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on the environmental suitability and the environmental distinctiveness of olive-producing regions is still far from
being understood.

OBJECTIVE: The objective of our work was twofold. First, to evaluate changes in the spatial distribution patterns
of environmental suitability for olive growing both within and outside PDOs across the Iberian Peninsula under
two climate change scenarios within a 2050 time horizon. Second, to evaluate the ability of PDOs to retain their
distinctive environmental characteristics in response to new climate regimes.

METHODS: The study area was framed using 1 x 1 km square plots. We used an Ecological Niche Modelling
approach, firstly, to model the environmental correlates of environmental suitability for olive growing and,
secondly, to forecast their relative change within and outside PDOs. The estimated change in environmental
suitability for olive growing was calculated as the percentage variation between the present and each climate
change scenario. Additionally, a Random Forests Modelling approach was employed, firstly, to model the
environmental correlates of PDOs and, secondly, to evaluate their environmental distinctiveness based on the
probability of belonging to a given PDO. The estimated change in environmental distinctiveness of PDOs was
calculated as the percentage variation between present and future in the probability of belonging to the same
PDO.

RESULTS AND CONCLUSIONS: Our results suggest significant climate-driven range shifts of environmental
suitability toward northern latitudes, leading to widespread reductions in southern latitudes both within and
outside PDO olive-growing regions. Climate change will also severely affect the idiosyncratic environmental
envelope of most PDOs, leading to the loss of their environmental distinctiveness.

SIGNIFICANCE: Our study demonstrates that climate change’s impact on olive growing in the Iberian Peninsula
might be stronger than previously thought. We propose exploiting the existing genotypic and phenotypic di-
versity related to climate - or climate diversity - as a way to adapt O. europaea crops to shifting climates and, in

turn, allow olive growers to continue to grow in their current location for many years to come.

1. Introduction

Olive (Olea europaea subsp. europaea L.) is one of the most wide-
spread permanent crops globally (FAO, 2022) with about 11.6 million
hectares being occupied by olive trees (DeAndreis, 2022). This crop is
especially prevalent in Mediterranean regions, which are particularly
suitable for oliviculture (Moriondo et al., 2013). In parallel, these re-
gions are widely recognized as global biodiversity hotspots (Myers et al.,
2000). Olive growing is thus one of the major sources of environmental
pressure in Mediterranean ecosystems worldwide, mainly related to the
ever-increasing surface of the land devoted to this crop following the
unprecedented global demand for olive products, including both olive
oil and table olives.

Although olive trees show a widespread distribution in Mediterra-
nean climate regions (Moriondo et al., 2013), some olive products
(mostly olive oil) are characterized by some geographic distinctiveness,
due to their singular environmental characteristics. In such cases, pro-
vided that every stage of the manufacturing process takes place within a
delimited region, olive products can be granted a Protected Designation
of Origin (PDO; EU, 2012). PDO olive products are mainly related to the
use of traditional cultivars, which are adapted to local environmental
conditions, including both climate and soil properties (EU, 2012). As
such, there is a clearly established association between the character-
istics of the final food product and the environmental distinctiveness of a
given PDO. In Europe, which accounts for more than half of the total
area of the world devoted to olive growing (I0C, 2022), there are more
than one hundred (n = 114) PDO regions for olive products, mainly for
olive oils (EC, 2022).

Climate change is suggested to have severe impacts on the spatial
distribution patterns of environmentally suitable areas for olive growing
(Moriondo et al., 2013; Tanasijevic et al., 2014; Ponti et al., 2014).
Regardless of whether the objective proposed by the Paris Agreement of
limiting global temperature increase to 2 °C is achieved, in the coming
years almost all olive growing regions will continue to experience large
shifts in the local climate (Moriondo et al., 2013; Tanasijevic et al.,
2014; Arenas-Castro et al., 2020). Climate change is thus expected to
alter the potential future distribution of olive growing. However,
whether and how climate change will impact the environmental suit-
ability for olive growing areas and the distinctive environmental char-
acteristics of PDOs is still far from being understood.

Here, we performed a spatially explicit Ecological Niche Modelling
approach to project the environmental suitability for olive growing

throughout the Iberian Peninsula. Namely, we modelled environmental
suitability for olive growing under two distinct climate change sce-
narios, the stabilization scenario (that is, Representative Concentration
Pathway RCP 4.5) and the business-as-usual scenario (RCP 8.5), within
the 2050 time horizon. We followed two complementary approaches to
evaluate the impact of climate change on Iberian olive growing areas
and PDO olive oil regions. First, we projected the spatial distribution
patterns of environmentally suitable areas to assess potential future
changes in the distribution of olive growing areas across the Iberian
Peninsula, both within and outside PDOs. Second, we projected the
climate conditions that PDOs will display in the face of climate change to
evaluate their ability to retain their distinct environmental conditions.

