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RESUMEN 

 

Introducción o motivación de la Tesis 

El olivar es un cultivo ancestral en la cuenca Mediterránea, de una gran 

importancia socioeconómica en muchas de sus regiones. Un ejemplo de ello es Andalucía, 

en el sur de España, la principal región olivarera del mundo, donde el sector del olivar es 

un pilar socioeconómico clave, responsable de vincular a la población rural en el 

territorio, llegando incluso a existir una cultura en torno al olivo y a sus paisajes. 

A pesar de ser un cultivo muy bien adaptado a las condiciones del clima mediterráneo, 

las predicciones que arrojan los modelos climáticos sobre las condiciones futuras pueden 

comprometer su viabilidad y sostenibilidad, y, por tanto, a todo el sector que se sustenta 

en el olivar. Así, los modelos climáticos para la región mediterránea pronostican un 

incremento de la temperatura junto a una reducción de las precipitaciones. Estos dos 

factores climáticos adversos pueden impactar negativamente al cultivo del olivo, en 

términos de reducción de la producción y de la calidad, pudiendo afectar de manera muy 

severa a la sostenibilidad de los olivares mediterráneos. Además, la extensión y la 

variabilidad edafoclimática que presenta la región andaluza se traduce en una 

heterogeneidad en las condiciones de cultivo, y, por tanto, en los posibles riesgos a los 

que puede verse expuesto el olivar. Es por ello por lo que se requiere realizar un análisis 

espacial de los posibles efectos del cambio climático sobre el cultivo del olivo en las 

diferentes zonas de la geografía andaluza, que permita generar y proponer las medidas de 

adaptación más adecuadas en cada zona, para intentar asegurar la sostenibilidad de este 

cultivo milenario frente a la amenaza que puede representar el cambio climático. 

 

Contenido de la investigación 

 Para esta investigación se han integrado técnicas de modelización de cultivos (con 

el desarrollo de una versión avanzada del modelo de simulación del cultivo del olivo 

AdaptaOlive; Lorite et al., 2018), metodologías de análisis de resultados basadas en el 

uso de clima perturbado (Perturbed climate; PC), superficies de respuesta al impacto 

(Impact Response Surfaces; IRS) y superficies de adaptación (Adaptation Response 

Surfaces; ARS). Estas últimas metodologías se basan en los trabajos de Pirttioja et al. 
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(2015) y Ruiz-Ramos et al. (2018), siendo esta la primera vez que se emplean para el 

análisis de la respuesta del cultivo del olivo al clima futuro.  

Con el uso de estas técnicas de modelización se ha podido evaluar el impacto del cambio 

climático sobre el olivar andaluz a medio y largo plazo, así como la efectividad de algunas 

medidas de adaptación sobre aspectos agronómicos clave del olivar, como son la fecha 

de floración, las necesidades de riego y la producción estimada. Asimismo, se ha 

estudiado el margen económico y la productividad del agua de riego del olivar para las 

condiciones futuras determinadas por los modelos climáticos. Estas herramientas, 

además, permiten determinar los umbrales climáticos límite para la producción del cultivo 

y su rentabilidad, profundizando en el conocimiento de los sistemas de olivar en 

condiciones de clima futuro. Se han estudiado distintas comarcas andaluzas con 

condiciones climáticas claramente diferenciadas: zonas de inviernos suaves, con posibles 

limitaciones relativas a la acumulación de frío, y zonas con bajas precipitaciones, donde 

la disponibilidad de agua puede ser crítica para el cultivo. Una vez evaluado el impacto 

del cambio climático sobre los olivares andaluces, la identificación de aquellas medidas 

de adaptación con mayor capacidad de éxito permitirá definir las mejores estrategias de 

manejo para favorecer la sostenibilidad de los olivares mediterráneos. 

 

Conclusiones 

El cambio climático puede afectar seriamente a la sostenibilidad del olivar 

mediterráneo, al reducir la producción, y, por tanto, poner en grave riesgo la viabilidad 

económica de este cultivo. Los resultados de este estudio muestran que los factores que 

influyen sobre la productividad y rentabilidad del olivar no son los mismos en toda la 

región andaluza, observándose diferencias dependiendo de las diferentes condiciones 

climáticas futuras en las distintas zonas de cultivo del olivo, por lo que se requieren 

medidas de adaptación específicas locales. Así, en zonas donde la falta de frío podría 

generar problemas en la floración del olivo, el uso de nuevas variedades con menores 

requerimientos de necesidades de frío podría ser una adecuada alternativa de manejo. En 

cambio, en zonas con aportaciones de lluvia reducidas, la adopción de estrategias de riego 

deficitario, la mejora de la eficiencia del riego o el empleo de prácticas de manejo del 

suelo que mejoren la infiltración del agua y reduzcan la escorrentía, serían algunas de las 

medidas a promover para asegurar la sostenibilidad del cultivo del olivo.  
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SUMMARY 

 

Introduction 

The olive grove is an ancestral crop located mainly in the Mediterranean basin, 

highlighting the socioeconomic importance of the olive tree in many regions of the basin. 

Andalusia, located in southern Spain, is the main olive-growing region in the world and 

the olive grove a key sector of its economy. Then, olive sector is one of the main economic 

pillars of the region, and it is responsible for helping to fix the rural population in the 

territory, existing a specific culture around the olive tree. 

Despite being a crop very well adapted to Mediterranean climate conditions, the 

predictions provided by climate models in the medium and long term may compromise 

the viability and sustainability of the crop and, therefore, of the surrounding olive sector. 

The increase in temperatures and the reduction in rainfall, predicted for the Mediterranean 

region, may cause a lack of chilling for a correct flowering, and heat and water stresses 

that may have a negative impact on the yields and profitability of olive orchards. In 

addition, the extension and edaphoclimatic variability of the Andalusian region produces 

a relevant heterogeneity on the growing conditions, and on the possible risks associated 

to climate change. It is, therefore, of vital importance to know the possible impacts of 

climate change in the different areas of Andalusia, to be able to propose efficient and site-

specific adaptation measures, which will ensure the sustainability of this millenary crop. 

 

Research content 

During this research, studies have been carried out combining an improved olive 

tree simulation model based on the AdaptaOlive model (Lorite et al., 2018), with a 

database with perturbed climate (PC), to evaluate the impacts that could occur under 

future weather conditions. In addition, the suitability of some adaptation measures on key 

agronomic components of the Mediterranean olive grove, such as flowering, irrigation 

requirements or olive oil production, has been analyzed. Moreover, the economic margin 

and the irrigation water productivity in olive groves under climate change conditions have 
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been studied. 

The combination of crop modelling and PC, and the use of Impact Response Surfaces 

(IRS) and Adaptation Response Surfaces (ARS) have been previously considered for the 

evaluation of crops such as wheat (Pirttioja et al., 2015; Ruiz-Ramos et al., 2018), but this 

methodology has not been previously considered for the analysis of olive groves. This 

methodology provides a robust tool for identifying economic and physiological 

thresholds in a context of climate change, assessing the impact and the performance of 

agricultural adaptation measures under future weather conditions. This methodology has 

been considered in different locations in Andalusia, with weather conditions characterized 

by mild winters (with potential damage to flowering due to lack of chilling) or by dry 

weather conditions where future water availability could threat the sustainability of the 

olive crop. 

 

Conclusions 

Climate change can seriously affect the sustainability of olive crop, affecting the 

production and therefore its economic viability. Different risks have been identified 

depending on the local weather conditions, requiring the implementation of specific 

adaptation measures for each olive-growing area. 

In relation to the adaptation measures analyzed, the consideration of new cultivars with 

lower chilling requirements could be an appropriate solution for those areas where mild 

temperatures during autumn and winter could be a limiting factor. On the other hand, in 

areas with reduced rainfall, the implementation of deficit irrigation strategies, the 

improvement of irrigation efficiency or soil management practices for improving water 

infiltration and reducing runoff, will be some measures to be considered for ensuring the 

sustainability of olive growing in the Mediterranean region. 
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1.1. Relevance and economical sustainability of olive groves in the Mediterranean 

Basin  

 

Olive groves occupy approximately 10.8 Mha spread across 58 countries all over 

the World (FAOSTAT, 2022). However, 97% of this extension is concentrated in the 

Mediterranean basin. The five countries with largest olive-growing area are Spain (2.6 

Mha), Tunisia (1.6 Mha), Italy (1.1 Mha), Morocco (1.1 Mha) and Greece (0.9 Mha), 

(FAOSTAT, 2022). The production in 2020 was 20.8 Mt of fresh fruit mostly (about 90 

%) devoted to olive oil production. The main olive oil producer is Spain (1.46 Mt; average 

value for the seaons 2018/19 and 2019/20), followed by Tunisia (0.29 Mt), Italy (0.27 

Mt) and Greece (0.23 Mt), (IOC, 2021). Olive grove employs more than 35 million people 

worldwide, which represents about 1.2% of the world’s active population, and turnover 

reaches 14 billion euros (Vilar and Pereira, 2018). 

