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A B S T R A C T

Climate change projections for Southern Europe reveal warming and drying trends for the upcoming decades,
bringing important challenges to Portuguese olive orchards in particular. We analyzed irrigation as an adap-
tation measure to ensure the future sustainability of olive tree yields in Alentejo, the main olive producing area
in Portugal. A dynamic crop model was used to simulate olive tree yields over the baseline (1981–2005) and two
future scenarios (RCP4.5 and RCP8.5, 2021–2080), using a 4 member-ensemble of state-of-the-art climate model
chains. Climate change projections point to an increase in mean temperature (of up to 2 °C by 2080) and po-
tential evapotranspiration (40−50mm), while a decrease in precipitation (-80 to −90mm) and actual evapo-
transpiration (-50 to −70mm), under both future scenarios. Future yield decreases 15–20% (for RCP4.5 and
RCP8.5) and accumulated losses can reach -8 t/ha to −10 t/ha by 2080. This decrease is due to enhanced heat
and water stress under future climate conditions. As an adaptation measure, irrigation was simulated, but only
applied at a certain water stress level. The results indicate higher yields due to this adaptation strategy, in range
with the present values (± 1%), thus alleviating the projected yield decreases in the future. The amount of water
required for irrigation ranges from 60 to 85mm, depending on the RCP, which corresponds to 0.6–1 times the
projected decrease in precipitation. However, this value can reach up to 2 times for one climate model chain. We
conclude that while irrigation is a feasible adaptation measure against the threats of climate change in Alentejo
olive orchards, this strategy may be threatened by the scarcity of water resources. Outlining appropriate, timely
and cost-effective adaptation measures is critical for the sustainability of both the environment and the Alentejo
olive sector.

1. Introduction

The olive tree (Olea europaea L.) is one of the most important crops
in the Mediterranean basin, where it has been used under rainfed
conditions in traditional systems characterized by low plantation den-
sity and low productivity since many centuries (Villaobos et al., 2006).
Its growth and development is mainly controlled by atmospheric con-
ditions (Moriondo et al., 2015; Orlandi et al., 2012; Vossen, 2007). In
fact, air temperatures and water availability strongly influence crop
development, which ultimately impact crop yields (Vossen, 2007).
Many of the world’s olive growing regions are located in areas with
Mediterranean-type climates, which are characterized by demanding
climatic conditions for plant growth. In Portugal, olive orchards are
strongly exposed to thermal and hydric stresses during the growing
season, more noticeable during summer and in the innermost areas of

the country. As an example, the Alentejo region (Fig. 1a), which in-
cludes 3 sub-regions with “Protected Denomination of Origin” (DOP), is
the main olive oil producing region in Portugal (Fig. 1b) (INE, 2019),
and receives a total precipitation in the summer months (June-July-
August) of approximately 30mm.

Water availability is generally essential for crops, but particularly
for achieving suitable yields (Iglesias and Garrote, 2015). Olives are a
very drought tolerant species, with a lower limit for annual precipita-
tion around 350mm (Ponti et al., 2014). Nonetheless, water stress may
result in a wide range of negative impacts (Arampatzis et al., 2018),
such as low flower- and fruit-set, low leaf area, limited photosynthesis
and flower abortion. Portugal is currently the world 8th largest olive
producer, with a total of 50×106 kg (FAOSTAT, 2019), and pre-
cipitation is traditionally considered the only source of available water
for plant growth. In almost all the extension of the Alentejo agrarian
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region (Fig. 1a), water stress levels can be very high, especially during
the commonly warm and dry summers (Fig. 1c). Irrigating olive orch-
ards is usually not considered, as traditional olive groves are strictly
rainfed (Gomez-Rico et al., 2007). Although some intensive olive
orchards are becoming more frequent, they are still a small percentage
(INE, 2011).

