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Abstract

The Mediterranean-type climates on mainland Portugal generally provide suitable con-
ditions for growing olive trees, though climate change may challenge their long-term
sustainability. Historical (1995-2014) and projected future scenarios (2041-2060) of agro-
climatic indices are developed herein to guide olive orchard (OR) management. Daily sim-
ulations from six Global Circulation Models are processed with the CHELSA method, us-
ing bias-adjusted ISIMIP3b climate projections based on CMIP6 simulations. Two Shared
Socio-Economic Pathways (SSP) are considered: SSP3-7.0 (regional rivalry) and SSP5-
8.5 (fossil-fuelled development). Daily data (~1 km) are used to calculate the following
indices: Consecutive Frost Days (CFD), Spring Heat Day (SPR32), Spring Maximum
Temperature (SPRTX), Summer Heat Stress Days (SU40), Total rainfall October—May
(WINRR). During the historical period, the North and Centre regions experienced a CFD
between 0 and 35, whereas a reduction in CFD up to 9 days and 11 days will be expected
under SSP3-7.0 and SSP5-8.5, respectively. In 1995-2014, higher SPR32 (3-12 days)
and SPRTX (20-24 °C) are recorded in the inner southern regions, increasing to 24 days
and 26 °C, respectively, under SSP5-8.5. In these areas, SU40 could reach 24 days in the
future. WINRR will decrease by 100-140 mm (7% of the area), particularly in southern
regions. The southern regions will be particularly exposed to high temperatures and low
rainfall, while phenological timings and yields may be significantly affected. Adaptation
measures, i.e., biostimulants implementation and irrigation strategies definition, could be
tools to reduce the impact of climate change on OR. These outcomes can be an important
tool for climate change adaptation and risk reduction in the Portuguese olive chain sector.
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1 Introduction

The olive tree (Olea europaea L.) holds considerable social, economic and cultural impor-
tance worldwide (Brito et al. 2019; Chou et al. 2023). In particular, the countries in the
Mediterranean Basin are a reference for this species’ distribution, as well as in the produc-
tion of table olives and olive oil (Mogollén Hernandez et al. 2021). In Portugal, olive trees
are widespread throughout the country, although they are scarce in coastal areas due to the
negative effects of strong winds and high air moisture (Claro et al. 2023), as well as the
possibility of high salt concentrations deposited by sea winds (Sergeeva and Spooner-Hart
2011). Despite the relatively narrow area, Portugal ranks 9th in global olive production and
4th in olive oil production (FAOSTAT 2023). In 2022, Portugal was the leading exporter of
olives (41% of global exports) and the 3rd largest global exporter of olive oil (FAOSTAT
2023; Tridge 2024). The olive orchard (OR) area has increased in recent decades, mainly
in southern Portugal, where many are intensive and super-intensive (irrigated). In contrast,
in northern Portugal, the traditional (rainfed) ORs areas are the most representative (Freitas
et al. 2024).

The geographical distribution and yields of olive trees are strongly influenced by climatic
conditions (Garrido et al. 2021). Several studies have highlighted the importance of optimal
climatic conditions for olive growth, as well as the possible impacts of climate change on
its sustainability, particularly concerning traditional rainfed ORs (e.g., Ramos-Roman et al.
2019; Orlandi et al. 2020; Gratsea et al. 2022; Honorio et al. 2024). Air temperatures are
important because they influence the growth stages (phenophases) of plants and the entire
production process. Precipitation is significant in traditional (rainfed) ORs (Bonofiglio et
al. 2008; Oteros et al. 2013; Brilli et al. 2016). Rising temperatures, expected in the future,
may change their phenological timings (Moriondo et al. 2015), pollen performance (Vuletin
Selak et al. 2013), olive fruit growth and yield (Orlandi et al. 2020). Earlier flowering and
fruit ripening, and earlier harvest, may be detrimental to fruit quality and ripeness (Nissim
et al. 2020; Silveira et al. 2023). Additionally, warm spring temperatures may increase the
incidence of pests, such as the anticipation of the activity of the olive fruit fly (Bactrocera
oleae Gmel.) (Gutierrez et al. 2009). In summer, temperatures above 40 °C may reduce the
photosynthetic rates and yields (Fraga et al. 2020a; Silveira et al. 2023).

The olive tree is a drought-tolerant species, commonly found in sub-humid and semi-
arid zones, with hot and dry summers (Fraga et al. 2020a). Previous studies indicate drying
trends across the Mediterranean, accompanied by more frequent and intense precipitation
extremes, like torrential downpours, heavy rainstorms and droughts (Cardell et al. 2020;
Seker and Gumus 2022; Arjdal et al. 2023; Essa et al. 2023). The Intergovernmental Panel
on Climate Change (IPCC) has identified southern Europe as a climate change hotspot
(IPCC 2023). CMIP6 projections suggest that climate change trends already observed in the
Mediterranean region are likely to persist, or even worsen, in the foreseeable future (Chou
et al. 2023). Furthermore, the uncertainties associated with these trends pose significant
risks to crop sustainability, as well as to the olive chain sector (Chou et al. 2023). More
specifically, southern Portugal is projected to experience a 90 mm decrease in precipita-
tion, increasing water scarcity and impacting crop yields (Fraga et al. 2020b). Olive tree
drought tolerance mechanisms, well-adapted to very specific Mediterranean environments,
have played a significant role in their predominance under warm and dry regions (Connor
and Fereres 2004; Sofo et al. 2008; Montanaro et al. 2018; Silveira et al. 2022). However,
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reduced precipitation, combined with higher air temperatures, may undermine their future
sustainability (Gratsea et al. 2022), particularly under rainfed conditions. Furthermore, the
increasing occurrence of extreme weather events increases uncertainty about the growing
conditions and potential production of olive trees (Moriondo et al. 2015).