The olive tree is the main crop in many areas of the Mediterranean basin, providing the 

primary source of incomes for a large percentage of the rural population in the 

Mediterranean countries (Loumou and Giourga, 2003; Colombo and Rocamora-Montiel, 

2018). The products coming from olive growing are conceived as consumer products by 

proximity or familiarity. This means that 88% of olive oil and 84% of table olives, 

respectively, are consumed in the producing countries. This situation presents a clear 

business opportunity for exports, especially in the short term (Vilar and Pereira, 2018).  

During the last 30 years, olive groves area and olive production have grown due to the 

expansion to new producing regions and the improvement/optimization of agricultural 

practices and management. Traditional olive orchards with low tree densities (around 80-

120 tree ha-1), trained with 2-4 trunks per tree, and rainfed, represent approximately 70% 

of the world’s olive-growing area, and are located in the Mediterranean basin. A 

significant area of these olive groves is found in mountain areas with shallow and poor 

soils, being difficult or impossible their mechanization and irrigation in most cases. On 

the other hand, the new olive orchards (i.e., intensive and super-intensive) are planted at 

higher density and trained with a single trunk. Intensive orchards, including between 200-

800 trees/ha, currently represent approximately 21.3% of all olive-growing area in the 

World. The main characteristics of this olive orchard typology are a single trunk per tree, 

rainfed or with deficit irrigation, and semi-mechanised harvesting. Finally, super-
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intensive orchards are based in high-density, using hedgerow plantation system (>800 

trees/ha). These high-density systems occupy approximately 4.8% of the total olive grove 

area, growing on fertile soils and under irrigated conditions. They are the earliest entry 

into production and their production is higher than the rest of the plantation systems (Vilar 

and Pereira, 2018).  

In Spain, there are 2.6 Mha of olive groves, 78% (2.0 Mha) under rainfed conditions 

(MAPA, 2022). Andalusia (the southernmost region of Spain) is the main olive oil 

producing region, with around 35% of world production in recent years (average 1.1 Mt 

of olive oil in the last five years), and 1.6 Mha of olive groves (70% rainfed) (CAGPDS, 

2021). The olive grove represents 24.6% of the agricultural production in Andalusia, 

extending over more than 18% of the region (CAGPDS, 2021), forming a relevant social, 

cultural and environmental framework of a large number of Andalusian municipalities, 

where it constitutes a monoculture. Olive cultivation in Andalusia is highly atomized, 

since almost 58.5% of the olive farms have an area of 1-to-5 ha (CAGPDS, 2020). 

‘Picual’ and ‘Hojiblanca’ are the most widespread varieties in the region, with 59.6% and 

17.8% of the area, respectively. Olive trees cultivation requires a large amount of labor, 

reaching up to 46 million wages in Spain (MAPA, 2020) and 21 million in Andalusia 

(CAGPDS, 2020), being specially in the southern regions a key sector to fix the 

population to rural areas.  

Olive cultivation costs include soil maintenance, pest and disease control, pruning, 

irrigation (when present), fertilization and harvesting, representing the latter the main 

labor cost ranging between 41% and 26% of the total, depending on whether it is non-

mechanizable olive grove or a high-density system. The highest costs per hectare 

correspond to the high-density (“superintensive”) system, but due to the associated higher 

olive oil production, the cost per kilogram of olive oil is the lowest compared to other 

plantation systems. This fact makes these olive orchards the most economically 

profitable. On the contrary, traditional rainfed olive orchards, especially non-

mechanizable ones, present large economic viability difficulties, since the costs generated 

are not compensated, in many cases, by the price of olive oil. Thus, the production cost 

of one olive oil kilogram, calculated for Andalusian olive groves, ranges from 3.52 € for 

traditional non-mechanizable rainfed systems to 1.49 € for high-density systems under 

irrigation (AEMO, 2020). In addition, the economic sustainability of olive trees 

cultivation is associated to market fluctuations, high cost of olive production and low 
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selling prices of olive oil (Cicek, 2011; Gómez-Limón et al., 2012; Ponti et al., 2014; 

Mairech et al., 2020).  

Traditional olive grove systems are the most affected by high harvesting costs. In 

addition, the lack of alternatives to olive groves in many traditional olive-growing areas 

is threatening the economic and social sustainability of these Mediterranean agricultural 

areas, producing a lack of generational replacement in the olive sector, and even 

exacerbating rural depopulation processes (Battino and Lampreu, 2019). These 

socioeconomic conditioning factors may be further aggravated by future adverse weather 

conditions associated with climate change. 

 

1.2. Climate change and evolution of atmospheric CO2 concentration 

 

According to the United Nations Framework Convention on Climate Change 

(UNFCCC), the term ‘climate change’ is understood as a change in climate attributed 

directly or indirectly to human activity, which alters the composition of the global 

atmosphere. On the other hand, the Intergovernmental Panel on Climate Change (IPCC) 

defines it as any change in climate over time due to natural variability or human activities. 

The changes produced in atmospheric conditions by natural factors over the last 4,000 

years have been mainly related to volcanic eruptions, the solar activity (solar storms), and 

changes in the Earth’s orbit, influencing the heating and cooling of the Earth’s surface 

and in changes in the Earth’s climate (Anet et al., 2014; Kobashi et al., 2017). Since the 

industrial revolution, mid-18th century, when the paradigm shift in the economic model, 

the burning of fossil fuels is causing a growing increase in the concentration of various 

greenhouse gases (GHGs), mainly CO2 (Figure 1.1). Besides CO2, human activity has 

increased concentrations of other GHGs such as CH4, N2O and O3 (IPCC, 2013), which 

are causing an increase in the earth’s temperature and a change in the precipitation regime. 

Since the 1950s, GHGs emissions have accelerated, being related to the greatest increase 

in global temperature (0.18 ºC per decade; NOAA, 2021) and modifications in 

precipitation patterns (IPCC, 2013), as well as a global increase in extreme events 

(Mokhov et al., 2011). Currently, the larger emitting CO2 countries are China, USA and 

the European Union (Figure 1.2) (Friedlingstein et al., 2021). 
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Figure 1.1. Evolution of CO2 emissions (in black) and Mauna Loa atmospheric CO2 concentration 

(in cyan) for the period 1750-2020 (Source: NOAA, 2020).  

 

 

Figure 1.2. Evolution of CO2 emission of main countries due to fossil fuel (Source: Global 

Carbon Project, 2021). 

 

Although the increase in surface temperature is occurring worldwide, it is not rising in a 

similar way everywhere, according to different factors. In general, the temperature 

increase is more pronounced in the Northern Hemisphere than in the Southern 

Hemisphere (Figure 1.3) (Hansen et al., 2010). Moreover, there are geographical areas 

where this increase is much more marked like in the South Pole where the temperature 
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has increased by 0.61 ºC per decade in the last thirty years, three times more than the 

global average (Clem et al., 2020).  

 

  

Figure 1.3. Annual and five-year lowess smooth anomalies (vs. 1951-1980) separately for the 

Northern and Southern Hemispheres based on land and ocean data (Source: NASA, 2022). 

 

Similarly, studies on climate change in recent decades have provided consistent 

projections suggesting that the Mediterranean region will be one of the most sensitive to 

the effects of climate change (Giorgi, 2006; IPCC, 2013; Ciardini et al., 2016). According 

to the Köppen classification (Beck et al., 2018), Mediterranean climate is characterized 

by cold winters and hot summers. Precipitation pattern presents a large interannual 

variability ranging approximately between 300 and 700 mm, but there are areas where 

precipitation exceeds 1,300 mm. The rainy season is mainly concentrated in autumn and 

spring (Deitch et al., 2017). The temperature increase is currently 0.03 °C per year above 

global trends (MedECC, 2019a), and thus the annual mean temperature is 1.4 ºC above 

pre-industrial times (Galeotti, 2020). In fact, it is expected that average warming by the 

end of the century will be 20% higher compared to the global average value, and 50% 

higher in summertime. In parallel, some studies predict a decrease in precipitation (Deitch 

et al., 2017) (Figure 1.4). Thus, a global atmospheric temperature increase of 2 °C is 

expected to be accompanied by a reduction in summer precipitation of about 10-15% in 

southern France, northwestern Spain, and the Balkans, and a reduction of up to 30% in 

Turkey (Gao et al., 2006; MedECC, 2019b). This reduction in precipitation is associated 
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with more extreme drought and flood events, through accelerated desertification, 

increased soil salinity, and water scarcity, further aggravating this stress (Hassani et al., 

2021).  