Climate change may challenge these traditional notions (IPCC,
2013; Santos et al., 2017) due to the projected lower precipitations in
Southern Europe, combined with higher temperatures, more frequent
and longer heat waves and extreme droughts (IPCC, 2012). Recent
studies applied to olive trees have shown that this crop can be strongly
affected by climate change (Orlandi et al., 2005; Osborne et al., 2000;
Ponti et al., 2014) particularly under the Mediterranean-type climates
(Galán et al., 2005; Orlandi et al., 2010). For instance, rising tem-
peratures affect the phenological timings, particularly flowering
(Avolio et al., 2012; Galán et al., 2005; Orlandi et al., 2010; Osborne
et al., 2001). Additionally, some studies point to a decrease in yields in
some areas of the Mediterranean basin (Ponti et al., 2014). These
findings motivate both further research and the development of climate
change adaptation measures, namely the implementation of irrigation
systems (Gomez-Rico et al., 2007; Patumi et al., 1999; Tanasijevic et al.,
2014).

Water is a relatively scarce resource in Portugal, particularly in the
southern and innermost areas of the country. On the other hand, water
demand is increasing due to population and industrial growth, as well
as to intensive agriculture water demands, amongst other factors.
Hence, applying irrigation to this historically rainfed crop threatens
water resources sustainability and brings additional economic, en-
vironmental and social costs. As an adaptation measure to water scar-
city, smart (e.g. deficit) irrigation strategies could be implemented,

providing a trade-off between environmental costs and fulfillment of
plant water requirements (Tanasijevic et al., 2014). Nonetheless, the
question on how much irrigation water is required to mitigate the
detrimental impacts of climate change is still unanswered.

A possible solution to explore different future scenarios is the ap-
plication of crop models (Ribeiro et al., 2009; Villaobos et al., 2006).
Crop models can dynamically simulate crop responses to management
practices (e.g. irrigation), soil properties (e.g. texture, depth), as well as
crop physiological responses to atmospheric conditions (e.g. air tem-
perature, precipitation, CO2). Targeting olive trees, a few models have
been developed, aimed at accessing growth and development
(Cesaraccio et al., 2004; De Melo-Abreu et al., 2004; Moriondo et al.,
2019), or at predicting biomass growth (Maselli et al., 2012; Villaobos
et al., 2006; Viola et al., 2012). Hence, by coupling crop models with
high resolution climate simulations, such as those from the EURO-
CORDEX regional climate model experiment (Jacob et al., 2014), a
regional characterization of water requirements for olive trees can be
achieved.

The current study aims to characterize present and future olive tree
water requirements for Alentejo and its influences on yields. These
assessments are innovative for the Alentejo region and may be extended
for other regions of the Mediterranean basin. The objectives are four-
fold: 1) to couple a dynamic crop model with high resolution climatic
simulations from four regional-global climate model chains, for current
and future climate change scenarios, 2) to assess olive tree productivity
changes under future climates and identify the main contributing factor
to these changes; 3) to test suitable irrigation strategies to mitigate the
impacts of climate change on yield; 4) and to analyze the potential
impacts of olive tree irrigation in the future.

Fig. 1. a) The Alentejo agrarian region, according to NUTS II classification, along with the olive orchard areas, according to the CORINE land cover classification. b)
Elevation map of Europe highlighting the location of Portugal. c) Ombrothermic diagram representing the monthly precipitation and air temperature over the
Alentejo region. Monthly mean precipitation depicted as black bars, and monthly temperature mean, maximum and minimum depicted as blue, red and green lines.
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2. Material and methods

2.1. Study region

The Alentejo (Fig. 1a) is a large agrarian region in southern Portugal
(Fig. 1b) characterized mostly by flatlands, with a relatively homo-
genous warm and dry climate (Fig. 1c). The Alentejo region currently
has 187× 103 ha of olive orchards (INE, 2019). The olive land cover is
largely concentrated within three Protected Denomination of Origin
(PDO) sub-regions: “Azeites do Norte Alentejano”, “Azeites do Alentejo
Interior” and “Azeites de Moura”. The olive tree area in this region has
been increasing since the 1980s (Linear Trend; LT ∼900 ha year−1)
(INE, 2019). Furthermore, the Alentejo is the most productive olive
region in Portugal, with an olive oil production of around 1 million hl
(INE, 2019), and an average olive yield of ∼850 kg ha−1. Regarding
the main cultivars, the Galega, Cobrançosa and Verdeal varieties can be
highlighted. Olive oil in this region typically shows very low acidity
levels and is often considered by national and international panels to be
of exceptionally high quality.