Agroclimatic indices (Agrls) are reference parameters for understanding climatic condi-
tions that support species’ growth (Freitas et al. 2022). The application of these indices can
help identify optimal areas for olive cultivation and growth, supporting decision-making
in OR management (Gratsea et al. 2022). These tools are useful for describing climatic
changeability and studying the effects of climate change on olive trees (Fraga et al. 2013;
Gratsea et al. 2022). Comparing projected and observed Agrl patterns can provide a basis
for biodiversity conservation and boosting ecosystem resilience (Silveira et al. 2023; Fierke
et al. 2024). Particularly for olive species, certain Agrls are usually considered, such as the
Spring Heat Day (when the maximum temperature exceeds 32 °C), Spring Maximum Tem-
perature and Total rainfall between October and May (Rivas-Martinez et al. 2011; Orlandi et
al. 2020; Gratsea et al. 2022; Silveira et al. 2023). These indices can help explain the growth
responses of olive trees under different climatic conditions (Silveira et al. 2023). While
other studies have applied different Agrls (Gratsea et al. 2022; Chou et al. 2023; Silveira et
al. 2023), there is still a lack of detailed studies in Portugal using high-resolution climate
data, in terms of spatial and temporal scales.

A comprehensive climatological analysis is critical to detect and understand the impacts
of climate change (Gratsea et al. 2022). The present study is based on Agrls calculated from
high-resolution climate datasets (~1 km). As such, the present study analysed historical
Agrls and projected future climate scenarios to guide OR management. In addition, future
climate conditions are evaluated through statistical analysis and adaptation and mitigation
measures are proposed to reduce the possible impacts on olive trees. This study should serve
as a Decision Support System (DSS) tool to support farmers, stakeholders and organisations
involved in the olive sector.

2 Materials and methods
2.1 Study area

The olive trees are widespread in areas with long, warm, and dry summers and rainy
winters, typical of Mediterranean countries (Fig. 1a) (Caudullo et al. 2017; Gratsea et al.
2022). In Portugal, the species is widely distributed across the mainland, covering more
than 350 x 10° ha, representing 32% of the cultivated area (Rodriguez Sousa et al. 2023).
According to the Koppen-Geiger classification (Kottek et al. 2006), Csb and Csa climates
are prevalent over Portugal, which are characterised by warm (Csb) or hot summers (Csa)
and rainy winters (Beck et al. 2018).

The characterisation of these olive-growing areas is based on the digital inventory of the
Geographical Institute of Portugal, with the areas referred to as “Olivais” (Fig. 1b) (DGT
2018). The species is mainly found in the country’s eastern regions. Traditional rainfed and
intermediate orchards are established in the North and Centre regions (NUTII), where the
orography is more heterogeneous (Fig. 1c) (Silveira et al. 2022; Fraga et al. 2024). The
southern areas (Alentejo agrarian region) consist of intensive and super-intensive orchards
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Fig. 1 — Overview of the study area: (a) distribution of olive trees across the Mediterranean region
(Caudullo et al. 2017); (b) distribution of olive-growing areas in mainland Portugal (DGT 2018) and the
NUTII illustration (DGT 2023); (c¢) digital elevation model (DEM) (Karger et al. 2017); (d) cultivated
area in Portugal for olive-growing (%) and yield (t) of olive trees in the country, between 19862022
(FAOSTAT 2023; Tridge 2024)

(Guerrero-Casado et al. 2021; DGT 2023). Historical records available (1986-2022) show
that the highest production year was 2021 (138 x 10* t), with 32% cultivated area for the
olive species. Although 2020 saw the largest harvested area (381 x 10° ha), this did not
reflect the highest yield (FAOSTAT 2023). The annual olive yield fluctuation in ORs is
often due to the alternate bearing phenomenon typical of these plants (Fig. 1d) (Lavee and
Wodner 2004; Gratsea et al. 2022).

2.2 Climate dataset and data processing

The CHELSA method (version 2.1) (Karger et al. 2017, 2021) is a widely used approach for
downscaling global climate models, utilising a quasi-mechanistic framework that incorpo-
rates physical processes, e.g. orography, temperature stratification, cloud and precipitation
formation (Fierke et al. 2024). This method enhances the spatial resolution of climate projec-
tions, providing more detailed and physically plausible results. However, despite its advan-
tages, the CHELSA method has some limitations. Specifically, the algorithm is applied to
each grid cell and day independently, basically ignoring spatial and temporal correlations of
climate parameters at this high scale. Furthermore, it is challenging to evaluate the dataset, as
observations are not available at such a high resolution across the entire study domain.

For the present study, we process daily simulations of a six-member ensemble of Global
Circulation Models (GCMs), using the CHELSA method. This method is applied to bias-
adjusted climate projections from the Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP3b; 0.5° grid resolution) (Lange 2019, 2021a, b; Frieler et al. 2024), which are
based on Coupled Model Intercomparison Project Phase 6 (CMIP6) simulations (Eyring
et al. 2016; O’Neill et al. 2016). In contrast to CMIP5, CMIP6 considers a more recent
historical period, during which the effects of climate change have already become apparent.
This enables researchers to simulate future climate change on the environment and socio-
economy (Fernandes et al. 2024).
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Two Shared Socio-Economic Pathways (SSP) are considered to represent a wide range
of possible future socio-economic development scenarios: SSP3-7.0 (regional rivalry) and
SSP5-8.5 (fossil-fuelled development) (Meinshausen et al. 2020; Talebian et al. 2021).
SSP3-7.0 is a moderate-to-pessimistic scenario that results in a radiative forcing of 7.0
W/m? by 2100 (Brun et al. 2022). SSP5-8.5 is an extreme scenario described by intensive
fossil-fuel consumption, leading to a radiative forcing of 8.5 W/m? in 2100 (Martinez and
Iglesias 2021). The simulations of the six GCMs are available for each pathway (Table 1).

The created dataset, with a resolution of 30 arc-seconds (~1 km), integrates climate
observations and model projections of climate variables (Karger et al. 2017, 2021). This
high spatial resolution, high data reliability and global coverage enable very detailed assess-
ments of climatic conditions. This level of precision is particularly useful for regions with
complex landscapes. This climate dataset has been used for simulating the future environ-
mental and socio-economic impacts of climate change in viticulture (Fernandes et al. 2024).

