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Abstract: The olive tree is a significant woody crop in the Mediterranean basin, with the primary
olive-growing areas located in the south and southwest of the Iberian Peninsula. Climate plays a
crucial role in crop distribution, viability, production, and yield. The climatic and topographical
conditions of Extremadura in southwestern Spain, were analysed to characterise and group the
olive-growing areas. To achieve this, a Geographic Information System (GIS) was developed to locate
all registered olive tree plots. The orientations and elevations of these were analysed, along with the
average, minimum, and maximum temperatures, precipitation, and frost for the period of 1990–2021.
The study reveals that olive groves in Extremadura are primarily situated at elevations ranging from
200 to 600 m above sea level. Additionally, it was found that the least common orientation is towards
the north. Temperatures are not a constraint for olive growing, except in the mountainous areas in
the north of the region; however, rainfall can be a limiting factor. In fact, 50% of the olive-growing
area receives less rainfall than is considered adequate for optimal production. Frost days and the low
probability of severe frosts are not a problem for olive growing in this region, except in the highest
parts of the region. The scale of this study, at plantation level, will enable the implementation of
measures aimed at climate change adaptation and mitigation.

Keywords: olive tree; climatic characterisation; topographic; Geographic Information System (GIS);
Extremadura

1. Introduction

The olive tree (Olea europea L.) is a significant perennial woody crop in Europe, partic-
ularly cultivated in the Mediterranean area. The European Union (EU) has seen an increase
in the area under olive cultivation in the last decade [1], with approximately 5.0 million ha
currently occupied [1]. Spain is the world leader in terms of surface area, with 55% of the
EU land, and is also the leading producer of olive oil, with 2.75 million hectares dedicated
to olive cultivation. Of this, 94% is allocated to oil production, while the remaining 6% is
for table olive production. Spain accounts for 70% of EU production and approximately
45% of the world’s olive oil production [2–4].

Climate is a critical factor that influences the distribution and viability of cultivated
plants, affecting their growth, development, and crop production [5,6], particularly in
olive groves [7–9]. The Mediterranean basin provides an optimal climate for cultivating
olives [10–12]. The climate is usually temperate, warm, and dry during the summer and
humid during the winter [13]. The establishment of olive-growing areas is primarily limited
by temperature, while plantation yields are most significantly limited by water availability.

The optimal temperature range for the vegetative growth of olive trees is generally
between 10 ◦C and 30 ◦C. Additionally, the optimal temperature range for carbohydrate
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synthesis in leaves is between 20 ◦C and 30 ◦C [14]. On the other hand, temperatures
consistently above 16 ◦C affect bud differentiation [14], reducing flowering. Olive trees
also require a period of low temperatures (0–7 ◦C) for bud differentiation [15]. However, it
is important to note that the minimum winter temperature should not drop below −7 ◦C
as this can cause serious damage to the trees. In fact, if the temperature falls to −12 ◦C, it
can even result in the death of the trees. Additionally, a minimum temperature of −4.7 ◦C
can cause significant defoliation of one- to two-year-old shoots and branches. However,
the tree can recover its vegetative activity [16] by sprouting adult branches. Similarly, the
cumulative impact of severe frosts during a phenological cycle affects the crop susceptibility
to frost damage.

The cultivation of olive trees is limited by the elevation of the terrain. Altitudes above
800 m a.s.l. are unsuitable due to the incidence of frost and the short vegetative period in
these elevated areas [15]. Mousa et al. [17] demonstrated that the fatty acid composition
and phenolic content of olives vary with the altitude of the olive trees. Altitude has an
impact on the phenological rhythm of olive trees, causing a delay in the phases of the
productive period as altitude increases. This can result in a difference of up to 20 days,
particularly in the date of fruit fall [18]. Additionally, altitude influences the fresh weight
of the fruit, with higher weights observed at lower altitudes [7].

Rainfall is a crucial factor affecting both commercial olive and oil yields, with a
minimum of 500 mm/year required to obtain acceptable commercial yields [12]. Values of
600 mm/year, 800 mm/year, and 1000 mm/year are considered sufficient, moderate, and
good, respectively [14].

The Mediterranean region is well suited to olive growing due to its ideal climatic
conditions. However, numerous studies warn that this area is highly vulnerable to climate
change, which may threaten its suitability in the future [13,19]. This area is classified as
a Hot Spot [20], and climate change leads to a reduction in precipitation [21,22] and an
increase in temperatures [23,24].

Changes in temperature and precipitation regimes can result in higher evapotranspi-
ration demand and lower soil water availability [25]. These changes can also affect olive
phenology, such as an earlier flowering date and changes in the growing season [9,26,27].
As a result, the chemical properties of the oil, including acidity, oxidative degree, and fatty
acid composition, may be compromised [28], which can directly impact fruit yield and oil
quality [29–32].

Extensive research has been conducted on the impact of climatic conditions on olive
cultivation in the Mediterranean region, particularly in Spain [33], Italy [34], and Portu-
gal [35], using various methods [10,11]. Regional studies have also been carried out in
Andalusia in southern Spain [36,37] and Alentejo in southern Portugal [38]. All studies
have demonstrated the direct impact of climate on the spatial distribution of olive-growing
regions. Spatial zoning is a fundamental tool for analysing the suitability and viability of
olive production.

Spain has a highly diverse climate, with significant year-to-year variation and a
wide range of extreme daily values [39]. Mean annual temperatures vary across the
peninsula, averaging over 18 ◦C, and mean annual precipitation ranges from 150 mm
to over 2500 mm [39]. The Extremadura region in southwestern Spain is known for the
significant economic and social impact of olive cultivation, with the third largest olive grove
area and production in Spain [2]; olive growing is integral part of the region’s cultural and
gastronomic heritage [40].