2.2. The crop-model simulations

The dynamic crop model developed by Viola et al. (2012) was used
herein to model olive yields. The model processes are summarised by
Moriondo et al. (2015). The light interception depends on the leaf area
index, while the conversion of intercepted radiation into dry matter is
explained by photosynthesis and respiration. The transpiration model
follows the implementation by Villalobos et al. (2000). The conversion
of biomass into final yield is influenced by water stress. Indeed, dry
matter partitioning and potential biomass are limited by water avail-
ability in the soil, which in turn is governed by rainfall inputs and
vegetation withdrawal. The latter, is modelled with the Penman-Mon-
teith Big Leaf model, which explicitly takes into account the effect of
CO2 concentration in the photosynthesis model. All simulations were
performed continuously without any re-initialisation in order examine
certain carry-over effects, such as multi-year droughts. Additional in-
formation regarding this model can be found in Viola et al. (2012).

The model requires a large number of parameters describing local
conditions, such as soil profile characteristics (e.g. soil hydraulic con-
ductivity and soil porosity), technical parameters (e.g. leaf area index,
crop ground cover fraction, growing season start and end) and weather
daily data (precipitation, maximum and minimum temperatures, ra-
diation, relative humidity, wind speed and CO2 concentrations). All
these parameters were used as model input and are described in the
subsequent sections. The model runs on a daily time step, from the start
until the end of the olive tree growing season. To simulate these dates, a
bioclimatic index developed by Orlandi et al. (2013) was used. This
index, derived from climatic data and has been properly validated for
Mediterranean olive trees (Orlandi et al., 2013), provides the annual
start and end of the vegetative cycle (Orlandi et al., 2013).

2.3. Crop model simulation inputs

The crop model requires input datasets for i) daily weather vari-
ables, ii) soils properties, iii) topographic features, iv) management

practices and v) cultivar. These data were retrieved for each olive
orchard in Alentejo separately, using a geographic information system
and the centroid method for extraction. For the sake of succinctness,
only the average outputs for all Alentejo are shown.

2.3.1. Meteorological variables
The required daily meteorological variables by the crop model are:

minimum and maximum air temperature (Tmin and Tmax; ºC), solar
radiation (Rad; W.m−2), total precipitation (Prec; mm), wind speed
(WSpeed; m.s-1), relative humidity (RH; %) and CO2 levels (ppmv). For
the baseline period (1986–2005, 20 years), Tmin, Tmax and Prec were
obtained from the E-OBS version 16 dataset (Haylock et al., 2008) and
Rad, WSpeed and RH from the ERA-interim dataset (Dee et al., 2011).
The baseline data corresponds to observational sources interpolated at a
∼25 km resolution. For the future period (2021–2080, 60 years), the
same variables were obtained from 4 different regional climate model
(RCM) simulations driven by 4 different global climate models (GCM)
(Table 1), generated within the framework of the EURO-CORDEX
project (Jacob et al., 2014). These gridded data are defined at
∼12.5 km spatial resolution. Additionally, data from the 4 RCM-GCM
model-pairs were also retrieved for the baseline period (1986–2005) to
allow a bias correction of the EURO-CORDEX data, as explained in the
following section.