The Agrls are calculated from daily data for each model, in the historical baseline period
(1995-2014) and the future period (2041-2060), in each scenario. Subsequently, the ensem-
ble mean of the six models is applied for each period and scenario (Freitas et al. 2023). The
ensemble mean for each scenario helps to reduce inter-model variability. Ensemble medians
are also tested, but the results are very similar (not shown).

2.3 Agroclimatic indices description

Agrls indices have been used to analyse climate features relevant to the growing conditions
and spatial distribution of olive trees, providing predictions about how climate change may
affect the crop, thus enabling the development of improved management and adaptation
practices (Freitas et al. 2022). In addition, these indices allow for assessing the relationship
between yields, climatic variables (e.g., air temperature and precipitation) and water avail-
ability (Gratsea et al. 2022). Therefore, this study applies the following Agrls: Consecutive
Frost Days (CFD; day), Spring Heat Day (SPR32; day), Spring Maximum Temperature
(SPRTX; °C), Summer Heat Stress Days (SU40; day) and Total rainfall between October
and May (WINRR; mm), which are detailed in Table 2.

Table 1 Ensemble of global Global Climate Model Reference
climate model (GCM) chains Model Abbreviation

selected for this study and the

. . IPSL-CM6A-LR Institut Pierre-Simon Laplace ( Lurton
corresponding Institute that un-
dertook each model experiment Earth System Model—Coupled et al.
Model version 6 A—Low 2020)
Resolution
MPI-ESM1-2-HR  Max Planck Institute Earth ( Gutjahr
System Model Version 1.2—High et al.
Resolution 2019)
MRI-ESM2-0 Meteorological Research Institute  ( Yuki-
Earth System Model Version 2.0  moto et
al. 2019)
UKESMI1-0-LL UK Earth System Model 1.0 Low  ( Sellar et
Resolution al. 2019)
CNRM-CM6-1 Centre National de Recher- ( Voldoire
ches Météorologiques — Climate et al.
Model Version 6.1 2019)
MIROC6 Model for Interdisciplinary Re- ( Tatebe et
search on Climate, version 6 al. 2019)
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Table 2 — Agroclimatic indices characterising the climate conditions for Olive tree cultivation

Agro- Designation Application Olive tree impacts References
climatic
Index
Consecu- CFD by year The determination of CFD helps An increase in the num- (Bar-
tive Frost with minimum  to understand the impacts of frost  ber of frost days may tolozzi and
Days temperature on olive growth and fruit yield lead to disrupted growth Fontanazza
(CFD; (TN; °C) less and may be used as a guide for with an impact on phe-  1999;
day) than 0 °C. selecting varieties, optimising and  nological stages timing ~ Snyder and
managing irrigation and yields ( and fruit development. ~ Melo-Abreu
Fraga et al. 2020a; Silveira et al. Late frost may also lead 2005;
2023). to a yield decrease. Silveira et
al. 2023)
Spring Total spring This index is related to early An increase in these (Gratsea et
Heat Day days, between flowering olive trees. It serves days may lead to earlier al. 2022;
(SPR32;  2lstApriland as areference for pre-flowering flowering, a higher inci- Chou et
day) 21st June, with  treatments, irrigation management dence of pests and dis-  al. 2023;
maximum and yield prediction (Gratsea et al. eases (e.g., Prays oleae  Silveira et
temperatures 2022; Chou et al. 2023). Bern. and Bactrocera al. 2023)
(TX; °C) above oleae Gmel.), and ear-
32 °C. lier pollination activity
and pollen viability.
Spring Mean spring SPRTX helps to understand the High temperatures can  ( Pérez-
Maximum (between 1st flowering timings, pollination indicate earlier flower-  Lopez et al.
Tempera- April and 31st  activity and climatic demand ing dates and extend 2008; Grat-
ture May) of daily ~ conditions and therefore the tree the growing season, sea et al.
(SPRTX; mean TX. water requirements. The index is  increasing water stress, 2022; Chou
°C) used for guiding pest management, particularly in rainfed et al. 2023;
fertilisation, the plant’s photo- plantations and poten-  Silveira et
synthetic activity limits and yield tially affecting pollina-  al. 2023 )
forecasting (Chou et al. 2023). tion periods.
Summer  Number of This is applied to assess the plant’s An increase in the (Koubouris
Heat summer days,  photosynthetic activity limits number of days may et al. 2009a;
Stress between 21st under high temperatures. The lead to greater heat Haworth et
Days June and 21st  index is a guide to selecting plant  stress or more frequent  al. 2018;
(su40; September, drought-protection methods, pest ~ drought events. High Nissim et
day) with the daily ~ and irrigation management, pre- temperatures contribute  al. 2020;
TX above 40 dicting fruit quality and selecting  to earlier fruit ripening  Gratsea et
°C. drought-tolerant varieties (Gratsea and may inhibit photo-  al. 2022;
et al. 2022; Chou et al. 2023; synthetic and pollinator Chou et
Silveira et al. 2023). activity. Furthermore, al. 2023;

high temperatures may  Silveira et
affect fruit development al. 2023)
and oil composition.

These indices are computed using gridded daily air temperature and precipitation for
each model grid point. For each period, the index represents the mean of the corresponding
years, followed by the ensemble means of the selected models.

