimis oleam neque in calidissimis”; Fabiano stated that the olive tree will not grow either in very cold
climates or in very hot ones [Plin. Nat. 15.2]). In other words, Pliny the Elder roughly indicated that the most suitable
climatic conditions for the cultivation of the olive tree are represented by what today is called a typical Mediterranean
climate, which represents the transition between the arid climate of Northern Africa and the temperate rainy climate of
Central Europe 23], As a matter of fact, an olive tree typically cannot withstand temperatures below —8 ° C for more than
one week 28 Very high summer temperatures may also limit its yield performances, namely, maximum temperatures
higher than ~30 °C &, and its photosynthetic rate when exceeding 40 °C [28. A comprehensive climatological analysis
over the Mediterranean Basin indicated that olive cultivation areas are nowadays constrained by temperatures of the
coldest (mean monthly temperature of January) and warmest months (mean monthly temperature of July), where the
optimum monthly mean temperatures for its cultivation are centered on ~7 °C in January and ~25 °C in July 23],



Temperature acts as the main driver of olive tree phenology by regulating the release from the endo-dormancy period,
after the accumulation of adequate cold units during wintertime (chill units), and the release from the eco-dormancy
period, whose duration is dependent on forcing units cumulated from the end of endo-dormancy to flowering stage (22120
[l The transition between the growing and rest period is triggered by temperatures below 14.4 °C 22, The fulfilment of
the chilling requirement plays a major role in determining olive flowering B3l since the accumulated exposure to cold
temperatures enables plants to properly set inflorescence production when warmer temperatures arise. Accordingly, olive
trees planted under tropical conditions do not usually produce fruits, mostly due to the lack of sufficient chilling
accumulation B2l Both chill and forcing unit accumulation have metrics that are generally consistent in the literature. Rallo
and Martin 24 and De Melo-Abreu et al. B3 indicated that the best hourly temperature for chilling accumulation is just
above 7 °C (accumulation of temperatures below 7.2/7.3 °C), while base temperature for thermal unit accumulation
ranges between 8 and 9.2 °C (23],

Another very important climatic factor is precipitation. About 90% of the olive trees grown in the Mediterranean Basin are
primarily under rainfed conditions B8lE7. Although olive trees are drought-tolerant species, their distribution in arid zones
is limited by annual precipitation lower than 350 mm 28!, and water availability is still considered an important resource to
improve final yields. For this reason, olive growers employ management practices, such as sparse plantings and heavy
pruning, to avoid severe water stress. This highlights the key role played by precipitation in the economic viability of this
crop, which is exacerbated by the typically dry summers in their cultivation areas. Hence, growers strongly depend on the
efficient use of winter and spring rainfall for their orchard productivity. However, soil properties, such as soil water holding
capacity, also play noteworthy roles in olive tree development. Despite being well adapted to low fertility, shallow and poor
soils, the best conditions for olive trees are deep and fertile soils with moderate water contents.

Other atmospheric factors, such as solar radiation, relative humidity and wind, also influence the productivity of olive
orchards. For example, wind-affected areas should not be used for olive tree cultivation, since cold and moist winds
during spring reduce flower fertilization and fruit growth. Furthermore, hot winds during the summer instigate fruit drop,
while dry winds seem to result in early maturation and fruit shriveling. Furthermore, since wind plays a fundamental role in
olive tree pollination B2, dry and hot winds may damage pollen grains. Along these lines, olive tree development is very
sensitive to climate and weather conditions, and hence is exposed and vulnerable to climate change. Therefore, it is
imperative to determine the extents of the likely impacts of climate change on this crop.

| 3. Climate Change Projections and Olive Growing Conditions

Climate change is an undeniable fact that is challenging society and every economic sector, including agriculture. In the
Mediterranean region, recent reports show that significant warming has occurred in the last 40 years and annual
temperatures are now about 1.5 °C higher with respect to the preindustrial period (1880-1899) and well above current
global warming trends (+1.1 °C), and since 2014, we experienced the six warmest years on record, globally [49.
Increasing temperatures were accompanied by a series of extreme heat events that occurred at an unprecedented trend

in terms of duration, intensity and frequency 2142l and there has been a substantial decrease in the frequency of cold
extremes (431144,

In the Mediterranean Basin, the observed precipitation regime is characterized by high variability in space and in time.
The overall analysis of extreme precipitation indices reveals that decreasing trends are generally more frequent than
increasing trends ¥2l. Indeed, a more noticeable decreasing tendency in the annual total precipitation is projected,
especially over the west-central Mediterranean area 48 and the southern shores of the Mediterranean region 42, though
with different local rates 44,

According to the Intergovernmental Panel on Climate Change (IPCC), climate change projections point out that
temperatures will continue to rise and precipitation patterns will shift 8. Although several future scenarios or
representative concentration pathways (RCP) have been projected, with different degrees of severity, all point to an
overall increase in temperature, though its magnitude is highly dependent on the emission scenario 8. Although these
projections still have high uncertainties, mostly due to climate model limitations and their parameterizations, 4B it is
becoming clear that these projections for future decades tend to be consistent with the recent-past trends B9, It is worth
mentioning that the regional impacts may be stronger/weaker than the global mean signal. Each socio-economic sector,
namely, in agriculture, will reveal non-linear responses to changes in temperature, besides their limited ability to adapt to
new forcing conditions.