2.3.2. Bias correction of the EURO-CORDEX data
The RCM-GCM data were bias corrected following a 3-step metho-

dology. Firstly, the RCM-GCM grid was bi-linearly interpolated to the
same resolution as the E-OBS and ERA-interim grids (∼25 km).
Secondly, the daily variables produced by the RCM-GCM chains were
bias-corrected for 1986–2005 using the observational datasets as a re-
ference and following the “Empirical Quantile Mapping” methodology
(Cofiño et al., 2017). This methodology simply corrects the distribution
of each RCM-GCM dataset based on the observations. Thirdly, the same
calibration was applied to the future period (2021–2080), thus ob-
taining bias-corrected data for climate change assessments. This
methodology was previously carried in several studies, e.g. in Fraga
et al. (2019). The resulting bias-corrected gridded climatic variables are
the input for the crop model.

2.3.3. Soil and topographic characteristics
Standard soil physical properties, such as physical-chemical prop-

erties (e.g. bulk density, albedo and pH), were primarily obtained for all
of the Alentejo agrarian region using information from two datasets: the
global SoilGrids dataset at 250m resolution (Hengl et al., 2017) and the
Harmonized World Soil Database (∼1 km resolution) (FAO/IIASA/
ISRIC/ISSCAS/JRC, 2012). The required soil hydraulic properties for
the crop model experiments (e.g. water retention capacity) were di-
rectly obtained from EU–SoilHydroGrids (Tóth et al., 2017), a newly
developed fine-resolution (250m) multiplayer soil hydraulic database
(Brigitta et al., 2017). Regarding topography, the GTOPO30 digital
elevation model (https://lta.cr.usgs.gov/GTOPO30) was used to de-
termine elevation, aspect class and slope degree (e.g. surface runoff).

2.3.4. Simulation scenarios
The crop model uses the above-mentioned input variables. Previous

studies indicate a general decrease in yields over Portugal under future
climate conditions if no adaptation measures are implemented (Fraga
et al., 2019; Ponti et al., 2014; Tanasijevic et al., 2014). Thus, the main
objective would be to minimize yield losses in the future decades. To
assess the role played by irrigation on olive trees under future climates,
three trial runs were set: i) baseline rainfed, ii) future rainfed and iii)
future irrigated. Crop model runs target the future time period and the
differences between rainfed and irrigated simulation. Baseline simula-
tions were performed as a reference to estimate the climate change
signal and to normalize the future yields. Hence, crop model runs were
carried over the Alentejo region for the variants i), ii) and iii). The

Table 1
Global climate models (GCM) and regional climate models (RCM) used in this
study. Each line corresponds to a combination of one GCM and one RCM
(model chain).

GCM RCM

MPI-M-MPI-ESM-LR CLMcom-CCLM4−8-17
IPSL-IPSL-CM5A-MR IPSL-INERIS-WRF331 F
ICHEC-EC-EARTH KNMI-RACMO22E
CNRM-CERFACS-CNRM-CM5 SMHI-RCA4
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obtained rainfed yield timeline for 2021–2080 was firstly normalized,
using the baseline yields as a reference (relative departure from the
mean of the baseline period). The same methodology was applied in the
irrigated simulations.

2.3.5. Irrigation scheme
Automatic irrigation is set in the crop model based on a pre-defined

level of the water stress index. To save water and maximize water
productivity, irrigation is applied only when a certain level of plant
water stress is reached. In this case, this threshold is based on the
stomata closure moisture fraction of 0.78 proposed by Laio et al.
(2001). Several tests were made, demonstrating that this value is well
adjusted to the Portuguese conditions (not shown). Thus, this reference
value was retained, also to warrant comparability with other studies.
When water soil fraction drops to values below the threshold of 0.78,
irrigation is activated, simulating a dripping system with irrigation ef-
ficiency of 90 % (Brouwer et al., 1989).