Our study suggests that climate change causes unprecedented im-
pacts on the olive industry, not only by altering the spatial distribution
patterns of environmentally suitable areas for olive growing but also by
threatening the ability of PDO regions to retain their current distinctive
environmental conditions.

2. Material & methods
2.1. Study area

The Iberian Peninsula comprises two countries, Spain and Portugal,
where olive distribution is concentrated in the central-southern part
(Fig. 1). Specifically, this distribution is encompassed predominantly
within 34 continental regions granted with Protected Designation of
Origin status (Fig. 1; Supplementary Table S1). In Portugal, there are 6
registered PDOs spanning from the north to the south, whereas in Spain
there are 28 continental PDOs, mostly located in the south and centre,
with a few on the eastern side of the country. The assessment of envi-
ronmental impacts is key in the study area, especially because the Ibe-
rian Peninsula and associated PDOs cover a wide range of soil and
climate conditions, ranging from humid, mild, or cold areas to dry,
warm areas, with considerable and progressive variations across them.

2.2. Data collection

2.2.1. Olive occurrence

The current distribution of olive growing areas was extracted from
Corine Land Cover 2018 (EU, 2018), a data set that provides a classifi-
cation of land cover on the scale of 1:10.000. First, we retained the land
cover class representing cultivated areas with olive trees (CLC “2.2.3
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Fig. 1. - Study area: olive growing distribution across the Iberian Peninsula (in
green) and numbered PDO olive oil regions of the Iberian Peninsula: 1 - Azeite
do Alentejo Interior, 2 - Azeites da Beira Interior, 3 - Azeite de Moura, 4 -
Azeites do Norte Alentejano, 5 - Azeites do Ribatejo, 6 - Azeite de Tras-os-
Montes, 7 - Aceite de la Comunitat Valenciana, 8 - Aceite de la Rioja, 9 - Aceite
de L’Emporda, 10 - Aceite Campo de Calatrava, 11 - Montoro-Adamuz, 12 -
Baena, 13 - Priego de Cordoba, 14 - Sierra Mdgina, 15 - Montes de Toledo, 16 -
Aceite del Bajo Aragon, 17 - Gata-Hurdes, 18 - Sierra de Cazorla, 19 - Montes de
Granada, 20 - Aceite Monterrubio, 21 - Sierra de Cadiz, 22 - Aceite de Terra
Alta, 23 - Aceite del Baix Ebre-Montsia, 24 - Poniente de Granada, 25 - Ante-
quera, 26 - Estepa, 27 - Aceite de La Alcarria, 28 - Aceite Campo de Montiel, 29 -
Les Garrigues, 30 - Siurana, 31 - Sierra de Segura, 32 - Aceite de Lucena, 33 -
Aceite de Navarra, 34 - Aceite Sierra del Moncayo. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Olive groves”) limited to the Iberian Peninsula. Then, an olive occur-
rence map was generated by computing the centroids of each 10 km
UTM square grid with the olive tree presence according to Corine, using
Quantum GIS software version 3.22 (Fig. 1; QGIS.org, 2022). This step is
essential, considering that the package ‘sdm’ represents the data on
species occurrence as points (see below).

2.2.2. Protected designation of origin

Information on the geographical delimitation of PDO olive oil re-
gions was obtained from Spanish and Portuguese governmental struc-
tures, respectively, the Spanish Ministerio de Agricultura, Pesca y
Alimentaciéon (MAPA, 2017) and the Portuguese Direcao-Geral de
Agricultura e Desenvolvimento Rural (DGADR, 2016). Since no detailed
spatially explicit information was available for Portugal (e.g., shapefile
data), we followed a simple two-step procedure to determine the Por-
tuguese PDOs. First, we retrieved spatial information regarding the de-
limitation of Portuguese municipalities from the national open data
portal of the Agéncia para a Modernizacao Administrativa (AMA, 2022);
then, we selected those municipalities geographically representing the
PDOs in their entirety, according to the information from Direcao-Geral
de Agricultura e Desenvolvimento Rural (DGADR, 2016), and generated
shapefiles for each PDO region using Quantum GIS software. In a few
cases, where the PDO occupied the municipality only partially, we
considered the whole municipalities’ extension as part of the PDOs. The
spatial information data of the PDO regions were extracted on a
1:25.000 scale (see Supplementary Table S1).