Geostatistical techniques are essential for analysing the spatial distribution and cli-
matic characterisation of crops. This is because climatic data are typically obtained from
point data (stations), and it is necessary to obtain multivariate models that represent the
spatial variation of climate (continuum) in areas of actual and potential cultivation. Several
recent studies have employed these techniques [41–43], as they enable zoning analysis. Geo-
referenced information allows for the integration of multiple databases onto a single map,
facilitating cross-referencing to evaluate the agricultural potential of a specific geographic
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region. This optimises agricultural production and enables the implementation of appro-
priate methods to describe the environmental variability of the area, thereby enhancing the
value of each production zone.

The aim of this study is to characterise spatio-temporal topographic and climatic
variables in the olive-growing regions of Extremadura. The uniqueness of this work lies
in the fact that the characterisation is carried out with orchard-level resolution. Therefore,
it accurately represents the conditions of this crop in Extremadura, showing similarities
and differences between areas. This information is crucial for future studies and informed
decisions on the management and production of olive groves in the region of Extremadura.

2. Materials and Methods
2.1. Study Area

This study was conducted in Extremadura, a region located in the southwest of Spain,
covering an area of 41,634 km2. The region is renowned for its diverse ecosystems and
topography, with an average elevation of 425 m above sea level (a.s.l.), a maximum of
2091 m a.s.l., and a minimum of 116 m a.s.l. (Figure 1). It is situated between latitudes 37◦57′

and 40◦29′ N and longitudes 4◦39′ and 7◦33′ W. Extremadura is an ecologically important
region [44,45], with extensive forest areas and large areas dedicated to agriculture. It is
crossed by two large rivers, the Guadiana and Tajo, which form fertile plains. The region
accounts for 25.7% of Spain’s total dammed capacity, with a capacity of 14,456 hm3 [46].
This water is partially used for irrigated crops.
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Extremadura has a Mediterranean climate with variable precipitation. The summers
are hot and dry, while the winters can be rainy and mild or cold and dry. The mean annual
temperature is 16.3 ◦C, with an annual precipitation of 668 mm as recorded from 1985
to 2017 [47]. Summer temperatures can reach 40 ◦C, and rainfall varies between years.
The driest months are from June to September, and the rainiest are from October to May.
Droughts occur every 8–9 years, lasting for approximately two years.

Extremadura is the third-largest autonomous community in Spain for olive oil produc-
tion, with approximately 217,711 hectares of olive cultivation. It is also the second-largest
producer of table olives [48]. The main farming system is extensive and dry farming.
However, in recent years there has been a notable increase in the area dedicated to irriga-
tion due to the rise of super-intensive plantations, which have also increased the average
annual yield. Extremadura comprises two provinces, Cáceres and Badajoz, each with six
olive-growing regions (Table 1). These regions are defined as homogeneous production
areas in accordance with European Community (EC) Regulation No. 2138/97 [49]. The
province of Badajoz accounts for 81.2% of the olive grove area in Extremadura. Addition-
ally, Extremadura has three Protected Designations of Origin (PDOs) for virgin olive oil:
Gata-Hurdes [50], Monterrubio [51], and Aceites Villuercas-Ibores-Jara [52].

Table 1. Olive-growing area by olive-growing region (ha) and distribution in relation to its province
(%), to Extremadura (%), and to the PDO in 2021 [48].

Olive-Growing Region Province % Extremadura % Total ha PDO

Alburquerque 3.5 2.8 6187
La Siberia 6.5 5.3 11,463 PDO Monterrubio
La Serena 10.5 8.5 18,487 PDO Monterrubio

Jerez-Llerena 18.5 15.0 32,708
Tierra de Barros 28,9 23.5 51,155

Vegas de Guadiana 32.1 26.1 56,783
Total Badajoz 100 81.2 176,783

La Vera-Jerte-Ambroz 4.5 0.8 1836 PDO Gata-Hurdes
Ibores 11.9 2.2 4889 PDO Villuercas-Ibores-Jara

Montánchez 11.9 2.2 4876
Logrosán Guadalupe 15.7 2.9 6408

Resto de Cáceres 16.6 3.1 6774
Gata Hurdes 39.4 7.4 16,145 PDO Gata-Hurdes
Total Cáceres 100 18.8 40,928

Total Extremadura 100 217,711

2.2. Database

The study used climate data from 75 meteorological stations of the Agencia Estatal
de Meteorología (AEMET [53]) located in different regions of Extremadura and its sur-
roundings (see Figure 1). The daily data were homogenised and verified following quality
controls recommended by the World Meteorological Organisation (WMO) [54] and the
Royal Netherlands Meteorological Institute (KNMI) [55]. The study period covered 30 years
(1990–2021), to analyse climate variability and make reliable predictions according to the
WMO [56]. To ensure data quality, missing data were filled in, and a homogenisation
process was applied using the R package CLIMATOL [57] (https://www.climatol.eu/, last
accessed on 27 February 2024).

The study analysed several climatic variables, including mean temperature (Tavg),
mean annual maximum (Tx) and minimum (Tn) temperatures, annual rainfall (Rr), the
number of frost days (FD), and the probability of occurrence of severe frost days (FD-sev)
that affect the olive crop. Table 2 provides definitions of the variables used. The analysis
was conducted using the statistical software SPSS 25.0.

https://www.climatol.eu/
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Table 2. Acronyms and definitions of the climatic and topographic variables used in this research.