2.4. Crop model validation

The crop model developed by Viola et al. (2012) was used to model
olive yields. This model was primarily validated for olive orchards in
Sicily (Italy) and subsequently applied to the Mediterranean basin,
providing a good agreement with the observed conditions (Fraga et al.,
2020). Nonetheless, proper validation is necessary to ensure the model
is well adapted to the local growing conditions in Alentejo. As such,
Alentejo olive yield data were obtained from the Portuguese Statistical
Office (Instituto Nacional de Estatística, INE) to allow a suitable model
validation. These data correspond to yield statistics for the entire
Alentejo region from 1986 onwards. Hence, a validation period was set
from 1986 until 2015 to ensure a sufficiently long period (30 years).
The necessary crop model input data remained the same, except for the
climatic data, which was obtained from E-OBS (Haylock et al., 2008)
(Tmin, Tmax and Prec) and from ERA-INTERIM (Dee et al., 2011) (RH,
Rad and WSpeed). These are two well-known observation-based cli-
matic datasets. The model runs were subsequently carried out, and the
modelled yield and the observed yield were compared (see Section
3.1.).

2.5. Crop model outputs

Several metrics were extracted from the simulations for subsequent
analysis, notably yields. Average temperature and precipitation sums
were assessed, along with the potential (ETP) and actual (ETA) eva-
potranspiration. Two stress indicators were extracted directly from the
crop model outputs: water stress (WS) and temperature stress (TS).
These two stress indicators vary from 1 (no stress) to 0 (full stress). All
these metrics were computed annually from the start until the end of
the olive tree growing season. 11-year running means are used to
analyze the temporal trends. Significance tests were carried out on the
trends (Mann-Kendall trend test, p-value<0.01). All of the aforemen-
tioned metrics were obtained for both future scenarios (2021–2080,
RCP4.5 and RCP8.5) and for all of the RCM-GCM model-chains. For the
sake of conciseness, only the RCM-GCM model average, along with the
model standard deviation (SD), are shown. Differences between base-
line and future values were computed for all metrics, focusing on three
time-periods: short-term (2021–2040); medium-term (2041–2060) and
long-term (2061–2080), at a 99 % confidence level, using the two-
sample t-test (only significant differences will be discussed).

3. Results

3.1. Crop model validation

Fig. 2 shows the comparison between observed and simulated yields
for the recent period (1986–2015). It is clear that the model developed

by Viola et al. (2012) is able to properly replicate the observed yields.
The simulation shows a high correlation with observed values
(r=0.81). Furthermore, the simulation shows MAE of 336 kg/ha,
which can be considered a moderate error margin. However, it should
be taken into account that these observational yields derive from sta-
tistical sources (census) and apply to the Alentejo territory as a whole.
Despite the degree of uncertainty in the observational source, which
may partially explain to the differences found between observed and
simulated yields, the simulated yields show a strong correlation with
observations, statistically significant at p < 0.001.

3.2. Future climatic conditions in the olive tree growing season

The mean temperature in Alentejo (Fig. 3a) is projected to sig-
nificantly increase (Mann Kendall trend test, p-value<0.01) in the
olive tree growing season, with stronger trends in RCP8.5 (0.04 °C
yr−1) than in RCP4.5 (0.02 °C yr−1). With respect to the baseline
period, projections hint at a significant increase in mean temperature of
up to 2 °C compared to the reference period (Fig. 3b). Changes will be
more evident in the last time sub-period (2061–2080) and for RCP8.5.
RCM-GCM SD shows homogenous values along the time-series, with a
range of approximately 0.5 °C. Regarding the growing season pre-
cipitation sum (Fig. 3c), future changes are not as clear as for tem-
perature, showing large fluctuations throughout the time series.
Nonetheless, a decrease is apparent, with stronger implications on
RCP8.5 (-0.4 mm yr−1) compared to RCP4.5 (-0.2 mm yr−1). Sig-
nificant differences to baseline show decreases of -70 to -80mm in
2021–2040, -75 to −90mm in 2041–2060, and -80 to −90mm in
RCP4.5 and RCP8.5, respectively (Fig. 3d). SD range shows values
around 100mm, particularly in the earlier period, which reveals strong
inter-model variability. ETP shows similar behavior to temperature
(Fig. 3e), with similar increasing trend under both future scenarios
(0.8 mm yr−1). Until 2080, ETP is projected to significantly increase
from 40 to 50mm (Fig. 3f). SD shows stronger values by the end of the
future period (2041–2080). Regarding ETA (Fig. 3g), this metric shows
a decreasing trend, though it is non-significant, decreasing from -50 to
-70 until 2080, under both future scenarios (Fig. 3h). SD shows higher
ranges in the beginning of the future period.