2.3. Predictive variables

To determine the environmental correlates of the current distribu-
tion of olive growing throughout the Iberian Peninsula, we selected two
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sets of variables, both of which are widely recognized as being relevant
for olive distribution. These sets of variables ranged from local-scale (i.
e., soil properties) to regional-scale drivers (bioclimatic conditions). Soil
properties (i.e., soil pH) were extracted from the website of the Joint
Research Centre of the European Union at a resolution of 250 m (EC,
2010). Bioclimatic data were extracted from WorldClim (Fick and Hij-
mans, 2017) and ClimateEU datasets (Marchi et al., 2020). We started
with a set of 24 variables (a full list of the variables is available in
Supplementary Table S2), considering all the bioclimatic variables in the
WorldClim dataset and most of those in the ClimateEU dataset (those not
repeating information from the WorldClim). The bioclimatic variables
from WorldClim had a spatial resolution of 30 s (~1 km?). The variables
of ClimateEU and the Joint Research Centre were resampled to match
the resolution of the WorldClim dataset, using the “resample” (i.e.,
bilinear) function in the “raster” package (Hijmans, 2020).

To soften multicollinearity problems, we calculated the Variance
Inflation Factor for all variables and excluded those with the highest VIF
(VIF > 10; Naimi et al., 2014). As a result, we retained for further
analysis the following ten variables: Mean Diurnal Range (bio2), Iso-
thermality (bio3), Mean Temperature of Wettest Quarter (bio8), Mean
Temperature of Driest Quarter (bio9), Precipitation of Warmest Quarter
(bio18), Precipitation of Coldest Quarter (bio19), annual heat:moisture
index (AHM), summer heat:moisture index (SHM), number of frost-free
days (NFFD) and European Soil pH (pH).

2.4. Climate projections

We considered two Representative Concentration Pathways (RCP)
climate scenarios, RCP 4.5 and RCP 8.5. RCP 4.5 is defined as a stabi-
lization scenario, assuming that the concentration of greenhouse gases,
particularly carbon dioxide, will peak around the year 2040, declining
afterward. For this scenario, temperatures are expected to increase be-
tween 1.1 °C and 2.6 °C and radiative forcing levels stabilize at 4.5 W/
m? in 2100. On the other hand, RCP 8.5 is defined as a high-emission
business-as-usual scenario, assuming that greenhouse gas emissions
will continuously increase throughout the 21st century without relevant
mitigation measures (IPCC, 2022). In this scenario, temperatures are
expected to rise between 2.6 °C and 4.8 °C, while radiative forcing levels
reach 8.5 W/m? in 2100 and continue to rise thereafter. Climate pro-
jections were analysed for the medium-term time horizon spanning from
2020 to 2050. This 30-year period allows for the assessment of climate
trends and variability over a significant timeframe and was based on its
relevance to understanding climate change impacts within the study
area. For both RCP climate change scenarios, we forecast our model to
the several General Circulation Models (GCM; Goberville et al., 2015)
available in the Coupled Model Intercomparison Project Phase 5
(CMIP5; Taylor et al., 2012): CC (CCSM4), GF (GFDL-CM3), HE
(HadGEM2-ES), IN (INMCM4), IP (IPSL-CM5A-LR) and MP (MPI-ESM-
LR). This reduces uncertainties and leads to more reliable results under
alternative future trends of changing climate (Supplementary Table S3;
Tang et al., 2018). The climate projections were generated at a spatial
resolution of 30 s, which corresponds to approximately 1 km? grid cells.