Variables Definition of Variables Source

Tx Average maximum temperature for the period 1990–2021 AEMET [53]

Tn Average minimum temperature for the period 1990–2021 AEMET [53]

Tavg Average temperature for the period 1990–2021 AEMET [53]

Rr Average annual precipitation for the period 1990–2021 AEMET [53]

FD Number of frost days: number of days with minimum temperature
below 0 ◦C in the period 1990–2021 García-Martín et al. [58]

SF Number of severe frost days: No. of days with minimum
temperature below −4.7 ◦C for the period 1990–2021 Lodolini et al., 2022 [16]

Elevation Terrain elevation obtained from the Digital Terrain Model with 200
m resolution (DEM200) DEM200 [59]

Orientation Slope direction, expressed in degrees, obtained from DEM200 Derived from DEM200

Elevation and orientation data were obtained with a resolution of 200 m for the
analysis of the topographic variables. The elevation data were obtained using Digital
Elevation Model of Spain (DEM200). The topographic orientation, expressed in degrees,
was calculated from the elevation by determining the angle of maximum slope for each
cell, providing the direction where this slope is maximum.

Climatic and topographic variables were analysed for all polygons in Extremadura
that contained at least one olive tree. The analysis was made possible using a high-
resolution database that contains information on 335,411 olive tree polygons, representing
217,711 hectares of olive groves. The General Secretariat of the Ministry of Agriculture
and Community Agricultural Policy of the Government of Extremadura [48] provided
this database.

An analysis of variance (ANOVA) was conducted, followed by a Tukey test, to distinguish
and categorise the olive-growing regions based on their climatic and topographic variables.

2.3. Modelling

The thermal values were calculated using a linear regression process, with elevation
and latitude as predictors. The residuals from the regression were interpolated using the
ordinary kriging technique [60–62]. The regression-kriging technique is applied to make
independent projections for both the trend and the residuals. Therefore, any variable at a
new unsampled point, x, is estimated as Z*

RK(x) using the following formula:

Z*
RK(x) = m(x) + r(x)

where the trend, m(x), is generated by linear regression analysis, and the residuals, r(x),
are estimated using the simple kriging algorithm. If cj are the estimated trend coefficients
of the model, vj(x) is the expected jth case at location x, p is the number of predictors, wi(x)
are the weights determined by solving the simple kriging residual regression, r(xi), for the
n sample points, the prediction is determined as follows:

Z*
RK(x) =

p

∑
j=0

cj × vj(x) + ∑n
i=1 wi(x)× r(xi)

This study employed two predictors: elevation (h) and latitude. The model used was
m(x) = a + b × h(x). As a result,

Z*
RK(x) = a + b × h(x) + ∑n

i=1 wi(x)× r(xi)
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The residual at each sampling point, r(xi), is calculated as the difference between the
value of the variable and the expected trend r(xi) = z(xi)− m(xi).

Six digital raster models were created, each with a resolution of 1000 m × 1000 m, with
one for each variable. ArcGIS was used for all calculations and maps, and the Geostatistical
Analyst and Spatial Analyst extensions were used for geostatistical analysis. Figure 2
illustrates the methodology followed in this study to aid comprehension.
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3. Results and Discussion
3.1. Topographical Characterisation

The analysis of altitude in the olive grove plots in Extremadura shows that 49.18%
(Table 3) of the olive grove area is distributed between 300 and 500 m a.s.l. The highest
altitude at which olive trees are cultivated is 1200–1300 m a.s.l., located in the regions of
Gata-Hurdes and La Vera-Jerte-Ambroz in the province of Cáceres. Olive groves at lower
altitudes (<200 m) are located in the Vegas del Guadiana region of Badajoz (6.4%) (Table 3).
To understand how the olive grove surface area is classified by altitude in each olive-
growing region, please refer to Tables S1 and S2 in the Supplementary Materials. There is
a 200 m difference in the cultivated area of olive trees between the two provinces. Olive
trees in Badajoz are located at an altitude range of 200–400 m a.s.l., while those in Cáceres
are located at an altitude range of 200–400 m a.s.l. Cáceres has 10% of olive trees located
above 700 m a.s.l., which affects both production and quality [17,18,63]. This is because
higher altitudes result in shorter cycles and lower fatty acid content. In Caceres, 5.8% of
the olive groves are located at inappropriate altitudes (>800 m) [15]. This is problematic,
as low temperatures and frequent frosts can directly impact the quality and chemical
composition of the olive oil [17]. According to Mousa et al. [17], fruits from high altitudes
contain a higher chlorophyll content, possibly because the olive trees mature more slowly.
According to Osman et al. [64], oil obtained from lower altitude olive groves contains a
higher amount of free fatty acids than that from higher altitudes, although the ratio of
unsaturated/saturated acids is lower for lower altitude olive trees.
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Table 3. Classification of olive grove area (%) by altitude ranges in the olive-growing regions of
Extremadura and the weather stations used.

Olive-Growing Regions
Altitude Ranges (m)

<200 200–300 300–400 400–500 500–600 600–700 700–800 >800

La Siberia 0.0 0.0 13.2 38.1 36.3 8.8 2.9 0.6
La Serena 0.0 0.1 11.0 41.9 35.1 8.5 3.1 0.3

Alburquerque 0.0 22.5 56.0 19.5 2.0 0.0 0.0 0.0
Jerez-Llerena 0.5 5.8 15.7 18.1 33.2 18.9 6.8 0.9

Tierra de Barros 0.5 20.6 34.5 25.7 17.4 1.2 0.1 0.0
Vegas del Guadiana 6.4 65.9 25.7 1.4 0.4 0.2 0.0 0.0

Total Badajoz 1.9 24.7 24.9 20.6 19.4 6.2 2.1 0.3
La Vera-Jerte-Ambroz 0.0 0.0 11.0 36.1 17.9 12.3 8.8 13.9

Gata-Hurdes 0.0 0.2 11.3 45.4 19.7 10.8 6.3 6.3
Montánchez 0.0 2.4 21.0 60.6 12.0 2.3 1.3 0.3

Logrosán-Guadalupe 0.0 4.5 15.3 18.2 22.8 15.1 11.5 12.5
Ibores 0.0 6.3 23.4 16.3 22.6 21.8 7.3 2.3