3.3. Yield projections and stress forcing factors

In order to analyze the changes in yield over time, the simulated
yield values are shown with respect to their relative difference (in
percentage) to the baseline period mean yields. Overall, simulated
yields show a decreasing trend, with stronger reduction in RCP8.5
(-0.04 % yr−1) than in RCP4.5 5 (-0.02 % yr−1) (Fig. 4a). Simulated
olive tree yields over Alentejo show strong variability throughout the
future period (Fig. 4b), but particularly in the short-term (2021–2040).
Regarding the accumulated yield losses over the entire future period
(from 2021 to 2080) (Fig. 4c), projections indicate large decreases in
productivity over Alentejo, reaching −8 to −10 t/ha on average for
RCP4.5 and RCP8.5, respectively. The SD of the accumulated yield
change shows a sustained increase in spread, reaching 8 t/ha by 2080.
Thus, large productivity losses are accumulated over time.

These negative impacts of climate change on olive tree yields are
linked to the enhanced stress conditions in the future climates. Fig. 5a
and b show the water and temperature stress (WS+TS) difference
between future (RCP4.5 and 8.5, respectively) and baseline, along with
the decrease in yields. The curves of WS+TS show a very similar
pathway to the yields (negative percentages in WS+TS indicate in-
crease in stress), highlighting the influence of these two stresses on
olive trees. Hence, the synergetic impacts of the enhanced stress con-
ditions on yield becomes noticeable, being the coefficient of correlation
between this two curves very high (r> 0.81) in both future scenarios.
Water stress has by far the largest impact on future yields, closely mi-
micking the yield change curve, while temperature stress shows a
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generally small but linear increasing impact with time. While these two
metrics essentially reflect the future temperature and precipitation
conditions, both WS and TS also take into account extreme conditions,
as they do include in their definition extreme temperature and pre-
cipitation thresholds.

3.4. Irrigation as an adaptation measure

Henceforth, irrigation is applied as a possible adaptation measure
against the decreasing yield projected for the future (see section 2.3.6).
Fig. 6a shows the future yield anomalies, but now with the application
of irrigation. Comparing Fig. 4a and Fig. 6a, the changes in future yield
by introducing irrigation are quite clear. While some inter-annual
variability is present, the yield anomaly time-series remains close to
zero (difference between future and baseline yields of± 1%), revealing
the effectivity of this climate change adaptation measure. In fact, yield
is projected to slightly increase (linear trend of 0.05 % yr−1), under
both future scenarios. The outcomes from the four climate models show
very similar patterns, but with relatively low SD. When compared to the
non-irrigated simulation (Fig. 3a), it is clear that the strongest benefits
of irrigation will be more prominent over the last period (2061–2080),
since the increases in yield are greater during this time-frame. The
accumulated yield difference (Fig. 6c), shows that yield losses will be
close to zero, on average, if irrigation is applied, though the uncertainty
tied to this assessment increases with time, ranging from -3 to 2 t/ha in
2080.

Fig. 7a, shows the necessary irrigation amounts (mm) to obtain
these yield levels under future climate conditions. Under RCP4.5, the
necessary irrigation level to counteract the negative effects of climate
change is of approximately 60mm, whereas these values can reach
∼80mm in RCP8.5. However, the SD associated to this metric is quite
large, as these values may reach 80mm in RCP4.5 and 120mm in
RCP8.5. Hence, by applying these irrigation levels, yield losses can be
greatly alleviated. Based on these findings, a new metric was developed
taking into account the required irrigation amounts and the absolute
value of the precipitation decrease under future climate change sce-
narios (future minus baseline: Δ), defined as the ratio between irriga-
tion and the Δ of precipitation. The required irrigation ranges from

0.6–1 times the loss of precipitation (Fig. 7b), although it may reach up
to 2 times when considering climate model uncertainty. These results
highlighting the need to estimate for water availability under future
climate conditions, which will be dependent on the choice of future
scenario and climate model chain. Therefore, in order to maintain
current yield levels, the irrigation needed in future decades may be
larger than the projected precipitation decrease for the same period.