Increases in temperature are associated with an increase in evapotranspiration, which, 

together with the reduction in precipitation, will cause crop water stress to worsen, 

especially during summertime, when precipitation is scarce, and evapotranspiration is 

high. Therefore, the increase in temperatures and the reduction in rainfall may cause 

serious impacts on agriculture since the environmental conditions under which crops will 

be grown will be more unfavorable and uncertain. 

 

Figure 1.4. Projections of temperature and 

precipitation under different scenarios until 2100. (Source: IPCC, 2013; Annex I: Atlas of Global 

and Regional Climate Projections). 

 

 

1.3. Impact of climate change on Mediterranean olive orchards  

 

Crops are exposed to environmental conditions determined by the climate and 

characteristics of the local growing areas, such as water availability, soil type, etc. As 

described above, projections of climate behavior in the following decades of this century 

point to more unfavorable conditions for crop growth and yield. Thus, the increases in 

temperatures, as well as the reduction in precipitation, would bring about a decrease in 

crop yields (Högy et al., 2013; Tack et al., 2015), which could compromise food security 

and crops production. 
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Temperature is a key factor for crops development (Atkinson and Porter, 1996), and 

especially for olive trees (Pérez-López et al., 2008). Thus, increases in temperature would 

lead to a modification of phenological development, shortening of crop cycle, increase in 

evapotranspiration, damage due to extreme temperatures during flowering (Gabaldón-

Leal et al., 2017), lack of cold accumulation to overcome winter dormancy (Fraga et al., 

2019) or a reduction in crop yield and fruit quality (Ben-Ari et al., 2021). On the other 

hand, the effect of reductions in rainfall would lead to an increase in crop water stress, 

both throughout and at some key stages of the crop cycle (Valverde et al., 2015; Morales 

et al., 2016; Lorite et al., 2018). Therefore, yield of rainfed olive orchards would be 

severely affected (Tanasijevic et al., 2014). Moreover, the decrease in rainfall can also 

trigger a lack of availability of irrigation resources, negatively affecting irrigation 

availability and supply for irrigated olive orchards. 

On the contrary, increased atmospheric CO2 concentrations have shown positive effects 

to increase crop water productivity (Morales et al., 2016). This is due to the increase in 

the water use efficiency by crops, associated with the reduction in the stomata 

conductance. However, great uncertainty remains about the compensatory effect of 

increased CO2 with respect to future climatic conditions (Rhaman et al., 2019) and future 

studies will be required. 

Although all crops in the Mediterranean basin are exposed to the risks associated with 

climate change, woody crops will be specially impacted, where the olive grove stands out 

for its extension and economic importance in many Mediterranean regions (Loumou and 

Giourga, 2003). Recent studies have evaluated the impact of climate change on 

Mediterranean olive orchards, focusing on the balance between positive and negative 

effects on agronomic components, such as olive yield or irrigation requirements 

(Valverde et al., 2015; Morales et al., 2016; Lorite et al., 2018). Moreover, olive 

phenology will be affected as higher temperature predictions during winter can produce 

failures in flowering due to lack of chilling requirements for olive trees (De Melo-Abreu 

et al., 2004; Gabaldón-Leal et al., 2017; Fraga et al., 2019). In addition, extreme events 

related to water o heat stresses during this phase could generate failed flower development 

and pollen damage, turning into yield reductions (Ayerza and Sibbet, 2001; Rapoport et 

al., 2012).  
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1.4. Adaptation measures for olive orchards on the Mediterranean region  

 

In this context, identifying adequate and sustainable adaptation strategies to 

climate change will help boosting productivity and profitability of the heterogeneous 

Mediterranean agricultural systems, and specifically of olive orchards. For this, a detailed 

knowledge of the behavior of these systems under current and future weather conditions 

is required.  

Regarding the impact of climate change on herbaceous field crops, numerous adaptation 

measures have been evaluated to combat its negative effects. Some of these strategies are 

the modification of the sowing date, which has been proven to be an effective measure to 

shift the dates of flowering and maturity, avoiding that the most sensitive crop 

development stages overlapped with the hottest times of the year (García-Lopez et al., 

2014; Gabaldón-Leal et al., 2015), or shift to other crops, like legumes, with less water 

requirements (Aguilera et al., 2020).  

However, adaptation measures for woody crops are more complex that those focused on 

field crops (Lorite et al., 2020). They can be classified into two approaches: i) cultivar 

selection and breeding, and ii) improvement of agricultural management practices and 

infrastructures. Cultivars selection and breeding play a critical role in adaptation to 

climate change in many crops (Atlin et al., 2017). Thus, the selection of cultivars with 

low chilling requirements or early flowering (Gabaldón-Leal et al., 2017; Belaj et al., 

2020), and the breeding of new ones more resilient to water and heat stress events (De 

Ollas et al., 2019) seem promising options, although, in the case of olive, few efforts have 

been made to identify the best adapted cultivars to different climatic conditions (Mousavi 

et al., 2019). Thus, advances in olive breeding with new varieties have been mainly 

focused on increasing productivity (León et al., 2007; De la Rosa et al. 2013), improving 

oil quality (Rjiba et al., 2010, De la Rosa et al., 2013), and increasing resistance to 

Verticillium dahliae (Serrano et al., 2021), with few reports on the interaction between 

genotype and environment related to flowering phenology (Navas et al., 2019a) and oil 

accumulation patterns (Navas et al., 2019b, Navas et al., 2020).  

Due to their long history of cultivation under semi-arid Mediterranean climate conditions, 

olive trees have developed specific phenological and physiological attributes to adapt to 

periodic droughts and water deficits (Connor and Fereres, 2005). In fact, these adaptive 
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attributes have led to the optimization of deficit irrigation strategies, which increases olive 

oil yield (Iniesta et al., 2009; Gomez del Campo, 2013; Expósito and Berbel, 2017; 

Arampatzis et al., 2018; Santos, 2018), irrigation efficiency (Willaarts et al., 2020), soil 

management (e.g., reducing runoff; Bagagiolo et al., 2018), or changes in tree density 

(Connor, 2005).  

Finally, the role of phenology in the assessment of impacts and adaptation measures for 

the olive trees to climate change has been described as a very relevant component (De 

Melo-Abreu et al., 2004; López-Bernal et al., 2020; Medina-Alonso et al., 2020). For this 

reason, some adaptation measures developed are based on the evaluation and 

management of olive phenology, mainly during critical stages such as flowering and fruit 

ripening (Rapoport et al., 2012). Weather variations at these crop stages may be reflected 

in changes in yield (due to heat and water stress during the flowering stage, and flowering 

failure caused by lack of chilling), and in irrigation requirements. Thus, irrigation 

strategies based on irrigation scheduling restricted to specific phenological stages 

(Fereres and Soriano, 2007) have a great result.  

 

1.5. Crop modelling and climate change 

 

To assess the impact of climate change on crops, it is necessary knowledge about 

the future climate. There are global climate models (GCMs), which consider the physical 

components of the atmosphere, ocean, cryosphere, and land surface (IPCC, 2022). These 

models are able to predict the future climate caused by increased greenhouse gases 

emissions. The disadvantage of these models is that they have low spatial resolution, 

which makes it difficult to use them to assess the effects in a specific region (Murphy, 

1999). For this reason, studies of impact of climate change use the regional circulation 

models (RCMs) obtained by downscaling the GCMs. There are two categories of 

downscaling: dynamic and statistical (Gaur and Simonovic, 2019). Dynamic downscaling 

is based on the use of high spatial resolution simulations to extrapolate the results 

obtained from the GCMs. Statistical downscaling, on the other hand, consists in the use 

of statistical techniques that correlate observed climate measurements at the local scale 

with the models. Despite the continuous improvement of the RCMs (Giorgi and 

Gutowski, 2015), their outputs still present biases (Dosio, 2016), and then, some 
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alternative methodologies have been considered to assess the impact of climate change 

on agriculture (Pirttioja et al., 2015). 