Resto de Cáceres 0.9 11.5 49.1 27.4 7.8 3.0 0.4 0.0
Total Cáceres 0.2 3.7 21.1 35.6 17.2 10.5 5.8 5.8

Total Extremadura 1.3 17.8 23.6 25.6 18.7 7.6 3.3 2.1

Weather stations 3 14 13 11 13 10 7 4

At the regional level, the northern orientation has the lowest percentage of olive grove
area, at 5.3%, while the other orientations have similar values, ranging from 11% to 16%. In
the province of Cáceres, 50% of the olive-growing area is located at south (S), southeast
(SE), and southwest (SW) orientations, while in Badajoz, almost 45% is located between
the south (S) and west (W) orientations (Table 4). An example of this is the presence of
olive groves in the northern mountains of the region, which are the highest and steepest. In
the regions of La Vera-Jerte-Ambroz and Gata-Hurdes and Ibores, olive trees are mainly
cultivated in the S, SW, and SE orientations (Figure 3).

Table 4. Olive grove area (%) classified by orientation for the olive-growing regions, by province and
for Extremadura in 2021.

Olive-Growing Regions *
Types of Orientation

NO N NE E SE S SO O

Alburquerque 8.5 3.0 8.1 7.2 14.0 22.3 21.9 14.9
La Serena 9.1 7.9 16.4 15.6 11.8 13.4 13.9 11.8

Jerez-Llerena 9.7 5.3 17.5 14.5 9.9 11.4 16.5 15.3
La Siberia 11.8 7.9 13.0 9.1 9.3 12.6 19.5 16.8

Vegas del Guadiana 12.1 4.8 9.9 11.0 14.0 14.8 16.9 16.6
Tierra de Barros 12.7 5.6 15.8 14.8 9.8 9.8 14.4 17.0

Total Badajoz 11.4 5.6 13.8 13.0 11.5 12.7 16.2 15.9
Gata-Hurdes 7.8 3.6 6.3 12.9 19.7 20.2 16.4 12.9

La Vera-Jerte-Ambroz 8.3 3.1 2.8 7.2 23.8 30.0 15.1 9.7
Logrosán-Guadalupe 9.1 1.5 3.9 8.0 20.5 22.4 18.3 16.3

Ibores 9.7 6.0 16.0 12.6 8.4 10.2 17.3 19.8
Montánchez 11.8 5.2 8.6 11.2 13.0 15.2 19.5 15.5

Resto de Cáceres 14.4 7.2 12.5 10.4 11.9 15.4 15.6 12.6
Total Cáceres 9.8 4.3 8.2 11.3 16.6 18.4 16.9 14.4

Total Extremadura 11.1 5.3 12.8 12.6 12.4 13.8 16.3 15.6

* Ordered from lowest to highest.
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Trentacoste et al. [65] found that olive oil production was significantly higher in the S,
SE, and NE orientations compared to the N and NW orientations. In Extremadura, olive
groves are more commonly distributed in the orientations that have the highest production.
Similarly, researchers [65] discovered that the water content of the N–S orientations is higher
than other orientations due to lower evapotranspiration, allowing for more vegetation
development. However, due to the fact that the olive is a species with high thermal and
radiation requirements, it is recommended that it be planted in the south, southeast or
even southwest, which have the longest hours of sunshine and are more temperate than
northern exposures [66,67].

The distribution of orientations in the olive-growing area by region follows a pattern
similar to that of Extremadura. However, some differences can be found in certain regions,
particularly in La Vera-Jerte-Ambroz and Logrosán-Guadalupe. In these regions, the
predominant orientations are SE and S, accounting for 54% and 43% of the area, respectively.
In contrast, the region of La Serena stands out, with the largest area facing NE and E,
accounting for 32% of the olive-growing area (Table 4).

3.2. Temperature Characterisation

Table 5 shows the correlations obtained between climatic and topographic variables.
Altitude is highly correlated with several climate variables. It is inversely proportional to
temperature and directly proportional to other variables. Latitude also shows a similar
trend, but the correlation value is lower. In contrast, longitude has little correlation with
climatic variables. This correlation analysis assists in creating linear models (Table 6) to
represent the variability of the Extremadura territory. The models aim to characterize the
olive grove area (Figures 4–6).
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Table 5. Pearson correlation between climatic and topographic variables for the region of Extremadura.

Pearson Correlation

Variables Tx Tn Tavg RR FD SF

Altitude −0.823 ** −0.669 ** −0.819 ** 0.385 ** 0.577 ** 0.536 **
Longitude 0.005 −0.179 −0.094 −0.140 0.259 * 0.187
Latitude −0.577 ** −0.513 ** −0.598 ** 0.230 * 0.504 ** 0.460 **

** Correlation is significant at the 0.01 level (bilateral). * Correlation is significant at the 0.05 level (bilateral).

Table 6. Linear models used in geostatistical interpolation.

Dependent Variable Independent Variables Equations R2

Tx Altitude, Latitude Tx = −0.006Alt − 5.941·10−6Lat + 50.78 0.77
Tn Altitude, Latitude Tn = −0.004Alt − 5.66·10−6Lat + 36.5 0.53

Tavg Altitude, Latitude Tavg = −0.005Alt − 5.80·10−6Lat + 43.6 0.78
FD Altitude, Latitude FD = −0.044Alt − 7.52·10−5Lat − 323.02 0.43
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A kriging regression was performed to obtain topographic and thermal variables in
non-sampled points due to their high correlation. Table 6 shows the linear models used
for this regression. However, ordinary kriging was used for the precipitation variable,
as a kriging regression was not possible due to the low correlation between topographic
variables and precipitation.