4. Discussion

The present study assesses the importance of irrigation as a poten-
tial climate change adaptation measure to ensure the future sustain-
ability of olive tree yields in Alentejo, the most important olive tree
growing region in Portugal. A dynamic process-based crop model was
used to simulate baseline and future olive tree yields in Alentejo, re-
vealing significant yield decreases over this region. Future projections
also depict an increase in temperature and a decrease in precipitation
over this region, which will lead to significantly enhanced water and
temperature stresses, partially explaining these outcomes. As a strong
candidate adaptation measure, deficit irrigation was tested for the fu-
ture climates. Irrigation was only applied when a certain water stress
level was reached (cf. section 2.3.5), mimicking a high efficiency water
use strategy, in an attempt to maintain current yield levels in the future.
The results indicate that irrigation is indeed a viable adaptation
strategy, but irrigation requirements may exceed the projected pre-
cipitation deficits.

The amounts of irrigation requirements under climate change range
from 60 from 85mm (RCP4.5 and RCP8.5), with an uncertainty of±
25mm, depending on the climate model. These values are in line with
projections from Tanasijevic et al. (2014) for southern Europe. These
irrigation requirements correspond to 0.6–1 times (RCP4.5 and RCP8.5
average) the water lost by the decrease in future precipitation, but these
values may reach 2 times when considering the climate model spread,
pointing to the synergetic effect of higher temperature and lower pre-
cipitation on olive yields. Nevertheless, if irrigation (scheduling and
amounts) and water stress levels are carefully monitored and controlled
(Marino et al., 2016), the negative impacts of climate change can be
largely circumvented. To address these issues, in real life farming

Fig. 2. Comparison of the observed vs. simulated yield time-series from 1986 to 2015. Coefficient of correlation (r) and mean absolute error (MAE) are also shown.
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conditions, olive growers need to plan the installation of suitable irri-
gation systems and use sensors/instruments to regularly monitor plant
water stress status (Marino et al., 2016). These monitoring techniques
should be combined with deficit irrigation procedures so as to preserve
water resources and increase water use efficiency (Gomez-Rico et al.,
2007). A reduction of water usage in agriculture through improved
irrigation management is a major concern when envisioning agriculture
sustainability in the future (Marino et al., 2016). Traditional irrigation
practices should be replaced by less water demanding practices, such as
partial root-zone drying (Araujo et al., 2019; Ghrab et al., 2013; Wang
et al., 2017).

Another challenge to the proposed adaptation measure will be
providing sufficient water during the necessary irrigation periods,
which overlap with the driest period of the year (Torres et al., 2019).
The construction and maintenance of water reservoirs for agriculture is
crucial to meet the required irrigation demands (Batista et al., 2001). In
Portugal, over the last decades, a significant effort has been made to
create a large artificial reservoir in the Alentejo region (Alqueva dam),

Fig. 3. Left panel: a) growing season mean temperature (Tmean), c) precipita-
tion sum (Prec), e) potential evapotranspiration (ETP) and g) actual evapo-
transpiration (ETA) over the olive orchard areas of Alentejo from 2021 to 2080
with an 11-year running mean. Green dot indicates the average for the recent
past period (1986-2010). Right panel: Box plots representing the differences
between the future periods (2021-2040, 2041-2060 and 2061-2080) and the
recent-past (1986-2010) for the variables of the corresponding left panel. Both
future scenarios are represented (blue colors for RCP4.5, red colors for RCP8.5).
Shaded area corresponds to the climate model standard-deviation range and LT
corresponds to the linear trend.