The use of Perturbed Climate (PC) is an alternative tool for managing the uncertainty 

from average climate projections. This method consists in the modification of temperature 

and precipitation during the baseline period to create new combinations of them (Fronzek 

et al., 2010; Ruiz-Ramos et al., 2018). There are previous studies in field crops (Pirttioja 

et al., 2015; Ruiz-Ramos et al., 2018; Pirttioja et al., 2019) but it has not been used in 

olive orchards. This approach is an alternative to applying direct outputs from climate 

models to crop models, and offers some relevant advantages: a) it accounts for the 

uncertainty associated with climate models, since with this approach systematic changes 

in temperature and precipitation are considered; b) it is useful for future climate projection 

datasets not yet developed as the analyzed weather conditions span a broad range of 

weather conditions; and c) it is possible to assess the proximity to the critical thresholds 

(e.g., assessing whether the projected temperature will be close to the temperature 

threshold that generates total flowering failure due to lack of chilling). However, some 

disadvantages are also reported, mainly associated with the fact that it accounts for only 

two weather components (temperature, T, and precipitation, P), the lack of probabilistic 

information on which combined changes in T and P are more likely in the absence of 

additional information (such as climate change projections), and the inability to carry out 

detailed spatially-distributed analyses due to the requirement of baseline weather data 

obtained from weather stations. 

On the other hand, the use of crop simulation models has proven to be an efficient tool 

for assessing the impact of climate change on crops (Asseng et al., 2013). In this regard, 

there are several specific simulation models for olive groves that have been developed in 

recent years (e.g., López-Bernal et al., 2018; Lorite et al., 2018; Moriondo et al., 2019), 

which used together with the outputs from climate models they have constituted the basis 

for assessing the impact of climate change on Mediterranean olive grove systems 

(Gabaldón-Leal et al., 2017; Lorite et al., 2018). However, despite the relevant advances 

in olive crop modelling, the study of the behavior of these agricultural systems under 

future climatic conditions is very complex due to not only the interaction of numerous 

abiotic processes but also because of the existing relationship between biotic factors such 

as diseases and pests (Ponti et al., 2014). These interactions affect the correct assessment 

of the impact of climate change on olive crop and on the performance of any adaptation 
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measure (Moriondo et al., 2015), making it difficult to fully understand the behavior of 

Mediterranean farming systems in the future.  

 

1.6. Objectives 

 

The general objective of this doctoral Thesis is to generate advanced knowledge 

on adaptation measures to climate change in olive groves, focusing on the climatic 

conditions of southern Europe. For this, the agronomic and economic impacts of climate 

change on the Andalusian olive orchards were studied, emphasizing olive responses to 

the variation in temperature and precipitation, and the increase in CO2.  

This general objective is subdivided by three specific objectives: 

 To study the agronomic behavior of olive orchards under climate change 

conditions in five localizations in Andalusia, using the AdaptaOlive olive crop 

model with the combination of Perturbed Climate and Impact Responses Surfaces 

(Chapter 2).  

 To evaluate the economic profitability and sustainability of olive groves in the 

future climate, using similar methodology of previous objective and adding the 

economic component (Chapter 3). 

 To assess different adaptation measures under future weather conditions to ensure 

the sustainability of Andalusian olive groves, proposing different solutions like 

new cultivars or modification of agronomic practices such as applying irrigation 

or modifying olive orchards density, using similar methodology to that of the 

previous objectives and adding the use of Adaptation Response Surfaces (Chapter 

4). 

 

1.7. Thesis Outline 

 

After the introduction to the topic and description of the research objectives of this 

thesis in Chapter 1, the following three chapters address different aspects of the impact 

of climate change on olive cultivation under Mediterranean climatic conditions as well as 
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the assessment of different adaptation measures, which have been published in 

international scientific journals. The last Chapter 5 provides a synthesis of the overall 

conclusions of this thesis.  

Chapter 2 analyzes how the increase in temperature and the decrease in precipitation will 

affect some agronomic components of olive, such as flowering, oil yield or irrigation 

requirements. Thanks to the consideration of crop modelling and Perturbed Climate it 

was possible to identify the main impacts on olive groves as well as how far future 

weather conditions will be from those that could lead to severe drops in olive oil yield.  

Chapter 3 focuses on economic components of Mediterranean olive grove, such as 

changes in net margin and irrigation water productivity, under future weather conditions, 

assessing crop profitability and sustainability of olive farming systems in the medium and 

long term. 

Chapter 4 proposes and discusses site-specific adaptation measures for different 

Andalusian areas considering Perturbed Climate and Adaptation Response Surfaces, with 

the objective of ensuring the sustainability of Mediterranean olive groves under future 

weather conditions. 
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2.1. Abstract 

 

The identification of agricultural adaptation strategies to offset climate change 

impact requires a detailed knowledge of the response of crop systems under future 

climatic conditions. To carry out such an analysis for Mediterranean olive orchards, an 

improved version of the AdaptaOlive simulation model combined with perturbed climate 

(PC) and sensitivity analysis using impact response surfaces (IRSs) have been applied. 

As a result, phenology, crop yield and irrigation requirements were projected for olive 

orchards located at five locations representative of Southern Spain, with contrasting 

current and future weather conditions. Thus, under near future conditions using 

Representative Concentration Pathway (RCP) 4.5, large differences in olive yield 

response were found depending on the location, with an average yield increase of 19% 

for locations with cold winters, and reductions of 34% for locations with mild winters. 

Olive yield response could show abrupt changes even for limited changes in weather 

variables when critical thresholds are exceeded. IRSs and PC enabled the identification 

of such site-specific thresholds in terms of changes in temperature and rainfall from the 

baseline conditions. Thus, temperature increases of 3 ºC generated null crop damage 

linked to flowering failure caused by lack of chilling in Jaen or Granada, whereas in 

Seville the damage was severe in 74% of the years. The analysis of the impacts of water 

stress and temperature increase on olive yield revealed the critical processes that need to 

be addressed by promoting adaptation measures. Said processes were not the same for 

entire analyzed area; in Seville -which has mild, humid winters— cultivars with an earlier 

flowering date should be recommended, but in Granada -which has cold, dry winters— 

the introduction of deficit irrigation strategies would be the appropriate recommendation. 

These results confirm the need to conduct weather sensitivity analyses, as provided by 

PC and IRSs, in order to develop site-specific adaptation strategies for the Mediterranean 

olive orchards. This procedure was required due to the non-smooth response to weather 

components, and the high spatial variability of weather conditions and olive orchard 

characteristics in Southern Spain.  

 

2.2. Keywords: AdaptaOlive, site-specific adaptation measures, perturbed climate, 

climate models, southern Spain 
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 2.3. Introduction 

 

 The olive is the main crop in many areas in the Mediterranean Basin and provides 

the primary source of income for a large percentage of the rural population in the 

Mediterranean basin countries (Loumou and Giourga, 2003; Colombo and Rocamora-

Montiel, 2018). The olive tree, due to its long history of cultivation under semi-arid 

Mediterranean climate conditions, has developed specific phenological and physiological 

attributes to adapt to droughts and water deficits (Connor and Fereres, 2005). However, 

studies on climate change (CC) in recent decades have provided consistent projections 

suggesting that the Mediterranean region will be one of the most sensitive to the effects 

of CC; some of the principal effects are a reduction in rainfall and an increase in 

temperatures (IPCC, 2014), so that the productivity of rainfed olive orchards would be 

severely affected (Tanasijevic et al., 2014). In addition, in recent years the profitability of 

many olive plantations has been affected by other factors not directly related to CC, such 

as water costs associated with energy costs or reduced olive oil prices, jeopardizing the 

sustainability of these Mediterranean olive orchards (Gómez-Limón and Riesgo, 2010; 

Rodríguez-Cohard et al., 2017). Thus, traditional olive-growing areas are being affected 

by processes of rural depopulation, which represents an additional concern for the 

sustainability of these rural areas (Areal and Riesgo, 2014). Under this scenario, 

identifying adequate and sustainable adaptation strategies to CC will help boost 

productivity and profit for the heterogeneous Mediterranean olive orchards. 

To that end, a detailed knowledge of the behavior of olive trees under current and future 

weather conditions is required. Thus, a spatially-distributed assessment of the most 

significant, emerging environmental factors that have a negative impact on olive yield 

(such as available water or higher temperatures) is an essential first step. To carry out 

such an analysis, simulation models based on experimentation have frequently been used 

for numerous field crops (e.g., Asseng et al., 2011; García-Lopez et al., 2014; Lizazo et 

al., 2017). However, despite the importance of the olive groves in the Mediterranean 

countries, there are relatively few specific simulation models for this crop (Villalobos et 

al., 2006; Morales et al., 2016; Lopez-Bernal et al., 2018; Moriondo et al., 2019). 

Simulation models for olive have evolved from the most simplified approaches based on 

FAO-56 crop coefficients (Allen et al., 1998) to mechanistic simulation models such as 

OliveCan (Lopez-Bernal et al., 2018). An intermediate approach in terms of complexity 

is AdaptaOlive (Lorite et al., 2018), which uses well-known functions to estimate oil yield 
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and irrigation requirements of olive orchards under future climate conditions with low 

model input requirements.  