Complementary indices are calculated to support the Agrls analysis for the olive trees.
These included maximum and minimum temperatures and accumulated rainfall over the
seasons (winter, summer, spring and autumn). Furthermore, indices related to extreme cli-
mate or weather events are also computed, namely the Consecutive Dry Days Index (CDD),
the Simple Daily Intensity Index (SDII), and the Precipitation Percentage due to R95p days
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Table 2 (continued)

Agro- Designation Application Olive tree impacts References
climatic

Index

Total Total accumula- This parameter allows for evaluat- A rise in water deficit (Rodrigo-
rainfall tive rainfall be- ing the plant’s physiological activ- between October and Comino et
between  tween October ity and is a reference to irrigation =~ May can contribute to a  al. 2021;
October  (previous year) and soil management, as well reduction in plant yield, Gratsea et

and May and May (fol-  as for selecting drought-tolerant though it may not affect ~al. 2022;
(WINRR; lowing year). varieties ( Rodrigo-Comino et al.  fruit quality. Rainfall Silveira et

mm) 2021; Gratsea et al. 2022; Silveira  below 300 mm is linked al. 2023;
et al. 2023 ). Although this period  to reduced production in Moral et al.
encompasses a period when the rainfed plantations. 2024)

olive trees are less active (i.e. not
growing), it plays a key role in

the establishment of adequate soil
moisture provisioning for the typi-
cal summertime hot and dry period
in the Mediterranean systems

(e.g., Paco et al. 2019; Fraga et al.
2020a; Pereira et al. 2024 ).

(R95PTOT), described in Table SM1 (Freitas et al. 2022; Schulzweida 2023; Claro et al.
2023). The results are presented in Supplementary Material (Fig. SM1-SM19).

2.4 Model uncertainties and output statistics

To assess uncertainties within ensemble means, the interquartile range (IQR) is applied
(Fraga et al. 2013), for each period and Agrl. This method considered the difference between
the third quartile (Q;) and the first quartile (Q,) at each grid point (Fraga et al. 2013; Shen et
al. 2018). The IQR determination allows us to quantify the model uncertainty, with higher
values indicating greater variability among models and lower values reflecting greater inter-
model consistency. In addition, the Student’s #-test is applied to assess the significance of
the differences between future and historical periods, for each scenario and AgrI (Decremer
et al. 2014; Tan et al. 2015), at a significance level of 5%.

2.5 Temporal variance of the agroclimatic index for Olive oil PDOs

In Portugal, there are six Protected Designation of Origin (PDO) regions: “Tras-os-Mon-
tes”, “Beira Interior”, “Ribatejo”, “Norte Alentejano”, “Moura”, and “Alentejo Interior”,
for olive oil production (Albuquerque et al. 2019; INE 2021; Freitas et al. 2024). To analyse
how the Agrl changes over time, the differences between historical and future periods (Frei-
tas et al. 2022) are computed. The min-max scaler normalisation method is then applied
to each index (Amorim et al. 2022). The Agrl values are then extracted based on the ORs’
geographical distribution (COS 2018), and the mean values are computed for each PDO.
This approach allows us to identify and compare differences between PDOs and highlight
which PDO is likely to experience the most significant changes in the future. These results
can be particularly useful for suggesting adaptation measures tailored to each specific cli-
matic condition.
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3 Results
3.1 Agroclimatic zoning

To analyse the climatic conditions for olive growing, Agrls are evaluated using the corre-
sponding ensemble means and the IQR. In addition, to assess the climate evolution in future
periods, the results of the Student’s #-test are applied to each index to assess the statistical
significance of the differences between the future and historical periods and thereby identify
a possible climate change signal.

3.1.1 Consecutive Frost days (CFD)

The ensemble means of historical climatic conditions (Fig. 2a) in the south, centre and north-
eastern regions are defined by 0 to 5 CFD, covering 77% of the territory. In contrast, the
northeast exhibited greater variability due to its orographic complexity. Low-elevation areas
reveal the lowest CFD (0-10), while the highest-elevation regions record the longest periods
(15-30 CFD), with the ‘Serra da Estrela’ mountain range (in central Portugal) reaching up
to 35 days of CFD. Although the higher CFD is associated with the higher elevations, as
expected, these regions also showed higher model uncertainty (Fig. 2d). Lower elevations
show higher model consistency, with the IQR ranging from 0 to 2 days, and covering 92%
of the total area.

As increasing temperatures are projected (Fig. SM1 to SMS), the CFD will generally
decrease in both scenarios (Fig. 2b, c), particularly at higher elevations. In the “Serra da
Estrela” mountain range, a reduction in CFD by up to 9 days (Fig. 3a) is observed under
SSP3-7.0, while the reduction reaches 11 days, under SSP5-8.5 (Fig. 3f). In fact, greater
variability is expected in the IQR in the north compared to the south (Fig. 2b, c¢). Overall,
model inconsistency is higher in SSP3-7.0 (Fig. 2¢) than in SSP5-8.5 (Fig. 2f). The southern
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Fig.2 — Ensemble means of Consecutive Frost Days (CFD; day) for (a) the historical period (1995-2014)
and future scenarios: SSP3-7.0 (b) and SSP5-8.5 (¢) for 2041-2060. Panels (d), (e) and (f) display the
interquartile range (IQR) for the respective historical period and future scenarios
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Fig. 3 — Statistical differences between historical and future scenarios according to Student’s #-test, with
a significance level of 0.05. Agroclimatic indices are represented as follows: Consecutive Frost Days (a;
f), Spring Heat Day (b; g), Spring Maximum Temperature (¢; h), Summer Heat Stress Days (d; i) and
Total rainfall between October and May (e, j) for scenarios SSP3-7.0 and SSP5-8.5, respectively. Only
statistically significant future-historical period differences are represented

coastal region is not expected to show statistically significant differences when compared to
the rest of the country, i.e. 7% of the area for SSP3-7.0 and 10% for SSP5-5.8 (Fig. 3a, f).

3.1.2 Spring heat day (SPR32)

Historically, SPR32 is more common in inland Alentejo and southeastern Centre, with 6—12
days (covering 10% of mainland Portugal) (Fig. 4a). In the Alentejo, the Centre and inland
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Fig.4 — Ensemble means of Spring Heat Day (SPR32; day) for (a) the historical period (1995-2014) and
future scenarios: SSP3-7.0 (b) and SSP5-8.5 (c¢) for 2041-2060. Panels (d), (e) and (f) display the inter-
quartile range (IQR) for the respective historical period and future scenarios
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North, SPR32 shows 3—-6 days (36% of the area). Fewer days (0-3 days) are recorded near
the coast, in the Algarve and most of North, covering 53% of the territory, due to the influ-
ence of the Atlantic winds and the complex orography in the inland North. The areas with
the highest SPR32 correspond to the ORs distribution. During this period, the IQR reached
up to 2 days throughout the country (Fig. 4d).