The olive-growing area in Extremadura has a mean annual temperature of 16.5 ◦C,
with little variation between regions. The mean annual minimum temperature is 10.4 ◦C,
and the mean annual maximum temperature is 22.5 ◦C, both of which are suitable for olive
cultivation [14,15,68]. Additionally, the temperatures exhibit a low coefficient of variation,
indicating climatic stability across the region. In general, the olive-growing regions of
Cáceres exhibit lower average temperatures compared to those of Badajoz. Among these
regions, La Vera-Jerte-Ambroz has the lowest mean and maximum temperature, but the
highest spatial variability (6.7%) (Table 7). On the other hand, the Vegas del Guadiana
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region has the highest values for both variables, but with very low variability. This suggests
that it is the warmest and most homogeneous area in terms of temperatures across its
surface.
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Table 7. Average values and coefficient of variation (CV) for the climatic variables of the olive grove
area in the provinces and olive-growing regions of Extremadura in the period 1990–2021.

Olive-Growing Regions
Rr (mm) Tavg (◦C) Tx (◦C) Tn (◦C)

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

La Serena 428 3.0 16.6 2.4 22.7 2.3 10.4 3.3
Tierra de Barros 460 7.0 16.8 2.1 22.9 1.8 10.7 2.6

Vegas del Guadiana 469 6.0 17.3 1.2 23.5 1.5 11.0 1.7
Jerez-Llerena 533 20.0 16.5 3.0 22.6 3.4 10.4 3.7

La Siberia 534 8.0 16.5 3.1 22.8 2.9 10.3 4.2
Alburquerque 563 11.0 16.7 2.0 23.0 2.2 10.6 2.4
Total Badajoz 485 14.0 16.8 2.9 22.9 2.8 10.6 3.7
Montánchez 531 3.0 16.3 3.3 22.5 2.8 10.2 4.3

Resto de Cáceres 627 8.0 16.4 2.5 22.2 2.4 10.5 3.4
Ibores 665 8.0 15.7 4.1 21.4 3.6 9.8 5.7

Gata-Hurdes 685 10.0 15.8 4.1 21.3 3.6 10.2 4.8
Logrosán-Guadalupe 719 18.0 15.8 6.5 22.3 5.6 9.7 8.5
La Vera-Jerte-Ambroz 1021 13.0 15.3 6.7 21.4 5.6 9.6 8.7

Total Cáceres 690 20.0 15.9 4.8 21.6 4.4 10.1 6.1

Total Extremadura 550 25.0 16.5 4.4 22.5 4.3 10.4 5.1

Extremadura receives enough annual rainfall to support commercial yields [12,14].
The La Vera-Jerte-Ambroz region has the highest value (Table 7), while the La Serena region
has a value slightly below the threshold for achieving acceptable commercial yields [12].

Olive groves are present throughout the region, with varying average temperature
ranges (11–17 ◦C). However, olive trees are more commonly found in warmer regions,
particularly in the Vegas del Guadiana and Tierra de Barros areas, which constitute approxi-
mately around 50% of the olive-growing land. These areas have a temperature above 17 ◦C,
which is the highest in Extremadura (Table 8).

Table 8. Olive grove area (%) classified by average temperature range (Tavg) for the olive-growing
regions, by province and in Extremadura.

Olive-Growing Regions
Tavg Ranges (◦C) Area

Olive Grove (ha)<15 ◦C 15–16 ◦C 16–17 ◦C 17–18.2 ◦C

Vegas del Guadiana 0.0 0.2 3.6 96.2 56,783
Tierra de Barros 0.0 1.7 53.7 44.6 51,155
Alburquerque 0.0 8.9 78.1 13.0 6187
Jerez-Llerena 0.1 14.4 65.2 20.4 32,708

La Serena 0.2 12.3 78.3 9.2 18,487
La Siberia 0.3 20.5 59.6 19.7 11,463

Total Badajoz 0.0 6.1 43.5 50.3 176,783
Resto de Cáceres 0.1 19.7 68.7 11.5 6774

Montánchez 2.1 19.9 65.7 12.3 4876
Ibores 6.3 66.2 22.0 5.5 4889

Gata-Hurdes 8.6 60.4 30.9 0.0 16,145
Logrosán-Guadalupe 12.3 28.1 24.6 34.9 6408
La Vera-Jerte-Ambroz 22.6 36.1 38.8 2.5 1836

Total Cáceres 7.4 43.4 39.7 9.6 40,928

Total Extremadura 1.4 13.1 42.8 42.6 217,711

Olive growing is feasible throughout Extremadura in terms of average temperatures,
with the exception of the highest areas of the northern regions (Gata-Hurdes, La Vera-Jerte-
Ambroz and Ibores), where the average temperature falls below 15 ◦C (Figure 4). These
regions are precisely where olive groves with lower mean annual temperatures are located,
at higher altitudes and with a clear south–southwest orientation (Table 4).
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The olive-growing regions of the province of Cáceres generally have lower average
temperatures than those of Badajoz. An analysis of the regions reveals that Gata-Hurdes,
La Vera-Jerte-Ambroz, and Ibores have a larger olive-growing area in average ranges,
while Badajoz has a higher average temperature, which exceeds 16.5 ◦C (refer to Table 8).
These results support the findings of Mafrica et al. [18] that olive cultivation thrives in
mean annual temperatures between 14.4 ◦C and 17.7 ◦C. Furthermore, lower acidity in
colder environments has been observed by other researchers, who attribute this to a higher
concentration of free fatty acids in oils produced at lower altitudes [64].

The distribution of olive-growing areas for maximum and minimum temperature is
almost identical to that of average temperatures, as shown in Figures 4–6, respectively.
Figure 5 displays the range of maximum temperatures, which varied between 14.5 and
24.5 ◦C (Table 9), while Figure 6 shows the distribution of minimum temperatures, which
varied between 9 ◦C and 11 ◦C (Table 10). This range is optimal for olive growing. The
regions with the highest temperatures (Vegas del Guadiana and Tierra de Barros) also have
the warmest climate, with average maximum and minimum temperatures of over 22 ◦C
and 10 ◦C, respectively. However, the olive grove surface area in the northern regions of
Gata-Hurdes, Ibores, and La Vera-Jerte-Ambroz is obtained at lower temperature ranges,
with a maximum of 19.5 ◦C in Tx and a minimum of 9 ◦C in Tn.