Besides the simulation model, another relevant issue is the prediction of future weather 

conditions. According to the future climate projections for Southern Spain, general 

reductions in rainfall and increases in temperatures are predicted for rest of the 21st 

century, although a high spatial variability is expected. Two methods have been used to 

obtain this information: ensembles of climate models (Wallach et al., 2018; Webber et 

al., 2018) and perturbed climate (PC) in combination with impact response surfaces 

(IRSs) (Fronzek et al. 2010; 2019). Such a combination of PC and IRSs provides an 

excellent tool for analyzing agricultural systems’ behavior under CC, although to date it 

has been used mainly for field crops as wheat (Pirttioja et al., 2015; Ruiz-Ramos et al., 

2018; Fronzek et al., 2018) or barley (Pirttioja et al., 2019). This approach is an alternative 

to applying direct outputs from climate models to crop models, and offers some relevant 

advantages: a) it accounts for the uncertainty associated with climate models as with this 

approach systematic changes in temperature and precipitation are considered; b) it is 

useful for future climate projection datasets not yet developed as the analyzed weather 

conditions span a broad range of weather conditions; and c) it is possible to assess the 

proximity to critical thresholds (e.g., assessing whether the projected temperature will be 

close to the temperature threshold that generates total flowering failure due to lack of 

chilling). However, some disadvantages are also reported, mainly associated with the fact 

that it accounts for only two weather components (temperature, T, and precipitation, P), 

the lack of probabilistic information on what combined changes in P and T are more likely 

in the absence of additional information (as CC projections), and the inability to carry out 

detailed spatially-distributed analyses due to the requirement of baseline weather data 

obtained from weather stations.  

Previous studies have estimated the impact of CC on olive crop yield by combining 

simulation models and climate model outputs (e.g., Lorite et al., 2018; Fraga et al., 2019; 

Alfieri et al., 2019). However, to date there has been no identification of site-specific 

adaptation strategies based on a systematic sensitivity analysis of the olive yield response 

to PC under several limiting conditions (such as water stress, extreme heat events or lack 

of chilling). Thus, the objective of this study was to develop procedures for identifying 

site-specific adaptation measures for Mediterranean olive orchards to reduce the negative 

effects of CC, considering a wide range of weather conditions. To achieve this task, a 
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detailed evaluation of the performance of Mediterranean olive orchards for current and 

future weather conditions, at five locations with contrasting climates representative of 

olive-growing areas in southern Spain, was carried out using an improved version of the 

AdaptaOlive model with PC in combination with IRSs. 

 

2.4. Materials and Methods 

 

2.4.1. Crop model approach 

The AdaptaOlive model (Lorite et al., 2018) is a transpiration-based model 

integrated in a water balance approach, which considers additional key crop-production 

functions as the yield reduction due to water stress (WS) and the increase in transpiration 

efficiency in olive trees due to WS or atmospheric [CO2] increase.  

The improved version, AdaptaOlive v2.0, includes additional functions for a more robust 

assessment of olive tree performance under future weather conditions, such as the effect 

of the lack of chilling (LC) requirements and the impact of heat stress during flowering 

(HSF) on olive yield. For identifying the lack of chilling requirements, the methodologies 

provided by De Melo-Abreu et al. (2004) and Gabaldón-Leal et al. (2017) for calculating 

accumulated chilling units were considered. The effect of heat stress was added since 

extremely high temperatures during the flowering-fruit set period negatively effect on 

olive load (López-Bernal et al., 2018), so when the maximum air temperature exceeds a 

certain threshold, olive fruit yield is reduced. Experimental data provided by Koubouris 

et al. (2009) were used to define the linear response function for temperature (FHSF 

reduction factor equal to 1 for Tmax35 ºC and null for Tmax40 during flowering 

occurrence).  

The combination of these new temperature-associated reduction factors (FHSF and FLC) 

with the water stress related factors (FWS, FWSF) described in Lorite et al. (2018), provided 

the simulated olive crop yield as affected by several key limiting factors that reduce the 

potential oil yield (Ymax; kg ha-1). Equation [1] summarizes the procedure used to obtain 

the final olive oil yield (YF; kg ha-1): 

maxF WS WSF HSF LCY Y F F F F       [1] 
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where FWS, FWSF, FHSF and FLC are reduction factors obtained from outputs of functions 

defined for assessing the olive tree response to water stress during the whole season (WS) 

and during flowering (WSF), the heat stress during flowering (HSF) and the lack of 

chilling (LC), respectively. Their values lie between 0 and 1, with 0 indicating maximum 

stress causing crop production failure, and 1 without stress or change in crop yield. Ymax 

for baseline (B) weather conditions (Ymax-B) was calculated following the simplified 

model of olive orchard productivity developed by Villalobos et al. (2006) based on annual 

incoming photosynthetically active radiation (PAR), the fraction of PAR intercepted by 

the canopy (Qe) and the radiation use efficiency for olive oil production (RUEO). PAR 

was obtained as 45% of measured total solar radiation, RUEO was taken equal to 0.17 g 

MJ-1 (Villalobos et al., 2006; Iniesta et al., 2009), and Qe was calculated using the 

summary model proposed by Testi et al. (2006), which requires canopy volume per unit 

ground area (Vu), leaf area density (Ld, which varies in olive with Vu; Villalobos et al., 

1995; Mariscal et al., 2000) and tree density. The values for Vu (1.33 m3 m-2), and 

therefore Ld (1.56 m2 m-3), were assumed constant throughout the analysis period, since 

they were referred to an intensive mature olive orchard of 250 trees ha-1, and in order to 

avoid additional factors that could affect the olive yield. Potential oil yield (Ymax) under 

future (F) weather conditions was calculated by multiplying Ymax-B by the crop 

transpiration, transpiration efficiency and harvest index (HI) ratios for F and B weather 

conditions, as described in detail in Lorite et al. (2018). The HIF/HIB ratio was estimated 

constant and equal to 1 as there are no available projections of future changes in HI.  

The product of FWS and FWSF accounted for the impact on final olive yield caused by 

water deficits (FW), and the product of FHSF and FLC covered the impact on olive yield 

associated with temperature increases (FT). The ratio FTFW defines the relevance of 

temperature increase vs. water stress for olive oil yield, indicating the group of adaptation 

strategies that should be prioritized for each location (alleviating heat stress if the ratio is 

lower than 1 or alleviating water stress if the ratio is higher than 1, or a combination of 

both for values around 1). 

Irrigation water requirements were determined from the soil-water balance based on a 

cascade approach with 20 soil layers computed on a daily scale (Lorite et al., 2004). The 

inflows were rainfall and irrigation, and the outflows were soil evaporation (E), crop 

transpiration (T), deep percolation (DP) and surface runoff (SR). E and T were calculated 

as described in Orgaz et al. (2006), SR following the SCS runoff curve number method 
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(SCS, 1993), and DP as the excess water from the last layer of the root depth. Capillary 

rise and lateral flow were not considered.   

The time step of the model was daily, although the results are aggregated at seasonal scale 

for assessing olive yield and irrigation requirements. 

 2.4.2. Baseline and future weather conditions 

Observed daily weather data (maximum and minimum temperatures, 

precipitation, solar radiation, and reference evapotranspiration) at five representative 

locations of the current olive growing (Seville, Granada, Cordoba, and Jaen) and 

alternative future areas (Jerez) in Andalusia, for the period 1980-2010 (baseline period) 

were taken from AEMET (Spanish State Meteorological Agency) meteorological stations 

(Fig. 2.1). Cordoba, Jerez and Seville reported similar average annual rainfall (590, 570 

and 540 mm, respectively), while Jaen registered an intermediate rainfall (475 mm), and 

Granada was the driest location (365 mm) (Table 2.1). Seville and Jerez had mild 

temperatures in winter (with mean values of 12.5 and 12.1 ºC, respectively; Fig. 21), 

generating the earliest flowering date, with the average daily maximum temperature 

during flowering (TMF) around 30.1 ºC; Cordoba and Jaen recorded colder temperatures 

in winter (11.1 and 9.1 ºC, respectively), and thus later flowering with TMF of around 

31.6 ºC; and Granada had the latest flowering date, due to the coldest winter temperatures 

(8.3 ºC), and TMF was 34.8 ºC (Table 2.1).   
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The perturbed climate (PC) was developed based on the methodology by Pirttioja et al.  