Given the increase in air temperatures in spring and summer (Fig. SM2 and SM3), the
number of SPR32 is expected to increase significantly in the future (Fig. 3b, g). Areas near
the Atlantic coast present the lowest SPR32, while the number increases as one moves
further inland, and is more intense in SSP5-8.5 (Fig. 4c) than in SSP3-7.0 (Fig. 4b). In the
inland North, lower elevation areas show higher SPR32 (12—13 days) than higher eleva-
tion areas (6—12 days). In SSP3-7.0 (Fig. 4b), 12-21 days are observed in the southeastern
Centre and inland Alentejo (15% of the territory). While in SSP5-8.5 (Fig. 4c), a SPR32 of
24 days (0.1% of the area) is observed in inland Alentejo, defined by super-intensive ORs
(DGT 2018). Furthermore, in SSP5-8.5, SPR32 intensification is expected to last around 12
days (1.4% of the area) in the inland Alentejo (Fig. 3g). Despite the overall increase, the
IQR showed model inconsistencies. In SSP3-7.0, the model variability could reach 6.7 days
(1% of the area) (Fig. 4¢), with a notable intensification in the inland Alentejo. In the coastal
areas, the IQR is lower due to the influence of westerly Atlantic winds (more maritime cli-
mates). Under SSP5-8.5 (Fig. 4f), the differences can reach 7 days (3% of the area), with the
IQR being larger in the inland mainland Portugal.

3.1.3 Spring maximum temperature (SPRTX)

During the historical period, SPRTX is below 18 °C, mostly in the North region, and cover-
ing 10% of the total area (Fig. 5a). Temperatures between 20 and 22 °C are observed in the
Centre, Alentejo and Algarve regions (23% of the territory). The highest temperatures (24
°C) are mainly observed in the inland areas of the Alentejo and the Algarve (58% of the
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Fig. 5 — Ensemble means of Spring Maximum Temperature (SPRTX; °C) for (a) the historical period
(1995-2014) and future scenarios: SSP3-7.0 (b) and SSP5-8.5 (c¢) for 2041-2060. Panels (d), (e) and (f)
display the interquartile range (IQR) for the respective historical period and future scenarios
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area). The IQR (Fig. 5d) is higher in the higher elevation regions (i.e. “Serra da Estrela”)
and could be up to 1 day.

For future scenarios (Fig. 5b, c), areas with temperatures between 10 and 18 °C are
projected to be residual, accounting for only 2.8% of the territory in SSP 3-7.0 and 2.1%
in SSP5-8.5. In addition, inland areas temperatures are expected to rise by up to 3 °C as
the influence of the sea diminishes. In SSP3-7.0 and SSP5-8.5, temperatures of around
26 °C are frequently reached in the central and southern inland regions, representing 13%
of the area affected under SSP3-7.0 and 16% under SSP5-8.5. However, compared to the
historical period, the areas with the largest differences are observed in the extreme scenario,
especially in the inland regions (Fig. 3c), when compared to the intermediate-to-pessimistic
scenario (southern inland) (Fig. 3h). The coastal regions show weaker changes, owing to
their more marine climate with air temperature regulation. In SSP3-7.0 (Fig. Se), the dif-
ference between the models could reach 1.5 °C, especially in inland regions (covering 12%
of the territory). For SSP5-8.5 (Fig. 5f), there is a model divergence of up to 2 °C in inland
Alentejo, as well as in inland North and Centre River basins (12% of the area).

3.1.4 Summer heat stress days (SU40)

Historically (Fig. 6a), no days with temperatures above 40 °C (SU40) are recorded in the
northern region and along the coastal areas (16% of the total area), due to the maritime
influence. The rest of the continental area records up to 3 days (84% of the area) and 4
days (0.07%) in the inland Alentejo. The IQR reaches between 1 and 2 days in the inland
Alentejo (45% of the area), while less than 1 day is observed in the rest of mainland
Portugal (Fig. 6d).

In future scenarios (Fig. 6b, ¢), temperatures above 40 °C may prevail for up to 12
days in the inland North and northeast Centre at low elevations. For SSP3-7.0 (Fig. 3d),
no statistically significant differences concerning SU40 (10% of the area) are found in the
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Fig. 6 — Ensemble means of Summer Heat Stress Days (SU40; day) for (a) the historical period (1995—
2014) and future scenarios: SSP3-7.0 (b) and SSP5-8.5 (¢) for 2041-2060. Panels (d), (e) and (f) display
the interquartile range (IQR) for the respective historical period and future scenarios
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northwest and coastal areas. However, there will be high variability in SU40, between 3
and 24 days in the southeast Centre and inland Alentejo. SSP5-8.5 (Fig. 6¢) shows a larger
area with 21-24 days in inland Alentejo (0.2% of the territory). In SSP5-8.5 (Fig. 31), the
areas without statistical differences are smaller but show similar patterns to SSP3-7.0 (15%
of the area). The largest differences are observed in the inland Alentejo in both scenarios,
with larger impacts in SSP5-8.5 (Fig. 6¢). Future projections also show the greatest IQR in
inland Portugal (Fig. 6e, f), associated with orographic conditions and the distance from the
Atlantic Ocean. The highest IQR (Fig. 6f) is recorded in SSP5-8.5 for the inland Alentejo,
reaching up to 9 days.

3.1.5 Total rainfall between October to May (WINRR)

During the period 1995-2014 (Fig. 7a), WINRR generally decreases from the north to the
south. The northwestern North region records the most rainfall, with 2% of the area expe-
riencing 1300-1500 mm and 8% recording 1100-1300 mm. However, 46% of the terri-
tory, which includes the inland regions of North and Centre, Alentejo and Algarve regions,
shows a decrease in WINRR (300—-500 mm). The IQR (Fig. 7d) is smaller during this period
compared to future projections, with the greatest uncertainties occurring in northwestern
Portugal. In addition, the southern regions also show a model divergence of 35-75 mm.