2.5. Modelling procedure

2.5.1. Climate change impacts on environmental suitability for olive
growing

To project the spatial distribution patterns of environmentally suit-
able areas for olive growing in the Iberian Peninsula, both within and
outside PDOs, and under the two RCP emission forcing scenarios, we
first modelled current olive occurrence patterns using all predictive
variables described above, resorting to an Ecological Niche Model
(ENM). To calibrate the model, we selected an ensemble modelling
approach, combining eight algorithms (Aratjo and New, 2007): Classi-
fication and Regression Trees (Loh, 2011), Random Forests (Breiman,
2001), Mixture Discriminant Analysis (Hastie and Tibshirani, 1996),
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Generalized Linear Models (McCullagh and Nelder, 1989), Generalized
Additive Models (Hastie and Tibshirani, 1986), Multivariate Adaptive
Regression Spline (Friedman, 1991), Support Vector Machines (Hearst
et al.,, 1998) and Boosted Regression Trees (Ridgeway, 1999). The
ensemble model was subjected to a 10-fold cross-validation procedure
that was replicated 3 times and subsequently run using ten 70 % to 30 %
data partitions to calibrate and evaluate the models (Guisan et al.,
2017). The model captures the ecological niche of the species, projecting
it into the geographic space. The final ensemble projection for each GCM
and RCP was built using a TSS-weighted mean of each model (true skill
statistic; Allouche et al., 2006). Finally, we computed an average pro-
jection across all GCMs for each RCP scenario (Supplementary Fig. S1
and Fig. S2). To evaluate the model adjustment, we resorted to the Area
Under the Receiver Operating Characteristic curve (AUC; Hosmer et al.,
2013), the true skill statistic (TSS; Allouche et al., 2006), sensitivity
(proportion of correctly classified occurrences) and specificity (propor-
tion of correctly classified absences).

We obtained environmental suitability maps for the species, pro-
jected into 1 km? cells under present and future environmental condi-
tions. We used a quantile-based approach to classify these predictions
into three classes: low (below the 33rd percentile), medium (33rd to
66th percentile), and high (above the 66th percentile). Therefore, each
pixel was assigned a category based on these thresholds. Besides, the
changes in suitability per cell, from present to future, were calculated as
the difference between present and future class probabilities, with
values ranging from —1 to +1 indicating, respectively, a loss and a gain
in environmental suitability for olive growing. We adopted a similar
procedure to assess the magnitude of change in environmental drivers
on olive suitability under different RCP scenarios. First, we quantified
the relative importance of each environmental variable from the ENM
framework, normalizing these values to 100 % to establish a baseline
understanding of each variable in predicting current suitability. We then
averaged the values of each environmental variable, for each PDO, for
current and future scenarios (RCP 4.5 and RCP 8.5). The magnitude of
change was assessed using the percentage variation between present and
future scenarios, and then by applying a weighting step where the per-
centage change for each variable was multiplied by its relative impor-
tance previously determined. The resulting weighted changes were then
adjusted to a 100 % scale to ensure comparisons.

2.5.2. Climate change impacts on the environmental distinctiveness of PDOs

The same predictive variables used in the ENM were also used to
characterize and project the distinctive environmental characteristics of
PDOs under the two RCP scenarios. A set of Random Forests Models
(Breiman, 2001), which was calibrated in the present and projected for
the time period of 2050, was used to characterize the environmental
envelope of each PDO. These models were trained to identify each of the
34 PDO regions. The methodology consists of running an ensemble of 10
models where each model was trained on a random selection of 70 % of
the data and the remaining 30 % was used for validation. This maxi-
mizes the chance that every observation was included in at least one of
the models in the set. The class probabilities (i.e., the probability of
belonging to a PDO) of the ensemble model were obtained by averaging
the individual class probabilities of all models. A ten-fold cross-valida-
tion with 3 repetitions was used to fine-tune the model parameters: the
number of variables randomly sampled as candidates at each split and
the number of trees. The best combination of parameters for the model
sets was then used to train the final models. As a result of the modelling
procedure, we obtained maps with the environmental envelope of PDOs
projected in 1 x 1 km square cells for the present and future bioclimatic
conditions. Similar to the procedure used for the output of the ENM, we
calculated the changes per cell based on the difference between present
and future class probabilities. The values range from —1 to +1, where
positive values indicate a gain in environmental distinctiveness of PDOs,
and negative values indicate a loss. To assess the environmental simi-
larity between PDOs, the mean conditions of each environmental
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variable for each PDO were obtained. A Principal Components Analysis
was then run resorting to the PDO environmental mean values,
obtaining a set of PDO clusters resorting to a k-Nearest Neighbour
clustering algorithm. Additionally, we repeated the procedure
mentioned in the previous section to understand the magnitude of
change in environmental drivers for the PDO distinctiveness under
different scenarios (RCP 4.5 and RCP 8.5).