Table 9. Olive grove area (%) classified by maximum temperature range (Tx) for each olive-growing area.

Olive-Growing
Regions

Tx Ranges (◦C) Area (ha)
Olive Grove<19.5 ◦C 19.5–21.5 ◦C 21.5–22.1 ◦C 22.1–23.3 ◦C 23.3–24.5 ◦C

Vegas del Guadiana 0.0 0.0 0.2 36.8 63.0 56,783
Tierra de Barros 0.0 0.1 4.3 85.9 9.8 51,155
Alburquerque 0.0 1.2 9.2 67.2 22.4 6187

La Siberia 0.0 4.1 6.1 62.8 27.1 11,463
La Serena 0.0 4.3 9.2 78.8 7.6 18,487

Jerez-Llerena 0.0 6.2 14.1 60.5 19.3 32,708
Total Badajoz 0.0 1.9 5.6 62.5 30.0 176,783
Montánchez 0.0 4.9 6.2 76.5 12.3 4876

Resto de Cáceres 0.0 7.0 21.5 68.5 3.1 6774
Ibores 0.4 58.8 21.9 16.0 2.8 4889

Logrosán-Guadalupe 1.8 19.7 12.9 20.7 45.0 6408
Gata-Hurdes 2.3 56.9 32.6 8.2 0.0 16,145

La Vera-Jerte-Ambroz 4.1 29.5 14.3 49.6 2.4 1836
Total Cáceres 1.4 35.6 22.4 31.1 9.5 40,928

Total Extremadura 0.2 8.3 8.8 56.6 26.1 217,711

Table 10. Olive grove area (%) classified by minimum temperature range (Tn) for each olive-growing
region, by province and in Extremadura.

Olive-Growing Regions
Tn Ranges (◦C) Area of

Olive Grove (ha)<9 ◦C 9–10.2 ◦C 10.2–11 ◦C 11–11.8 ◦C

Vegas del Guadiana 0.0 0.5 22.3 77.3 56,783
Tierra de Barros 0.0 7.2 68.3 24.4 51,155
Alburquerque 0.0 11.5 80.6 7.9 6187
Jerez-Llerena 0.0 24.8 63.0 12.1 32,708

La Serena 0.6 24.1 73.0 2.2 18,487
La Siberia 0.7 38.8 56.4 4.0 11,463

Total Badajoz 0.1 12.2 52.7 34.9 176,783
Resto de Cáceres 0.0 19.1 65.0 15.9 6774

Montánchez 2.1 38.9 51.4 7.7 4876
Gata-Hurdes 2.8 35.7 60.3 1.3 16,145

Ibores 6.3 71.8 16.2 5.6 4889
Logrosán-Guadalupe 14.4 32.0 44.2 9.4 6408
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Table 10. Cont.

Olive-Growing Regions
Tn Ranges (◦C) Area of

Olive Grove (ha)<9 ◦C 9–10.2 ◦C 10.2–11 ◦C 11–11.8 ◦C

La Vera-Jerte-Ambroz 18.6 34.0 44.6 2.8 1836
Total Cáceres 5.1 36.9 51.6 6.3 40,928

Total Extremadura 1.0 16.9 52.5 29.5 217,711

In Cáceres, 89% of the olive groves are located in areas with annual maximum tem-
peratures ranging from 19.5 ◦C to 23.3 ◦C. In Badajoz, 82% of the olive groves are located
in areas with annual maximum temperatures ranging from 22.1 ◦C to 24.5 ◦C (Table 9).
The minimum temperature (Figure 6) shows that the olive-growing areas of Cáceres have
values between 9 and 11 ◦C, and those of Badajoz have values of 10–12 ◦C (Table 10). The
thermal amplitude in Badajoz was 12.3 ◦C, and in Cáceres it was 11.5 ◦C. This wide range
of temperatures may negatively affect the fat content of the fruit [69].

3.3. Precipitation Characterisation

In terms of mean annual rainfall (Rr), there is considerable variation in values across
regions (Figure 7), ranging from 390 mm to 1300 mm. However, more than 50% of olive-
growing regions fall within the range of rainfall values below 490 mm (Table 11). The Mean
annual rainfall is very close to 500 mm/year, a value that is considered to be the limit for
obtaining acceptable commercial yields [12]. This indicates the adaptation of the olive
grove to conditions of low water availability, since a large part of the olive grove area in
Extremadura is cultivated under these conditions.
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Table 11. Olive grove area (%) classified by average annual precipitation (Rr) for each olive-growing
region, by province and in Extremadura.

Olive-Growing
Regions

Rr Ranges (mm)

<490 490–600 601–715 715–800 800–900 900–1020 1020–1150 >1150

La Siberia 11.9 76 12.1
Jerez-Llerena 51.8 28.9 8.9 8.2 2.2

Vegas del Guadiana 75.1 24.9
Tierra de Barros 82.1 17.9

La Serena 100.0
Alburquerque 74.6 19.8 5.5
Total Badajoz 68.7 26.0 3.1 1.7 0.4

La Vera-Jerte-Ambroz 12.0 4.2 16 30.0 27.7 10.2
Gata-Hurdes 3.3 76.1 10.1 9.5 1.1

Ibores 18.9 65.0 14.8 1.2 0.2
Resto de Cáceres 37.9 53.8 8.3

Logrosán-Guadalupe 50.0 18.6 6.6 21.9 2.8
Montánchez 100.0
Total Cáceres 29.6 50.2 8.3 8.0 2.2 1.3 0.5

Total Extremadura 55.8 26.7 12 2.9 1.8 0.4 0.2 0.1

There is a significant difference in the average total rainfall between the olive-growing
regions of Badajoz and Cáceres. In Badajoz, 68.7% of the olive-growing area has an average
annual rainfall of less than 490 mm, while in Cáceres, it is 50% of the area, with values
ranging from 600–715 mm (Table 11 and Figure 7).