In future scenarios, a decline of the area with 1100—1500 mm is projected for the North
and Centre regions, which make up 6% of the territory (Fig. 7b, c). Contrarily, the areas
with WINRR of 300-500 mm may expand, particularly in the Alentejo and Algarve (Fig.
3e, j). Under SSP3-7.0, the changes in WINRR will not be statistically significant in North
and Centre regions (covering 53% of the area), while in SSP5-8.5 changes in WINRR in
coastal North and Centre will not be statistically significant (23%) (Fig. 3j). SSP3-7.0 (Fig.
7e) indicate greater uncertainties in the coastal northern regions (95-195 mm), compared
to the southern mainland and northeast North (35-95 mm). Meanwhile, SSP5-8.5 (Fig. 7f)
show greater uncertainties in the southern regions, reaching up to 119 mm.
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Fig. 7 — Ensemble means of Total rainfall between October and May (WINRR; mm) for (a) the histori-
cal period (1995-2014) and future scenarios: SSP3-7.0 (b) and SSP5-8.5 (¢) for 2041-2060. Panels (d),
(e) and (f) display the interquartile range (IQR) for the respective historical period and future scenarios
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The reduction in WINRR follows a consistent pattern across all seasons, which shows a
decrease in the annual rainfall (winter, Fig. SM9; spring, Fig. SM10; summer, Fig. SM11;
autumn, Fig. SM12). In winter (Fig. SM18a, ¢), the reduction may be projected to be less
statistically significant in future scenarios, particularly in the northern and central regions,
compared to other seasons. In summer (Fig. SM18c, d), precipitation is reduced, especially
in the North region, and the trend suggests that there will be little to no rainfall in the
future. Due to the typical Mediterranean climate, the Alentejo and Algarve regions typically
only receive residual rainfall in summer, thus explaining the lower reduction foreseen under
future scenarios.

Furthermore, additional indices of extreme precipitation, which are not directly related
to olive tree growing conditions but are also informative of future climatic conditions, hint
at decreasing precipitation and increases in the frequency and intensity of extreme events
in the future (Supplemental Material). The Consecutive Dry Days (CDD) show more days
in the southern than northern regions (Fig. SM13), and the differences may be higher in the
centre of Portugal (Fig. SM19a, e), thus highlighting longer dry periods in future climates.
The Simple Daily Intensity Index (SDII) patterns in the future may be similar to those of the
historical period, being more intense in the northwest than in the other regions (Figs. SM14
and SM19b, f). According to the Precipitation Percentage due to R95p days (R9SPTOT),
i.e. the contribution of days with precipitation above the 95th percentile to total precipita-
tion, extreme rainfall events may become more intense in the southeast country, with their
contribution to total precipitation reaching 48% (Figs. SM15 and SM19c, g).

3.2 Temporal variance of the agroclimatic index for olive oil PDOs

To understand the vulnerability of each PDO, the normalised (from 0 to 1) variation of all
indices (difference between future and historical), for each PDO, is presented in Fig. 8.

In the “Tras-os-Montes” (Fig. 8a), the largest differences can be seen in SPR32 and
SPRTX. In SSP3-7.0, an increase of 0.49 and 0.67 in these indices is expected, while in
SSP5-8.5, the increase will be 0.54 and 0.80, respectively. CFD and WINRR are projected
to decrease by around 0.28 and 0.09 in SSP3-7.0 and by 0.28 and 0.21 in SSP5-8.5. SU40
may increase by 0.13 in both scenarios.

In the “Beira interior” (Fig. 8b), the largest changes also occur in SPR32 and SPRTX,
with increases of 0.58 and 0.70 under SSP3-7.0, and 0.65 and 0.80 under SSP5-8.5. CFD
may decrease by 0.17, and SU40 may increase by 0.27 in both scenarios. The WINRR
reduction is more pronounced under SSP5-8.5, with a decrease of 0.27, compared to 0.19
under SSP3-7.0.

The ORs from “Ribatejo” (Fig. 8c) experience smaller changes in SPR32, SPRTX, and
SU40 compared to other PDOs, though this does not mean that the ORs experience lower
absolute values. CFD and WINRR reduce in future scenarios, with reductions of 0.07 and
0.17, respectively, in SSP3-7.0, and for the SSP5-8.5, areduction of 0.06 and 0.27 is observed.

“Norte Alentejo” (Fig. 8d), the ORs are exposed to the largest changes in SPR32, SPRTX,
and SU40 compared to other PDOs. SPR32 is projected to increase by 0.68 in SSP3-7.0 and
0.78 in SSP5-8.5, while SPRTX is expected to rise by 0.80 and 0.88, respectively. SU40 is
increased by 0.47 in both scenarios. CFD is expected to decrease by 0.11 under SSP3-7.0
and by 0.10 under SSP5-8.5, while WINRR drops by 0.39 under SSP5-8.5 and by 0.27
under SSP3-7.0.