All the analyses were carried out in the R environment, version 3.6.1
(R Core Team, 2019). We applied the R packages “usdm” (using the
“vifstep” method for variable selection; Naimi et al., 2014) for the var-
iable screening procedure, and “sdm” (Naimi and Aratijo, 2016) to
conduct the ENM. Additionally, we also applied the R package “ran-
domForest” to run the Random Forests model (Naimi and Aratjo, 2016;
Liaw and Wiener, 2002), the base package “stats” to run the Principal
Components Analysis and the R package “class” to run the k-Nearest
Neighbour (Venables and Ripley, 2002).

3. Results

3.1. Climate change impacts on environmental suitability for olive
growing

The ensemble modelling, projecting the environmental suitability of
olive growing in the Iberian Peninsula, both within and outside PDOs,
had a meanAUC value of 0.794, falling just short of the “excellent”
threshold of model performance (0.8; Hosmer Jr et al., 2013). Addi-
tionally, results show a moderate discriminative power with respect to
the TSS metric (0.516). Besides, the scores from sensitivity (0.787) and
specificity (0.729) reveal a relative efficiency at correctly classifying,
respectively, occurrences and absences. The suitability of olive is
steadily lower with increasing values of precipitation during the
warmest quarter (biol8). Inversely, it is markedly higher with the in-
crease of summer heat:moisture index (SHM) and the number of frost-
free days (NFFD; see Supplementary Fig. S3a for the relative impor-
tance of variables and Supplementary Fig. S4 for the response curves of
all variables). Taking as a baseline the current environmental conditions
(Supplementary Fig. S5; Supplementary Fig. S6), climate change will
have a marked impact on the spatial distribution patterns of suitable
areas for olive growing. Specifically, the results indicate a strong
decrease in the environmental suitability for olive growing, most
notably in the southern Iberian Peninsula, as a result of latitudinal shifts
toward the north of the southern range boundaries (Fig. 2 on the left
panel; Supplementary Table S4; Supplementary Fig. S7). The
geographically shifting climate envelopes, on the other hand, will
prompt northern latitudes of the Iberian Peninsula to experience more
favourable environmental conditions for olive growing (Fig. 2 on the left
panel; Supplementary Table S4; Supplementary Fig. S7). As for olive
growing areas within PDOs, and regarding the magnitude of change in
olive suitability under the RCP 4.5 scenario, results show that environ-
mental drivers contributed diversely across each PDO (Fig. 3). Gener-
ally, precipitation during the warmest quarter (bio18) had the highest
contribution score, followed by the annual heat-moisture index (AHM),
then in minor contributions the Mean Temperature of Wettest Quarter
(bio8), Mean Temperature of Driest Quarter (bio9) and Precipitation of
Coldest Quarter (bio19; Fig. 3). Similar results were obtained for the
RCP 8.5 scenario (Supplementary Fig. S8).

3.2. Climate change impacts on the environmental distinctiveness of PDOs

The Random Forests models used to characterize the environmental
envelope of each PDO in a climate change context presented an accuracy
score of 92 %, indicating a high model performance. Both soil and
bioclimatic conditions influenced the environmental distinctiveness of
Iberian PDOs. The Precipitation of Coldest Quarter (bio19) was detected
as the most important variable, followed by the soil pH (pH) and the
Precipitation of Warmest Quarter (biol8; Supplementary Fig. S3b).
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Fig. 2. Environmental suitability variation of olive growing across the Iberian Peninsula, within and outside PDOs (on the left panel), and environmental
distinctiveness variation for each PDO (on the right panel), both under the RCP 4.5 climate scenario. The values —1 correspond to losses and values 1 correspond to
gains, whether in suitability (on the left panel) or distinctiveness (on the right panel).
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Fig. 3. Relative variable importance for changes in olive growing environmental suitability in each PDO under the RCP 4.5 climate scenario.

Results show that southern PDOs will be less likely to retain their
geographically associated environmental envelopes irrespective of the
evaluated climate change scenario (Fig. 2 on the right panel, Fig. 4,
Supplementary Table S5; Supplementary Fig. S9). As we move further to
the north, there is a smaller effect of climate change on the environ-
mental distinctiveness of PDOs (Fig. 2 on the right panel, Fig. 4, Sup-
plementary Table S5; Supplementary Fig. S9). The Principal Component
Analysis used to examine the underlying factors contributing to the
environmental distinctiveness of PDOs identified two components (PC1
and PC2) explaining 67 % of the total variance, with 4 geographically
recognizable clusters (Supplementary Fig. S10). Regarding the magni-
tude of change in PDO distinctiveness, results show a high variation in
contribution across PDOs, from the selected environmental drivers
under the RCP4.5 scenario (Fig. 5). Generally, the annual heat-moisture

index (AHM), Precipitation of Warmest Quarter (biol8), and Precipi-
tation of Coldest Quarter (biol9) contributed highly and similarly to
changes in distinctiveness, while the Mean Temperature of Wettest
Quarter (bio8), Mean Temperature of Driest Quarter (bio9), and summer
heat:moisture index (SHM) had minor contributions (Fig. 5). Similar
results were obtained for the RCP 8.5 scenario (Supplementary
Fig. S11).