The regions of Resto de Cáceres, Gata-Hurdes, and Ibores are known for receiving
rainfall between 600 and 715 mm, while La Vera-Jerte-Ambroz has the highest rainfall of all
the olive-growing regions, with 50% of its area receiving between 900 and 1150 mm. On
the other hand, in the regions of La Serena, Vegas del Guadiana, and Tierra de Barros over
75% of the olive-growing area has a rainfall of less than 490 mm. Alburquerque has the
highest percentage of olive grove area in the Badajoz region that receives higher rainfall,
specifically in the ranges of 490–600 mm and 6001–715 mm, with a percentage of 94.5%.
Studies conducted in southern Spain [70,71] shown a correlation between annual rainfall
and olive production. Furthermore, other studies on olive phenology [72,73] indicate that
increased rainfall can positively affect olive production in regions with dry climates, such
as the province of Badajoz.

3.4. Frost Characterisation

Table 12 shows that during the studied period, there were no olive-growing regions in
Extremadura with less than eight frost days per year. On average, Extremadura experiences
between 24–32 frost days per year, with 52.3% of the olive-growing area falling within this
range. Notably, 80.2% of the olive grove surface area in the province of Cáceres experiences
between 24–32 frost days per year, while in Badajoz, only 45.8% of the area falls within this
range. Figure 8 clearly distinguishes the olive-growing surface area of Vegas del Guadiana
from that of Cáceres. Among all regions, Vegas del Guadiana has the smallest area of olive
groves affected by a high number of frost days (1.8%). In contrast, the northern regions of
Cáceres, including Gata-Hurdes, La Vera-Jerte-Ambroz, Logrosán-Guadalupe, and Ibores,
have the largest areas of olive trees affected by frost days. In the province of Badajoz,
La Serena stands out for having 93% of its olive-growing area affected by a high number
of frost days. When analysing the impact of frost days on olive trees, it is important to
consider not only the number of frost days but also the severity of the frosts. Olive trees
can withstand temperatures close to 0 ◦C without apparent damage [74].
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Table 12. Distribution of olive grove area (%) by number of annual frosts (FD) by olive-growing
region, by province and in Extremadura.

Olive-Growing
Regions

Number of Frost Days Area of
Olive Grove (ha)8–15 16–23 24–32

Jerez-Llerena 2.0 16.8 81.2 32,708
La Serena 0.0 6.9 93.0 18,487
La Siberia 0.0 21.3 78.7 11,463

Alburquerque 3.3 60.7 36.1 6187
Tierra de Barros 9.7 41.5 48.8 51,155

Vegas del Guadiana 49.6 48.6 1.8 56,783
Total Badajoz 19.3 34.9 45.8 176,773
Gata-Hurdes 0.0 2.2 97.8 16,145

Ibores 0.0 8.1 91.8 4889
Montánchez 0.0 16.3 83.7 4876

La Vera-Jerte-Ambroz 0.1 5.3 94.5 1836
Resto de Cáceres 1.9 48.9 49.2 6774

Logrosán-Guadalupe 2.4 44.5 53.1 6408
Total Cáceres 0.7 19.1 80.2 40,939

Total Extremadura 15.7 32.0 52.3 217,711
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Table 13 presents the annual probability of days with severe frosts. In Extremadura,
there is a 5.8% chance of having one to five severe frosts per year in 5.8% of the years.
The regions situated in the north of Cáceres (La Vera-Jerte-Ambroz, Logrosán-Guadalupe,
and Ibores) have the highest probability of severe frosts, with more than 10% of the years
having between one and five severe frosts. Furthermore, the Logrosán-Guadalupe region
is the sole area that encounters severe frosts for 5–10 days and more than 10 days, with a
probability of 2.1% and 3.1%, respectively. This can significantly affect olive production in
the region, as repeated severe frosts can lead to defoliation [16]. Therefore, this variable is a
distinguishing factor for olive cultivation in Extremadura.
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Table 13. Probability (%) in years of occurrence of severe frosts (SF) (Tn < −4.7 ◦C) by ranges of
number of days in the olive-growing regions, in the provinces and in Extremadura for the period
1990–2021.

Olive-Growing
Regions

Probability of Number of Severe Frost Days

1 SF/year 1–5 SF/year 5–10 SF/year +10 SF/year

Serena 3.1 1.6 0.0 0.0
Jerez-Llerena 4.5 4.5 0.3 0.0

Vegas del Guadiana 4.5 8.0 0.0 0.0
Alburquerque 4.7 0.0 0.0 0.0

Siberia 7.8 4.7 0.0 0.0
Tierra de Barros 8.6 7.8 0.8 0.0

Total Badajoz 5.5 4.4 0.2 0.0
Resto de Cáceres 1.5 0.0 0.0 0.0

Montánchez 1.6 0.0 0.0 0.0
Gata-Hurdes 8.3 4.2 0.0 0.0

Ibores 11.5 8.3 0.0 0.0
Logrosán-Guadalupe 11.5 17.7 2.1 3.1
La Vera-Jerte-Ambroz 12.5 12.5 1.0 0.0

Toral Cáceres 7.6 7.1 0.5 0.5

Extremadura 6.5 5.8 0.4 0.3

The ANOVA statistical test and Tukey’s multiple comparisons post-test were used to
group olive-growing regions based on their thermal climatic conditions. Six homogeneous
groups were identified for the thermal variables (Tagv, Tx, and Tn). The first group,
consisting of the olive-growing regions of La Vera-Jerte-Ambroz and Ibores (Figure 9a–c),
had the lowest temperatures. On the other hand, the last group, comprising La Siberia,
Vegas del Guadiana, and La Serena (Figure 9a–c), experienced the warmest temperatures.
Overall, the mean, minimum, and maximum temperatures show a low coefficient of
variation, indicating minimal inter-annual temperature fluctuations.