@ Springer



56 Page 14 of 23 Mitigation and Adaptation Strategies for Global Change (2025) 30:56

a) CFD b) CFD
1.0 ~ 1.0 . -
Tras-os-Montes Beira Interior
0.5 0.5
WINRR SPR32 WINRR SPR32
; ’ / ‘
su40 SPRTX /. SU40 SPRTX ..
c) CFD d) CFD
1.0 A . H .
Ribatejo 2 Norte Alentejano
0.5 0.5
WINRR SPR32 WINRR SPR32
su40 serix M su40 SPRTX . 4
e) CFD f) CFD
b Moura e Alentejo Interior
0.5 0.5
WINRR SPR32 WINRR
su40 SPRTX Su40 SPRTX /.
' R/
SSP3-7.0 =@mSSP5-8.5 Increase °*°°*°Decrease

Fig. 8 — Spatial variance of the normalised agroclimatic index between historical and future periods for
olive orchards distributed in each Protected Denomination of Origin (PDO) region: “Tras-os-Montes” (a),
“Beira Interior” (b), “Ribatejo” (¢), “Norte Alentejano” (d), “Moura” (e), and “Alentejo Interior” (f). The
scale ranges from —1 to 1, where values between 0 (black line) and 1 indicate an increase (brown line),
and values between 0 and — 1 indicate a decrease (dotted black line)

The ORs’ “Moura” (Fig. 8e), located in the Alentejo region, will experience less rainfall
compared to the other PDOs, with differences of 0.43 and 0.61 in SSP3-7.0 and SSP5-8.5,
respectively. In both scenarios, SU40 is expected to have the same difference of 0.28. CFD
has smaller changes compared to other indices, decreasing by 0.07 in SSP3-7.0 and 0.06 in
SSP5-8.5. SPR32 and SPRTX increase by 0.67 and 0.71 in SSP3-7.0, and by 0.75 and 0.76
in SSP5-8.5.

In “Alentejo Interior” (Fig. 8f), the ORs experience the smallest decrease in CFD com-
pared to other PDOs, with decreases of 0.04 in SSP3-7.0 and 0.03 in SSP5-8.5. The largest
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changes are observed in SPR32, SPRTX, and WINRR, with increases of 0.52, 0.58, and
0.35 in SSP3-7.0, and 0.58, 0.64, and 0.53 in SSP5-8.5, respectively. SU40 is expected to
increase by approximately 0.16 and 0.15 in SSP3-7.0 and SSP5-8.5, respectively.

ORs from all PDOs are expected to be significantly affected by higher spring tempera-
tures, leading to the anticipation of flowering and increasing water stress, particularly in the
rainfed orchards, as shown by the increases in SPR32 and SPRTX. Conversely, “Ribatejo”
will be the least affected. “Norte Alentejo” ORs experience the greatest impact from higher
summer temperatures (SU40), as they can affect fruit development and the plant’s photo-
synthetic activity. The “Alentejo Interior” and “Moura” ORs may be most affected by the
reduction in WINRR, particularly during fruit ripening, harvest, and dormancy. The “Tras-
os-Montes” and “Beira Interior” ORs may be affected by a decrease in frost days (CFD),
which may not have a negative impact on the phenological stages and fruit development. To
complement the results obtained, future studies should include the simulation of the pheno-
logical states of the olive tree, considering climate projections. This study could contribute
to a more detailed analysis of the impact of climate on the plant.

4 Discussion

Mainland Portugal’s Mediterranean climate (Beck et al. 2018) is favourable for olive growth.
Westerly and maritime winds play a role in olive distribution, with the most favourable
regions located inland. In the northern region, the traditional (rainfed) and intermediate ORs
systems dominate, constrained by the very complex orography (Silveira et al. 2022), while
the irrigated intensive and super-intensive systems prevail in the southern regions. In the
south, most ORs are irrigated due to lower rainfall (Gratsea et al. 2022; Fraga et al. 2024).

Future projections indicate that summers are expected to become longer, warmer and
drier, as observed by Cardoso et al. (2019), disrupting the usual seasonal patterns, which
could affect the phenological timing of olive trees (Ahmad et al. 2021; Silveira et al. 2023).
In winter, an increase in air temperature can anticipate the phenological stages (Engelen et al.
2023) (Figs. SM1-SM8). Higher temperatures can cause early break in dormancy, advancing
key developmental events, such as bud break, flowering, fruit maturation and harvesting. This
shift can negatively affect both the plant and overall production, increasing the likelihood of
damage from late frosts, disrupting ecological interactions (e.g., with pollinators), and result-
ing in reduced fruit set, lower yields, and decreased fruit quality (Freitas et al. 2023). Pre-
cipitation is expected to decrease markedly in Spring and Autumn (Figs. SM9-SM12). The
increase in the occurrence and intensity of the extreme events will be one of the main chal-
lenges for farmers, with impacts on fruit development and ORs suitability, namely in Alentejo
and Algarve (Mairech et al. 2021; Gratsea et al. 2022; Silveira et al. 2023) (Fig. SM15).

The Agrls that described the optimal ORs climate conditions revealed significant differ-
ences between the future and historical, which may affect the sustainability of olive trees.
Several studies (e.g., Lodolini et al. 2016; Mougiou et al. 2020; Rodrigues et al. 2022;
Silveira et al. 2023) have shown that the olive tree is susceptible to winter temperatures
below 0 °C, resulting in negative impacts on fruit quality, including shoot necrosis, leaf fall,
and even tree death (Mougiou et al. 2020; Rodrigues et al. 2022). However, the expected
reduction in CFD (up to 10 days) (Fig. 2), particularly in the North and Centre, may be less
damaging to the species, as they prefer higher temperatures (Montanaro et al. 2018). Nev-

@ Springer



56 Page 16 of 23 Mitigation and Adaptation Strategies for Global Change (2025) 30:56

ertheless, it is essential to ensure that chilling requirements are met so as not to affect the
dormancy/rest period (Fraga et al. 2020a).