4. Discussion

We investigated the impact of climate change on olive growing areas
in the Iberian Peninsula, both within and outside Protected Designation
of Origin (PDO) regions, under two contrasting climate change scenarios
for the 2050 time horizon. To achieve this challenging goal, we used two
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Fig. 4. Environmental distinctiveness in each PDO under the current and RCP 4.5 climate scenarios.

complementary approaches. On the one hand, we modelled current and
projected future bioclimatic conditions in the Iberian Peninsula,
including the ability of PDOs to retain environmentally suitable areas for
olive growing. On the other hand, we modelled current and projected
future bioclimatic conditions characterising PDOs to assess their ability
to retain their environmental distinctiveness. Both approaches suggest
severe impacts of climate change. More specifically, climate change will
significantly reduce the environmental suitability for olive growing
areas, particularly in the south of the Iberian Peninsula, as a conse-
quence of generalized northward shifts of suitable areas. Furthermore, it
will significantly impact the environmental distinctiveness of most
PDOs, leading even to the disappearance of many of them, particularly
in southernmost latitudes. Taking into consideration the high socio-
economic relevance of the olive industry and the role of PDOs within it,
our work suggests that the potential impacts of climate change will be
even stronger than previously thought, going beyond alterations in the
spatial distribution patterns of environmentally suitable areas for olive
growing and reductions in crop productivity.

4.1. Climate change impacts on environmental suitability for olive
growing

In close agreement with the existing literature, we found that climate
change will have a strong impact on the spatial distribution patterns of
environmentally suitable areas for olive growing (Tanasijevic et al.,
2014; Ponti et al., 2014; Arenas-Castro et al., 2020). Thus, while suitable
areas will decrease in the southernmost latitudes, the opposite trend is
predicted in the northernmost latitudes (Moriondo et al., 2013; Tana-
sijevic et al., 2014; Arenas-Castro et al., 2020). To a large extent, this is

related to the generalized northward shifts in environmental variables
that characterize suitable areas for olive growing in Mediterranean-like
climate regions, including temperature and precipitation patterns
(Tanasijevic et al., 2014; Ponti et al., 2014; Arenas-Castro et al., 2020).
Specifically, low summer precipitation (bio18) contributes to reduced
soil moisture levels, thereby minimizing the risk of waterlogging.
Additionally, the increase in days without frost (NFFD) lowers the pos-
sibility of plant tissue damage. The summer heat:moisture index (SHM),
reflecting combined summer temperature and moisture levels, is critical
for olive growth and fruit ripening, which affects oil yield (Connor and
Fereres, 2010). Interestingly, low summer precipitation (bio18) is one of
the most influential drivers in olive suitability shift across the Iberian
Peninsula, together with annual heat:moisture index (AHM), meaning
that changes in these aspects are crucial for understanding olive growth
capacity and adaptation (Tanasijevic et al., 2014). Remarkably, the sign
and extent of projected range shifts in suitable areas, and the drivers
contributing to that shift, did not differ significantly between both RCP
4.5 and RCP 8.5, suggesting the robustness of predictors across scenarios
and pervasive impacts of climate change even in moderate climate
change scenarios. However, our work goes beyond the existing literature
by determining the effects of climate-driven range shifts in suitable areas
for olive growing within and outside PDOs. Thus, we found that — as a
consequence of the generalized northward shifts of all those variables
that determine environmental suitability for olive-growing — climate
change is expected to significantly reduce environmental suitability for
olive growing in the Iberian Peninsula, particularly in the southernmost
latitudes. In fact, this will inclusively impact the PDO regions of the
southern Peninsula. For example, “Aceite de la Comunitat Valenciana”
(PDO number 7) in Spain and the “Azeites do Ribatejo” (PDO number 5)
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Fig. 5. Relative variable importance for changes in PDO distinctiveness under the RCP 4.5 climate scenario.