 

(2015). Thus, the daily observed temperature (T) and precipitation (P) values of the 

baseline period 1980-2010 were modified using a constant incremental factor (1 ºC and 

5%, respectively) ranging from 1 ºC to +8 ºC, and from 60% to +10%, respectively, 

producing 149 PC datasets composed of pairs of ∆T and ∆P, for each location. Baseline 

(B) is thus defined as 0 perturbation for both ∆T and ∆P. The results of AdaptaOlive v2.0 

using these PC datasets were plotted to obtain IRSs, which described the olive tree 

response to combined changes in T and P. 

Finally, five climate models (GFDL-CM3, GISS-E2-R, HadGEM2-ES, MIROC5 and 

MPI-ESM-MR) were considered for two Representative Concentration Pathways (RCPs; 

RCP4.5 and RCP8.5) for near future (NF; 2040-2069) and far future (FF; 2070-2099) 30-

years periods (Table 2.2). The range of climate projections for each RCP and period was 

represented by a polygon, with the vertices indicating the averaged extreme ∆T and ∆P 

values of the five climate models (∆Tmax, ∆Pmax; ∆Tmax, ∆Pmin; ∆Tmin, ∆Pmax; ∆Tmin, 

∆Pmin). The overlapping of these climate projections provided by polygon-climate models 

over the IRS plots generated an excellent tool for assessing the impact of CC on 

Mediterranean olive orchards. 

Figure 2.1. Map of olive grove distribution in Andalusia (in green) showing the averaged winter 

temperature under baseline conditions (in blue ramp) and the location of the five representative 

olive growing areas considered in this study (see Table 2.1 for additional weather 

characterization) 
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Table 2.1. Weather data (average annual rainfall and average daily maximum temperature 

during flowering, TMF) for the climate scenarios (baseline, B, near future, NF, and far future, 

FF, with RCP4.5 and RCP8.5), and locations considered in this study. 

 
   RCP 4.5  RCP 8.5 

B  NF  FF  NF  FF 

Location 

Avg. 
Rainfall 

TMF  Avg. 
Rainfall 

TMF  Avg. 
Rainfall 

TMF  Avg. 
Rainfall 

TMF  Avg. 
Rainfall 

TMF 

(mm) (C)  (mm) (C)   (mm) (C)  (mm) (C)  (mm) (C)                

Seville (Se) 540.0 30.2  486.0 31.5  432.0 32.9  405.0 32.9  351.0 34.7 

Jerez (Je) 569.6 29.9  512.6 30.7  455.7 31.3  427.2 31.3  370.2 33.3 

Cordoba (Co) 590.3 31.7  531.3 30.9  472.2 32.0  442.7 32.0  383.7 34.5 

Jaen (Ja) 474.8 31.4  427.3 28.9  379.9 28.6  356.1 28.6  308.6 31.1 

Granada (Gr) 365.0 34.8  328.5 33.8  292.0 32.4  273.8 32.4  237.3 32.0                
 

Table 2.2. Changes in temperature (T) and precipitation (P), and atmospheric CO2 concentration 

for the climate scenarios (baseline, B, near future, NF, and far future, FF, with RCP4.5 and 

RCP8.5) considered in this study. 

 

 

 

 

 

2.4.3. Simulating scenarios 

AdaptaOlive v2.0 requires a setup of the simulation experiment where olive 

orchard and soil features are defined. Thus, a reference representative of modern intensive 

olive plantations in Andalusia (southern Spain) was used, featuring the following 

characteristics: ‘Picual’ cultivar, the most cultivated variety in the region, with high 

chilling requirements (De Melo-Abreu et al., 2004); soil with effective depth equal to 1.2 

m, and clay-loam texture; and planting density of 250 trees per ha, with average tree 

crown diameter of 5 m.  This tree density is the most common in the new olive groves in 

southern Spain, where intensive olive orchards with density of 140-399 trees ha-1 

currently represent about 50% of the total area of olive grove in Andalusia, these being 

the tree densities that have experienced a greater increase in cultivated area in recent years 

(CAGPDS-JA, 2019).  

Weather 
variable 

  RCP 4.5  RCP 8.5 

B  NF FF  NF FF 

T change (C) 0  2 3  3 5 

P change (%) 0  -10 -20  -25 -35 

CO2 (ppm) 380  529 529  529 622 
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For each PC and B dataset and location, three irrigation strategies were considered: 

rainfed (R0); deficit irrigation (DI), with irrigation supply only during flowering and 

ripening stages; and full irrigation (FI), avoiding water stress during the whole crop 

season. These irrigation strategies were combined with three atmospheric CO2 

concentrations: 380 ppm, based on baseline period, and 529 and 622 ppm based on future 

[CO2] considering RCP4.5 and RCP8.5 scenarios.  

2.4.4. Construction of impact response surfaces 

Impact response surfaces (IRSs) were constructed from the results of the 

simulations with AdaptaOlive v2.0 using the baseline and PC datasets defined as changes 

in T (with a unit of change equal to 1 ºC) and P (with a unit of change equal to 5%) from 

the baseline (0,0). The specific olive crop responses (such as changes in flowering date, 

oil yield, or irrigation requirements) were plotted as contour lines linearly interpolated 

from the AdaptaOlive outputs, defining the IRSs. The IRSs allow an assessment of the 

relevance of P and T changes to changes in the response variable (e.g. crop yield), 

indicating which variable (P or T) has the greater influence; vertical curves indicate a 

lesser impact of P changes and horizontal curves indicate a lesser impact of T changes. 

Finally, the distance between curves defines the sensitivity of the analyzed crop- or 

management-variable to the change in P or T. Close curves indicate that small changes in 

P or T lead to large impacts on the analyzed variable, while distant curves reflect little 

impact. In this study, the impact variables whose response to P and T was analyzed were 

flowering date, yield and irrigation requirements, and individual IRS-charts were created 

for each combination of location and irrigation strategy. 

 

2.5. Results 

2.5.1. Response of olive flowering date to future climate conditions 

Earlier flowering dates were found as T increased. Thus, under baseline (B, i.e., 0 

perturbation of P and T), the day of the year (DOY) of olive flowering date became 

gradually later going from Seville (Se) to Jerez (Je), Cordoba (Co), Jaen (Ja) and finally, 

Granada (Gr), with DOY equal to 110, 120, 124, 135 and 152, respectively, with 

maximum difference of 42 days between locations (Fig. 2.2). Under the T perturbations 

corresponding to RCP4.5-NF (Table 2.2), earlier flowering dates were found, ranging 
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from DOY 102, in Se, to DOY 132, in Gr, with an average advance in flowering date of 

15 days, and lower spatial variability (maximum difference between locations equal to 30 

days; Fig. 2.2). Under the T perturbations corresponding to RCP4.5-FF (Table 2.2), the 

spatial variability in flowering date was even lower, ranging from DOY 103 (for Co and 

Ja) to DOY 121 (for Gr), i.e., a difference of 18 days (Fig. 2.2). 

 

 

 

 

 

 

 

 

 

 

 

Analyzing the IRSs, an increase in T higher than 2 ºC generated significant flowering 

failure in some locations caused by lack of chilling; thus, increases of 3 ºC (similar to 

those indicated for RCP4.5-FF or RCP8.5-NF; Table 2.2) caused flowering failure in 

29%, 68% and 74% of the years, in Co, Je and Se, respectively. In addition, flowering 

failure in 100% of the years was projected when T increased by 5 ºC in Se and Je, and for 

increases of 6 ºC in Co, 7 ºC in Ja and 9 ºC in Gr (no flowering date values, generating 

missing IRSs and color in Fig. 2.2), some of which are reached under RCP8.5-FF 

conditions. It should be noted that in this case the comparison between RCPs only relates 

to T changes (as simulated flowering date is not sensitive to P or CO2 changes). 

 

Seville Jaen Granada 

a. b. c. 

Figure 2.2. Impact response surfaces (IRSs) of flowering date (DOY) in a) Seville, b) Jaen and 

c) Granada. The range of climate projections for each RCP and period are represented by a triangle 

(RCP4.5-NF in cyan, RCP4.5-FF in orange, and RCP8.5-NF in brown), with the vertexes 

indicating the extreme ∆T and ∆P values of the five climate models considered in each RCP, and 

the cross within each triangle represents the averaged ∆T and ∆P values. 
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2.5.2. Response of olive yield to future climate conditions 

2.5.2.1. Olive oil yield changes  

 

Averaged olive oil yield (YF) under full irrigation scheduling (FI) and baseline 

conditions (B) ranged from 2,091 kg ha-1 (in Gr) to 2,470 kg ha-1 (in Je) (Table 2.3). 