The data show that there are eight homogenous groups based on total average pre-
cipitation. La Serena and Vegas del Guadiana belong to the first group, with the lowest
precipitation, averaging around 396–467 mm. On the other hand, the region of La Vera-
Jerte-Ambroz has the highest precipitation, with an average of 1034 mm. This region has the
highest values for total average precipitation in Extremadura (Figure 9d). The coefficient
of variation values are generally high, indicating significant inter-annual variation and
a considerable difference between minimum and maximum values. On the other hand,
Figure 9d presents annual rainfall values that suggest that olive cultivation may be limited
by rainfall, except in the Vera-Jerte-Ambroz region, where the minimum rainfall is 408 mm,
which guarantees acceptable olive production.

Regarding the number of frost days (Figure 9e), Alburquerque has the lowest number
of frost days and one of the lowest coefficients of variation. This means that its olive groves
have the lowest risk of frost damage. Frost damage severity to olive trees is determined
by various factors, such as the minimum temperature reached, duration of exposure,
physiological state [75,76], and variety [77]. In the Logrosán-Guadalupe area, olive trees
are susceptible to frost damage due to prolonged exposure, although the extent of damage
varies from year to year. This region is followed by Ibores, La Vera-Jerte-Ambroz, and Gata
Hurdes, with a lower inter-annual variability.
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Figure 9. Box plots for climatic variables by olive-growing regions together with homogeneous
groups, denoted by letters, where (a) mean temperature, (b) maximum temperature, (c) minimum
temperature, (d) annual rainfall, and (e) number of frost days after application of the ANOVA
statistical test and the Tukey post-test, with p < 0.05 and coefficient of variation (%).
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3.5. Relationship between Altitude and Climatic Variables in the Olive Grove Area in Extremadura

It was found that temperature and precipitation were affected by altitude (Table 14).
Precipitation tends to increase with altitude, while temperature decreases. Figure 10a–c
shows a significant linear relationship between temperature and altitude. The negative
thermal gradient is 0.6 ◦C, 0.7 ◦C, and 0.5 ◦C per 100 m for mean, maximum, and minimum
temperature, respectively. Determining the gradient for precipitation and frost days is
challenging due to their variation with altitude, as shown in Figure 10d,e, which lacks a
significant linear relationship.
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Table 14. Mean values of annual precipitation (Rr), mean (Tavg), minimum (Tn), and maximum (Tx)
temperature by altitude range in the period 1990–2021.

Altitude Ranges
Climate Variables

RR (mm) Tavg (◦C) Tn (◦C) Tx (◦C)

<200 472 17.5 11.3 23.5
200–300 475 17.3 11.0 23.4
300–400 511 17.0 10.8 23.1
400–500 563 16.5 10.5 22.4
500–600 550 16.2 10.2 22.2
600–700 642 15.7 9.8 21.4
700–800 706 15.1 9.4 20.8

>800 834 14.2 8.7 19.9

A study carried out in Cordoba [78], southern Spain, found that altitude and slope
were the topographical factors that most influenced olive phenology at the local level.
These factors could delay the onset of certain phases of the olive cycle, production, and
quality, similar to the case of vines [79]. However, they could also serve as a measure of
adaptation to climate change by identifying areas that will reach temperatures too high for
olive cultivation in the future.

4. Conclusions

The olive-growing area in Extremadura is mainly located between 200 and 600 m
above sea level. The largest olive-growing areas are situated in the southern and western
orientations, while the northern orientation is the least common. This distribution is
consistent across all olive-growing regions, except for Gata-Hurdes, La Vera-Jerte-Ambroz,
and Ibores, where the southeastern orientation is also prominent.

According to the analysis of thermal conditions in Extremadura, the majority of its
surface area is appropriate for olive cultivation. However, the higher altitude areas in the
north, where average annual temperatures drop below 11 ◦C, are not suitable. However, in
some regions of the province of Badajoz, such as Jerez-Llerena, La Serena, Tierra de Barros,
and Vegas del Guadiana, the annual rainfall is below 500 mm, which may pose a constraint
in terms of rainfall characteristics. Nevertheless, it is noteworthy that over 50% of the
olive-growing area in Extremadura is situated in regions with an annual rainfall of less
than 490 mm, indicating the remarkable capacity of the crop to adapt to low rainfall. All
olive-growing regions experienced at least 24–32 frosts per year, with a higher frequency
of frosts in the northern regions of Extremadura. This may affect production, as there is a
greater likelihood of severe frosts.

Thermal similarities have been found among olive-growing regions, allowing them to
be grouped together homogeneously. The group with the highest temperatures comprises
La Siberia, Vegas del Guadiana, and La Serena, all located in the province of Badajoz and
at lower altitudes. However, the group of regions with the lowest temperatures consists
of Ibores, Logrosán-Guadalupe, and La Vera-Jerte-Ambroz in the province of Cáceres. As
regards rainfall, there are greater differences among the 12 olive-growing regions.

Due to the current context of climate change, it is anticipated that Extremadura will ex-
perience higher temperatures and increased aridity. This high-resolution study, conducted
at the orchard level, will facilitate precise decision making regarding the implementation of
climate change adaptation and mitigation measures. Possible measures to improve crop
resilience include selecting more resistant varieties, changing the management system
and plot orientation, implementing deficit irrigation, and relocating plantations to higher
altitudes. Therefore, it is essential to analyse trends and future scenarios of these variables
to quantify the magnitude of climate change.
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