For the Mediterranean region, future climate projections tend to be particularly severe. In this region, precipitation
projections point to an overall decrease, which will lead to a lowering of soil water availability. The Mediterranean region is
already characterized by plant heat and water stresses, due to the harsh summertime weather conditions, including low



precipitation, excessive heat and high solar radiation. Moreover, nocturnal temperatures will also tend to increase, leading
to an even higher thermal stress level. Another manifestation of climate change is the modification in the frequency of the
occurrence of extreme weather events, such as heatwaves, hail, floods and wildfires, amongst others [511(52](531[54]  These
events are projected to increase in frequency and magnitude under climate change scenarios, leading to a rise in the
severity of drought and heatwave spells over the Mediterranean Basin.

Future climatic changes have great importance for the agricultural sector as a whole, and the olive tree sector in
particular. Regarding perennial crops, such as olive trees, under future climatic conditions these projections are expected
to cause severe adverse effects, particularly on water relations B3IB8I57]  oxidative pathways and other physiological
processes B8IEABA  phenological timings B, final yield 6263164165 gng quality attributes (8],

Recent studies applied to olive trees have shown that this crop can be strongly affected by climate change €4, particularly
under the Mediterranean type-climates [€8l. For instance, rising temperatures may have a strong impact on this crop. The
expected increase in temperatures may increase the growing season’s length 89, This will also lead to changes in the
phenological timings, particularly in flowering, with potentially detrimental impacts [Z9Z4  Furthermore, higher
temperatures and enhanced evapotranspiration also accelerate fruit ripening, invoking the need for early harvests, though
at lower maturity levels /2. The rise in temperatures could also result in a decrease in chilling conditions 23, Insufficient
chilling results in a low fruit setting with detrimental consequences on final yields, as some olive varieties produce
deformed floral buds and fruits under these circumstances 74,

Apart from the aforementioned warming effects, water availability also represents a critical issue, particularly for achieving
reasonable yields /2. However, change in water availability is also a major challenge under future climates in the
Mediterranean Basin. Nowadays, drought is considered a key limiting factor for agricultural productivity 28, Although olive
trees are a drought-tolerant species, water stress may result in a wide range of negative impacts L2, such as a low flower-
setting and fruit-setting, low leaf area, limited photosynthesis, flower abortion and cluster abscission. Fraga et al., in a
study for Alentejo (the main olive producing region in Portugal), depicted decreases in precipitation (-80-90 mm) and
actual evapotranspiration (-50—70 mm) following two future scenarios (RCP4.5 and RCP8.5). These projections may lead
to a general decrease in yields until 2080 due to increased water stress conditions. These impacts are particularly
important when considering that traditional olive groves are strictly rainfed.

Other studies suggest a decrease in the suitability of the current olive orchards in southern Europe, owing to excessive
heat and water stress 879 These studies indicate that climate change impacts may be very heterogeneous, since their
magnitudes can be quite different from one region to the other Y. As an example, a study by Ponti et al., concerning
future climatic projections, pointed to high economic losses for small olive farms in Italy and Greece, while for some other
regions in Europe, these authors pointed to increases in productivity. These outcomes were corroborated by other studies.
Orlandi et al. BY, for Italy, suggest that the increase in aridity during the summer signifies an important risk of decreasing
olive production. Nonetheless, the authors also recognize that the effect of climate change on the olive yield trend is still
mostly unclear, due of the possible interactions between human and environmental factors, and some areas may indeed
undergo an increase in productivity in the future. Fraga et al., using an ensemble of regional climate models coupled with
a dynamic crop model for olive trees, found similar results, and highlighted heteronomous climate change impacts on yield
over southern Europe. These studies indicate the need for regional-to-local climate change impact assessments, as local
specificities in climatic conditions may affect the outcomes. Nonetheless, all these studies agree that climate change will
negatively impact olive tree yields in some of the warmest and driest regions of the Mediterranean Basin. Another aspect
of climate change is related to the impacts of pests and diseases. In fact, studies are reporting that climate change is
already affecting Mediterranean areas and enhancing the susceptibility of local olive tree cultivars to certain diseases 82

One positive aspect of climate change should also be mentioned, i.e., the possible beneficial effect of higher CO,
atmospheric concentrations in the future. It is known that the increase in CO, levels under future climates may have a
positive influence on plants, mostly by increasing biomass under CO,-enriched environments. This effect may partially
counteract climate change’s detrimental impacts resulting from enhanced heat and water stresses 83, The widespread
distribution of olive groves in the Mediterranean Basin can be also exploited for their important carbon sequestration
capacity to mitigate the impact of climate change. Reference, following a modelling approach, evidenced the reduction of
net primary production and productivity of extensive management of olive groves in warming scenarios of +1.5 and +2 °C,
as expected for Mediterranean areas. For contrasting the decrease of olive grove’s productivity and improving their
mitigation capacity, the same authors pointed out the importance of adopting practices for increasing soil water content
and reducing evapotranspiration.
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