Under the P and T perturbations and CO2 conditions corresponding to RCP4.5-NF, two 

clear patterns were found. For eastern and central locations in Andalusia (Gr, Ja and Co) 

under cold-winter conditions, averaged oil yield increase was around 22%, while for 

western locations (Je and Se) under mild-winter conditions average reductions of 30% 

were found (Table 2.4 and Fig. 2.3). Under RCP4.5-FF, the sign of the impact of future 

climate on olive yield changed in Co, with a reduction in oil yield, giving rise to higher 

negative values in Je and Se. However, under cold-winter conditions (Gr, Ja) olive yield 

increased, more in the coldest location (Gr) (Table 2.4 and Fig. 2.3).  

Similarly, with deficit irrigation (DI) under RCP4.5-NF and cold-winter conditions, YF 

increased around 17%; and with mild-winter conditions was reduced around 32%. Under 

RCP4.5-FF, YF was reduced in Co, and drastically with milder winter conditions (Se, Je), 

and increased with cold-winter conditions (Table 2.4 and Fig. 2.3). Finally, for rainfed 

conditions (R0) the trend was similar; under RCP4.5-NF average YF increased around 

17% in Co, Ja, and Gr, and was reduced around 35% in Je and Se. Under RCP4.5-FF, YF 

reductions were found in all the analyzed locations except in Gr (Table 2.4 and Fig. 2.3). 

Under RCP8.5-NF conditions, the impacts on olive oil yield were similar to those under 

RCP4.5-FF for the three water supply scenarios (Table 2.4 and Fig. 2.3); and under 

RCP8.5-FF, severe olive yield reductions were found, estimating a total yield failure in 

Je and Se (Table 2.4). 
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Table 2.3. Average simulated olive oil yield and irrigation requirements for B, RCP4.5-NF, 

RCP4.5-FF, RCP8.5-NF and RCP8.5-FF scenarios (see Table 2.2 for description), for the five 

analyzed locations (Co, Gr, Ja, Je and Se) and the three irrigation strategies (rainfed, R0; deficit 

irrigation, DI, and full irrigation, FI). 

 

2.5.2.2. Changes in temperature (∆T) and precipitation (∆P) thresholds 

 

Thresholds of ∆T and ∆P above or below which simulated olive oil yield will 

decrease in the future were identified. Thus, with [CO2] equal to 529 ppm and under the 

driest and coldest-winter conditions (Gr), the change in weather conditions for yield 

decrease under R0 strategy started at a 2 ºC increase in T and around a 20% decrease in 

P and (+2ºC,20%). Other combinations with similar results were (0ºC,15%) or 

(+5.5ºC,0%) (Fig. 2.3). With irrigation supply, weather perturbations should be larger to 

trigger olive yield decreases in the future; thus, with DI, the combinations (∆T,∆P) were 

(0ºC,60%), (+3ºC,45%) or (+5.2ºC,0%), and for FI, only (+5.3ºC,0%). In contrast, 

under mild-winter conditions (as in Se) thresholds were different; olive yield reductions 

were found for R0 at (0ºC,30%), (+1ºC,20%) or (+1.3ºC,0%); for DI at (0ºC,60%), 

(+1ºC,45%) and (+1.3ºC,0); and for FI only at (+1.3ºC,0%) (Fig. 2.3). 

  
Olive Yield (kg ha-1)  Irrigation (mm) 

Irrigation 
strategy 

location B 
RCP4.5 

NF 
RCP4.5 

FF 
RCP8.5 

NF 
RCP8.5 

FF 
 

B 
RCP4.5 

NF 
RCP4.5 

FF 
RCP8.5 

NF 
RCP8.5 

FF 

             
R0 Co 1628 1817 1015 949 79       
R0 Gr 750 930 806 707 483       
R0 Ja 1401 1612 1316 1172 291       
R0 Je 1721 1280 535 475 0       
R0 Se 1544 853 255 248 0       

             
DI Co 1923 2297 1438 1408 94  120 119 129 133 145 

DI Gr 1680 1922 1844 1813 1712  216 181 187 193 194 

DI Ja 1893 2207 2018 1967 698  138 131 145 150 160 

DI Je 2026 1509 730 720 0  114 112 126 132 139 

DI Se 1977 1235 474 461 0  123 123 136 142 147 
             

FI Co 2342 2832 1871 1873 128  413 405 446 464 488 

FI Gr 2091 2589 2644 2644 2641  520 518 562 578 596 

FI Ja 2357 2834 2742 2740 1084  430 429 477 496 518 

FI Je 2470 1866 962 962 0  395 385 425 440 462 

FI Se 2456 1596 641 641 0  423 417 457 474 492 
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Table 2.4. Changes in simulated olive oil yield and irrigation requirements for RCP4.5-NF, 

RCP4.5-FF, RCP8.5-NF and RCP8.5-FF scenarios (see Table 2.2 for description), for the five 

analyzed locations (Co, Gr, Ja, Je and Se) and three irrigation strategies (rainfed, R0; deficit 

irrigation, DI, and full irrigation, FI), compared to Baseline scenario. 

  
Olive yield (%)  Irrigation (%) 

Irrigation 
strategy 

location 
RCP4.5 

NF 
RCP4.5 

FF 
RCP8.5 

NF 
FF8.5 

FF  

RCP4.5 
NF 

RCP4.5 
FF 

RCP8.5 
NF 

RCP8.5 
FF 

           
R0 Co 11.6 -37.7 -41.7 -95.1      
R0 Gr 24.0 7.5 -5.7 -35.7      
R0 Ja 15.0 -6.1 -16.4 -79.2      
R0 Je -25.6 -68.9 -72.4 -100.0      
R0 Se -44.8 -83.5 -83.9 -100.0      

           
DI Co 19.4 -25.2 -26.8 -95.1  -0.8 7.2 11.1 20.8 

DI Gr 14.4 9.7 7.9 1.9  -16.2 -13.6 -10.8 -10.2 

DI Ja 16.6 6.6 3.9 -63.1  -4.6 5.1 9.2 16.2 

DI Je -25.5 -64.0 -64.4 -100.0  -2.0 10.5 16.1 21.6 

DI Se -37.5 -76.0 -76.7 -100.0  -0.5 10.3 15.1 19.5 
           

FI Co 20.9 -20.1 -20.0 -94.5  -2.1 8.0 12.2 18.0 

FI Gr 23.8 26.4 26.5 26.3  -0.4 8.1 11.0 14.6 

FI Ja 20.2 16.3 16.2 -54.0  -0.1 11.1 15.4 20.6 

FI Je -24.4 -61.1 -61.1 -100  -2.6 7.5 11.3 16.8 

FI Se -35.0 -73.9 -73.9 -100  -1.4 8.2 12.2 16.3 
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Analysis of IRSs also enabled the identification of the future weather conditions (∆T and 

∆P combinations) in which the olive yield would be more sensitive to further weather 

perturbations. For example, in Gr, under rainfed conditions, the analysis revealed high 

olive yield sensitivity to changes in P (i.e. high changes in yield when P varies, as 

represented by large circles in Fig. 2.4b) in the ranges from 0 to +6ºC for ∆T, and from 

+10 to -60% for ∆P. However, low sensitivity of yield to changes in P was reported when 

Seville Jaen Granada 

a. b. c. 

d. e. f. 

g. h. i. 

FI 

DI 

R0 

Figure 2.3. Impact response surfaces (IRSs) for olive yield change (%) with [CO2] = 529 ppm 

compared to baseline conditions (∆T = 0%, ∆P = 0 ºC, [CO2] = 380 ppm) for Seville, Jaen and 

Granada, under full irrigation (FI; upper row), deficit irrigation (DI; middle row) and rainfed 

strategy (R0; button row). The range of climate projections for each RCP and period are 

represented as in Fig. 2.2. 
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∆T was higher than 6 ºC (represented by small circles in Fig 2.4b). On the other hand, 

analyzing the olive yield sensitivity to changes in T, very high sensibility (i.e. high 

changes in yield when T varies) was observed when ∆T>5ºC (Fig. 2.4d). Similar analysis 

could be done for other locations, as Se (Figs. 2.4a, and 2.4c).  

In addition, graphical analysis allows an assessment of the relevance of the changes in T 

and P in the olive yield. In Gr, when ∆T>5ºC temperature became critical (vertical lines 

in Fig. 2.3i represented by white circles in Fig. 2.4f). However, when ∆T ranged between 

0 and +4 ºC, rainfall was more relevant (horizontal lines in Fig. 3i represented by grey 

circles in Fig. 2.4f). With ∆T between 4 and 5 ºC, the relevance of both P and T was 

similar (Fig. 2.4f). Similarly, in Se, changes in T were more relevant than in P when 

∆T>1ºC, and changes in P only were more relevant when ∆P<30% and ∆T<1ºC (Fig. 

2.4e). 