in Portugal are both suggested to show an overall decrease in environ-
mental suitability for olive growing in both climate change scenarios
(using median values), of 0.77 + 0.22 (RCP 4.5) and 0.74 + 0.26 (RCP
8.5), and 0.79 + 0.41 (RCP 4.5) and 0.78 + 0.4 (RCP 8.5), respectively
(Supplementary Table S4). Conversely, northernmost latitudes will
show an overall climate-driven increase in environmental suitability for
olive growing. This includes PDO regions such as “Aceite de Navarra”
(PDO number 33) in Spain and “Azeite de Tras-os-Montes” (PDO number
6) in Portugal, both of which are expected to increase their environ-
mental suitability for olive growing by 0.78 + 0.75 (RCP 4.5) and 0.8 +
0.7 (RCP 8.5), and 0.85 + 0.59 (RCP 4.5) and 0.85 + 0.43 (RCP 8.5),
respectively (Supplementary Table S4).

4.2. Climate change impacts on the environmental distinctiveness of PDOs

By definition, PDOs are closely related to the set of environmental
variables that characterize a particular geographical region (EU, 2012).
In fact, this distinctive environmental envelope is a key driver of the
added value of PDO products whose qualities are specifically linked to
the area of production. To date, the existing literature has focused pri-
marily on characterising the environmental envelope of current olive
growing locations to forecast the distribution of suitable areas for de-
cades to come (see references above). For the first time, we suggest that
the impact of climate change on the olive industry goes further by
altering the environmental distinctiveness of PDOs from the Iberian
Peninsula, one of the most important olive growing regions in the world
(IOC, 2022). Forecasts, in fact, predict generalized climate-driven im-
pacts on most PDOs regardless of the RCP scenario, although these im-
pacts are expected to be slightly stronger in PDOs from the southernmost
latitudes. Because our suitability models suggest the lack of a spatial
pattern in the environmental distinctiveness of PDOs across the Iberian
Peninsula, we hypothesize that this response pattern could be related to

the predicted higher rates of range shifts in temperature and precipita-
tion regimes as latitude increases. Precipitation of Coldest Quarter has
emerged as a key factor contributing to the environmental distinctive-
ness of PDOs, as it is critical for replenishing soil moisture, which im-
pacts plant health and fruit quality (Connor and Fereres, 2010).
Variations in the soil pH (pH) affect nutrient availability in the soil
(Connor and Fereres, 2010). Additionally, the Precipitation of Warmest
Quarter (biol8) impacts olive growth and fruit development, affecting
both yield and quality (Connor and Fereres, 2010). These variations in
all variables can have consequences on the flavour profiles and quality
of olive oils (Connor and Fereres, 2010), which underscore the diversity
of olive oils originating from distinct PDOs. This variability was
observed in our findings regarding the impact of environmental drivers
on PDO distinctiveness. However, our results show that while olive
suitability was primarily influenced by a few variables with larger
contributions, PDO distinctiveness was affected by a greater number of
variables, each generally with individual contribution within each PDO,
which highlights the complex, region-specific interactions between cli-
matic factors and the unique characteristics of each PDO. Interestingly,
in the model of environmental distinctiveness of PDOs, the variables pH,
SHM, and bio9 exhibit a greater relative importance compared to their
role in the environmental suitability for olive growing model. This
discrepancy could be attributed to the broader scope of the environ-
mental suitability for olive growing model, which encompasses inter-
specific diversity across all cultivars of olive species. Forecasts indeed
predict that some of the southernmost PDOs will exhibit severe changes
in their environmental envelopes, with some of them losing their
distinctiveness almost completely. Such is the case, for example, with
“Sierra de Cadiz” (PDO number 21) in Spain and “Azeite de Moura”
(PDO number 3) in Portugal, where forecasts predict reductions in
environmental distinctiveness (using median values) to 0.12 + 0.18
(RCP 4.5) and 0.07 £ 0.09 (RCP 8.5), and to 0.07 £ 0.1 (RCP 4.5) and
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0.04 + 0.05 (RCP 8.5), respectively (Supplementary Table S5). For
PDOs from northernmost latitudes, forecasts predict comparatively
lower decreases in their environmental distinctiveness. This is the case,
for example, of “Aceite de L’Emporda” (PDO number 9) in Spain and
“Azeites da Beira Interior” (PDO number 2) in Portugal, both of which
are expected to decrease their environmental distinctiveness by 0.38 +
0.68 (RCP 4.5) and 0.27 + 0.61 (RCP 8.5), and by 0.34 + 0.63 (RCP 4.5)
and 0.32 + 0.62 (RCP 8.5), respectively (Supplementary Table S5).
Furthermore, there are some PDOs that show local increases in envi-
ronmental distinctiveness, which are possibly related to areas of higher
altitude (data not shown). The main point is that, even if a PDO increases
its overall environmental suitability for olive growing (e.g., those to the
north), there is still a great loss of environmental distinctiveness. This
means that although it is suitable for the cultivation of olive trees, the
climate will be quite different from current conditions. Briefly, we can
categorize the factors that influenced the environmental distinctiveness
of PDOs into four groups. The northeastern PDOs were primarily
affected by factors related to temperature and precipitation during
specific periods of the year (i.e., bio8 and bio18). Meanwhile, the center-
southern PDOs were essentially impacted by pH levels, temperature
variations throughout the day and annual heat and moisture conditions
(i.e., pH, bio2 and AHM). The southwestern PDOs were mainly influ-
enced by factors linked to temperature and heat and moisture conditions
during summer (i.e., bio3, bio9 and SHM) while northwestern PDOs
were not particularly affected by any of the analysed factors.