Fig. 4. a) Time series simulated yield differences (%) in respect to the recent
past period (1986-2010) with an 11-year running mean, along with the re-
spective linear trends. b) Box-plots representing the yield differences (%) in
short-, medium- and long-term periods (2021-2040, 2041-2060 and 2061-2080,
respectively). c) Accumulated annual yield differences in the full time period
(2021 to 2080) with an 11-year running mean. Both future scenarios are re-
presented (blue colors for RCP4.5, red colors for RCP8.5). Shaded area corre-
sponds to the climate model standard-deviation range and LT corresponds to
the linear trend.
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used for both hydroelectric power generation and irrigation, with a
very large water storage capacity of 3150×106m3. Nonetheless, water
conservation should be a priority and decision-makers must carefully
consider the effects of increasing agricultural water usage, including the
sustainability of the national water resources (EEA, 2009).

Given the scarcity of water in this region, other adaptation measures
should be foreseen to improve crop performance under more adverse
conditions (Fraga et al., 2018). To address this issue, growers should
promote higher water use efficiencies (Trentacoste et al., 2015). The
selection of more drought resilient olive tree varieties (Bacelar et al.,
2006) may be of great importance. In effect, the usefulness of irrigation
will also depend on the varietal response to water stress. As an example,
the “Arbequina” variety is one of the more widely used cultivars
worldwide, and is considered to be very drought tolerant (Bacelar et al.,
2006). Hence, the varietal response to drought, under climate change
conditions, should be explored (Larbi et al., 2015).

Other aspects that can improve water use efficiency comprise ad-
justments to traditional tillage systems and soil management practices,
considering specific cover crops (Sastre et al., 2018) or even mulching
(Fraga and Santos, 2018). The combination of all management techni-
ques to adapt to climate change may actually improve water use effi-
ciency and provide a compromise solution between environment, plant
water requirements and economic costs for growers. It should be noted
that the crop model simulations already take into consideration the

Fig. 5. Pilled cart of the water stress and temperature stress differences for the
a) RCP4.5 and b) RCP8.5 scenarios, in respect to the recent-past period (1986-
2010) with an 11-year running mean. Also shown in the yield difference (as
Fig. 2a but inverted axis). The correlation coefficient between the two curves
(water stress / temp stress and yield differences) is indicated in the upper right
corner.

Fig. 6. a) Time series simulated yield differences with irrigation (%) in respect
to the recent past period (1986-2010) with an 11-year running mean, along
with the respective linear trends. b) Box-plots representing the yield differences
with irrigation (%) in short-, medium- and long-term periods (2021-2040,
2041-2060 and 2061-2080, respectively). c) Accumulated annual yield differ-
ences with irrigation in the full time period (2021 to 2080) with an 11-year
running mean. Both future scenarios are represented (blue colors for RCP4.5,
red colors for RCP8.5). Shaded area corresponds to the climate model standard-
deviation range and LT corresponds to the linear trend.
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beneficial effects of higher CO2 atmospheric concentrations in the fu-
ture. It is known that the increase in CO2 levels under future climates
may bring positive effects for plants, particularly increasing biomass
under CO2 enriched environments (Biel et al., 2008). This effect par-
tially counteracts the climate change detrimental impacts resulting
from the rainfall decrease, and was taken into account by the crop
model, thus increasing the robustness of the present study results.

5. Conclusions

The present study showed that one possible adaptation measure, i.e.
irrigation, may significantly alleviate the detrimental impacts of cli-
mate change on olive yields, ensuring the future sustainability of the
olive industry in Portugal. However, irrigation is always strictly de-
pendent on water availability at a local scale, which may be proble-
matic for some regions in the Mediterranean basin, such as Alentejo.
Hence, forthcoming studies on olive trees adaptation strategies to cli-
mate change should focus on alternative or complementary measures,
such as microclimate selection, varietal and clonal selection, soil
management, cover crops, mulching, fertilization, amongst others.
Given the future projections of olive yields for the Alentejo region, the

implementation of these adaptation measures is critical for the future
sustainability of this sector.
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