The historical period showed similar results for the SPR32 (Fig. 4) of up to 12 days
inland Alentejo. These results are comparable to the findings reported by Chou et al. (2023).
Under SSP5-8.5, an increase of up to 12 days in SPR32 is anticipated for this region, result-
ing in a total of 12-24 days. This change could contribute to reduced pollinator activity and
an earlier flowering stage, shortening this period (Silveira et al. 2023), as well as a decrease
in pollen viability (Koubouris et al. 2009b). This may also impact fruit development and
ripening (Benlloch-Gonzélez et al. 2019). In addition, higher temperatures can increase the
risk of pests and diseases (Pérez-Lopez et al. 2008). In the Spanish region of Andalusia, near
the Alentejo and Algarve regions, an increase of up to 5 days is projected by 2060, under
RCP8.5 (Gratsea et al. 2022). The SPRTX (Fig. 5) is closely linked to SPR32. This index
shows higher temperatures (up to 24 °C) in inland Alentejo over the historical period, which
is consistent with the observations of Chou et al. (2023). The projected increase in tempera-
tures in the future (potentially reaching up to 26 °C) could intensify the impacts associated
with SPR32 (e.g., earlier flowering) (Orlandi et al. 2010; Gabaldon-Leal et al. 2017). At this
stage, temperatures above 25 °C have a negative impact on pollen tube growth (Benlloch-
Gonzalez et al. 2019; Dareioti et al. 2023), and may reduce yield and fruit quality (Orlandi
et al. 2020). In regions where 2—4 °C increase in temperature is expected, flowering may be
anticipated by 626 days (Grillakis et al. 2022; Gratsea et al. 2022).

Inland Portugal will experience an increase in SU40 (Fig. 6), ranging from 3 to 24 days.
This increase suggests a higher frequency of extreme weather events (e.g., heat waves)
(Gratsea et al. 2022; Chou et al. 2023). Temperatures above 40 °C lead to a decline in the
photosynthetic capacity, reducing stomatal conductance (Haworth et al. 2018), and antici-
pate ripening, affecting both fruit quality and weight (Silveira et al. 2023). In addition,
these high temperatures can cause visible leaf abscission, symptoms of sunburn, and growth
inhibition in plants (Nissim et al. 2020). Furthermore, increased water deficit during plant
development highlights the need for additional irrigation (Gratsea et al. 2022). However,
some olive varieties show greater resilience than others, due to their genotype (Koubouris
et al. 2019; Nissim et al. 2020).

Most of the ORs were located in regions where the WINRR ranged 300-900 mm. Cur-
rently, in the southern Iberian Peninsula, 50% of the olive-growing area records less rainfall
than is considered sufficient for optimal growth (Honorio et al. 2024) when under rainfed
conditions, leading to an increase in irrigation requirements (Gratsea et al. 2022). The Alen-
tejo and Algarve will be expected to be the most affected, with reductions of up to 140 mm
(7% of the total area). This could have a significant impact on olive yield as the available
water may not meet the plants’ demand (Moral et al. 2024). Therefore, southern Portu-
gal, where intensive and super-intensive ORs are located, will be most affected by climate
change (Freitas et al. 2024).

As mentioned in several studies (Montanaro et al. 2018; Fraga et al. 2020a; Sobreiro et
al. 2023), these indices are an essential tool for OR management, particularly to determine
the mitigation and adaptation measures, reducing the impacts of climate change on olive
trees. The use of plant conditioners such as antitranspirants, kaolin, salicylic and silicon
compounds has been one of the measures applied to reduce the effects of rising tempera-
tures and protect plants from extreme heat events (Michael Glenn et al. 2002; Cirillo et al.
2021). These compounds increase the reflection of solar radiation, decreasing the impacts
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of sunburn. Additionally, kaolin offers protection against pests and diseases (Fraga et al.
2020a). Biostimulants derived from glycine betaine and algae improve eco-physiological
and vegetative functions under high temperature and water stress (Graziani et al. 2022).
Furthermore, selecting heat-tolerant varieties is an adaptation measure to cope with the
impact of rising temperatures (Koubouris et al. 2009b). Some varieties also show resistance
to diseases, which is a crucial factor in varietal and clonal selection (Fraga et al. 2020a). Irri-
gation strategies, e.g., sustained deficit irrigation (SDI), regulated deficit irrigation (RDI),
and partial root-zone drying (PRD), are viable options for decreasing water use (Ibba et al.
2023; Sobreiro et al. 2023). Effectively, deficit irrigation, particularly during pit hardening,
has been confirmed to be effective in enhancing olive fruit quality (Goldhamer et al. 1994;
Moriana et al. 2003). To further reduce water use in irrigation, practices such as inter-row
cover cropping, no-tillage, and recycling of pruning residues can be complementary options
(Montanaro et al. 2018; Sobreiro et al. 2023). At the same time, these measures also serve as
mitigation strategies to promote carbon sequestration caused by climate change.

The Agrls presented in this study serve as a Decision Support System (DSS) tool for
managing ORs in Portugal and for predicting the threats to the species, helping to develop
mitigation strategies tailored to the needs of each region and each OR. Public services and
stakeholders related to the olive sector can also use this document as a resource for management
and creating advanced adaptation strategies (Chou et al. 2023), thereby contributing to greater
awareness of climate change in OR management. However, future research should consider
other factors for plant growth and crop sustainability, e.g., soil characteristics, varieties of olive
trees, and the physiological response of the plants. Identifying potential threats or advantages
will help promote better management practices and resilience to future climate change.

5 Conclusions

The application of Agrls for olive trees allows us to understand climate evolution and its
potential impacts on the sustainability of ORs. The expected challenges will test the resil-
ience and adaptability of current olive species, as well as the knowledge, management
capacity, and adaptability of producers, stakeholders, and olive sector representatives. In
addition, socio-economic and environmental challenges may arise.

In Portugal, climate change will have significant impacts, especially in the inland Alen-
tejo. This region is characterised by intensive and super-intensive ORs, which can amplify
the effects of climate change. Therefore, mitigation and adaptation measures (i.e., selecting
heat-tolerant varieties, applying bioestimulants, defining irrigation strategies) will be crucial
to maintain sustainable systems and reduce the vulnerability of these ORs. Each OR should
implement strategies considering its characteristics (e.g., dimension, agricultural practices,
and varieties) and its short- and long-term objectives.

Complementary studies should be carried out, including assessments of the chilling and
heat conditions for the species’ development and the adaptability of olive varieties to cli-
mate change. It is also recommended to extend the current study to other regions world-
wide and to foster collaboration between academia and the agricultural sector, to obtain a
direct understanding of the needs of stakeholders and ORs. This collaboration will improve
knowledge sharing, help understand challenges and find solutions for more resilient and
sustainable olive yield systems.
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