4.3. PDOs and climate change adaptation

By dramatically altering the climate conditions of virtually all olive-
growing regions throughout the Iberian Peninsula, climate change un-
deniably poses a major challenge to the olive industry. Currently, a
critical concern is that olive yield and quality will decline unless rele-
vant stakeholders, including farmers and researchers alike, can devise
strategies to adapt the olive industry to shifting climates. Among
possible solutions, selecting olive cultivars able to tolerate the new
temperature and precipitation regimes imposed by climate change is
increasingly gaining ground. Ideally, using these cultivars would allow
farmers to continue growing olive trees in their current locations, both
within and outside of the PDOs (Alfieri et al., 2019). Olive is, in fact,
known to harbour a high diversity of cultivars linked to a high variation
in a number of characteristics, including cold tolerance and reproductive
phenology (Connor and Fereres, 2010). In the Iberian Peninsula, more
than 320 different varieties have been documented, although only 36
are classified as economically relevant (Barranco and Rallo, 2000;
DGAV, 2022; Jordao, 2014). Intraspecific diversity, as suggested by
other authors, can then be suitable to adapt olive growing to shifting
climates over time without moving across space (Morales-Castilla et al.,
2020). This approach, however, will require updated and rigorous
spatially explicit distribution maps of olive varieties to predict their
specific resilience to climate change and, in turn, to suggest which va-
rieties will be best for which regions in the future. Unfortunately, this
information is currently absent for most olive varieties in the Iberian
Peninsula, with the exception of some economically relevant varieties
(e.g., Hojiblanca and Picual) in Spain’s Andalusia region (Arenas-Castro
et al., 2020).

Nevertheless, such an approach is hardly adaptable to PDOs unless
relevant stakeholders, including farmers, consumers, and policy makers,
are willing to accept new varieties adapted to future conditions. This is
mostly because, as stated above, PDOs are closely linked to the set of
environmental variables that characterize a particular geographical re-
gion, allowing to grow only varieties with special characteristics related
to the location (EU, 2012). Farmers with PDOs are, in fact, subjected to
exclusively growing certain varieties if they want to continue to sell their
products linked to a PDO. Such is the case, for example, with “Baena”
(PDO number 12) and “Azeite do Alentejo Interior” (PDO number 1) in
Spain and Portugal, which are obligated to grow primarily either
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“Picudo” and “Galega Vulgar”, respectively, to preserve the geograph-
ical indication of their olive products (mostly olive oil). This being the
case, all those producers within PDOs for which forecasts predict that
olive yield and quality of current varieties will decline under new
climate regimes are at a crossroads. Thus, they will have to choose be-
tween growing the varieties they know (thereby assuming climate-
driven crop yield and quality losses) or embracing new varieties
adapted to future climate conditions while rejecting any geographical
indication for their olive products. In our opinion, olive farmers, just as
other farmers devoted to any other crop, should not be confronted with
this challenging decision. Paraphrasing Wolkovich et al. (2018), at a
time when climate change demands resiliency and sustainability,
investing in diversity and its by-products - this is, adaptability, flexi-
bility, and resilience - is critical to maintaining crop yield and quality.
Therefore, exploiting the current diversity of olive varieties should be
explicitly considered and integrated into climate adaptation programs
both within and outside PDOs. In any case, such in-place adaptation
should undoubtedly preserve current local products and the know-how
of local producers for the next generation of olive farmers.
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