Interannual yield variability (YV, defined as the interannual CV of simulated yield) under 

B conditions and R0 strategy ranged from 21.2% (Je) to 94.3% (Gr). When irrigation was 

applied, YV was reduced, as expected; for DI, the decrease ranged from 8.1% (Se) to 

30.6% (Gr), and for FI from 3.0% (Se) to 29.5% (Gr) (Fig. 2.5). Thus, YV varied to 

changes in ∆P and ∆T depending on location and irrigation strategy. For rainfed 

conditions under RCP4.5-NF, YV increased in Co, Je and Se compared to B, reaching 

CV values of 36.6, 78.3 and 109.7%, respectively, but it declined in Gr and Ja (76.7 and 

35.3%, respectively). Under RCP4.5-FF and R0, YV increased in all locations, with the 

rise ranging from 42.9% (in Ja) to 237.8% (in Se). For irrigated strategies (DI and FI) 

under RCP4.5-NF, YV increased substantially in Je and Se compared to B, and decreased 

in the rest of locations. Under RCP4.5-FF, the pattern was the same as that under RCP4.5-

NF except in Co, where YV also increased. 
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2.5.2.3. Interannual olive yield variability 

 

Finally, the analysis of the occurrence of years with low yield (defined in the 

region as an olive oil yield of less than 500 kg ha-1) for R0 strategy under B conditions 

revealed a high probability in Gr (53.3%), with lower probability occurrence in the rest 
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Seville Granada 

Figure 2.4. Estimated olive oil yield sensibility to changes in precipitation (upper row) and 

temperature (middle row) with [CO2] of 529 ppm under rainfed conditions, for Seville (left) and 

Granada (right) locations. In the bottom row, relevance of T (white circles) or P (grey circles) in 

the olive yield. The size of the circles is related to the magnitude of the influence (the higher the 

circle size, the higher the relevance). 
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of the locations (3.3-10%). In the cold-winter areas (Gr and Ja) under future weather 

conditions, this occurrence was similar, although in Gr the percentage of years with low 

yield even declined (to 33.3 and 43.3%, under RCP4.5-NF and RCP4.5-FF, respectively). 

For irrigated conditions (DI and FI) under B conditions, the percentage was close to 0. 

However, under future climate conditions, the pattern varied drastically for mild-winter 

areas; the percentage of years with low yield increased in Je and Se up to values around 

40 and 72% under RCP4.5-NF and RCP8.5-FF, respectively, despite irrigation supply, as 

the olive yield was impacted by temperature reduction factors (FHSF and FLC).  

2.5.3. Olive yield reduction factors (FWS, FWSF, FHSF and FLC) under future climate 

conditions 

The reduction factor related to lack of chilling (FLC), under B conditions, was 

equal to 1 (i.e. no stress) in all five locations (Fig. 2.6). Under RCP4.5-NF, FLC showed 

changes only in Je and Se, with reductions to 0.65 and 0.58, respectively (Figs. 2.6 and 

2.7). Finally, under RCP4.5-FF, FLC was equal to 1 in Gr and Ja, and decreased in Co, Je 

and Se, with values equal to 0.71, 0.32 and 0.26, respectively. The reduction factor for 

heat stress during flowering (FHSF), under B conditions, was around 0.95, with the lowest 

value in Gr (0.84). FHSF registered similar values under RCP4.5-NF, and even increased 

(i.e. heat stress was reduced) due to the advance in flowering date, in Co, Gr and Ja. A 

similar pattern was found under RCP4.5-FF, with very similar values to B conditions, 

highlighting an increase in Gr to 0.94 (Figs. 2.6 and 2.7). 
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Two reduction factors were considered in the evaluation of water deficit: water stress 

during the whole season (FWS) and during flowering (FWSF). Predictably, for FI both 

factors were equal to 1 in all five locations and under all periods considered. Considering 

deficit irrigation (DI) scheduling, FWSF remained equal to 1 for the five locations and the 

three periods (B, NF and FF). FWS with DI under B showed similar values in all five 

locations, with values around 0.81, decreasing under RCP4.5-NF and RCP4.5-FF, 

Seville Jaen Granada 

a. b. c. FI 

DI d. e. f. 

R0 g. h. i. 

Figure 2.5. Impact response surfaces (IRSs) for inter-annual yield variability (CV, %) with [CO2] 

= 529 ppm compared to baseline conditions (∆T = 0%, ∆P = 0 ºC, [CO2] = 380 ppm) for Seville, 

Jaen and Granada under full irrigation (FI; upper row), deficit irrigation (DI; middle row) and 

rainfed strategy (R0; button row). The range of climate projections for each RCP and period are 

represented as in Fig. 2.2. 
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especially in Gr (by around 8 and 13%, respectively). Finally, for rainfed conditions under 

B, FWS ranged from 0.49 (Gr) to 0.70 (Co and Je), and FWSF from 0.55 (Gr) to 0.98 (Je). 

Under RCP4.5-NF and RCP4.5-FF, FWS and FWSF were reduced in all the locations 

compared to B, except in Gr and Ja under RCP4.5-NF, and in Gr under RCP4.5-FF where 

FWSF increased (Figs. 2.6 and 2.7). 

 

 

Figure 2.6. Reduction factors obtained from crop-functions defined by the crop response to water 

stress during the whole season (FWS), and during flowering (FWSF), the heat stress during flowering 

(FHSF) and the lack of chilling (FLC) under Baseline (B), RCP4.5-NF and RCP4.5-FF conditions 

for the five selected locations with rainfed strategy. 
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Seville Jaen Granada 

a. b. c. FWS 

d. e. f. FWSF 

g. h. i. FHSF 

j. k. l. FLC 

Figure 2.7. Impact response surfaces (IRSs) for the four olive yield reduction factors (FWS, in the 

first row, FWSF in the second, FHSF in the third and FLC in the fourth row), with [CO2] = 529 ppm 

compared to baseline conditions (∆T = 0%, ∆P = 0 ºC, [CO2] = 380 ppm) for Seville (left-hand 

column), Jaen (middle column) and Granada (right-hand column) with rainfed strategy. The range 

of climate projections for each RCP and period are represented as in Fig. 2.2. 
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Evaluating the ratio FTFW, under FI strategy and B conditions, FT was the prominent 

reduction factor as expected, especially in Gr (FT:FW = 0.84). Under RCP4.5-NF, spatial 

variability of FTFW was high and ranged between 0.57 (Se) and 1.0 (Ja), and under 

RCP4.5-FF quite low values were obtained for Je and Se, with values equal to 0.32 and 

0.24, respectively. With DI under B conditions, the trend was the opposite; that is, the FW 

component was more important than FT, with the ratio ranging from 1.05 (Gr) to 1.24 

(Se). However, under RCP4.5-NF and RCP4.5-FF FTFW was lower than 1 in Se and Je 

and higher than 1 in the rest of the locations, with high spatial variation under RCP4.5-

FF, varying from 0.32 (Se) to 1.36 (Ja). For rainfed conditions (R0) similar pattern to that 

of DI was found, with the ratio ranging from 1.42 (Co) to 3.1 (Gr) under B, and between 

0.48 (Se) to 3.76 (Gr) under RCP4.5-FF (Fig. 2.8). 

 

 

 

 

 

 

 

 

 

2.5.4. Irrigation requirements under future climate conditions 

Average seasonal irrigation requirements with full irrigation (FI) under B 

conditions varied from 395 mm (in Je) to 520 mm (in Gr) (Table 2.3). Under RCP4.5-

NF, irrigation requirements remained constant relative to B, but under RCP4.5-FF, 

RCP8.5-NF and RCP8.5-FF, irrigation requirements increased by around 9, 12 and 17%, 

respectively (Table 2.4). When considering regulated deficit irrigation (DI) under B 

conditions, irrigation requirements were significantly reduced to values ranging from 114 

Seville Jaen Granada 

a. b. c. 

Figure 2.8. Impact response surfaces (IRSs) for the ratio FTFW with [CO2] = 529 ppm compared 

to baseline conditions (∆T = 0%, ∆P = 0 ºC, [CO2] = 380 ppm) for Seville (a), Jaen (b) and Granada 

(c) with rainfed strategy. The range of climate projections for each RCP and period are represented 

as in Fig. 2.2. 
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mm (in Je) to 216 mm (in Gr) (Table 2.3). Under RCP4.5-NF, similar requirements 

relative to B were found in all the analyzed locations except in Gr where the reduction 

reached 16%, and under RCP4.5-FF average increases of around 8% were found, except 

in Gr, where they decreased by 14%. Similar pattern was found under RCP8.5-NF and 

RCP8.5-FF, increasing average irrigation requirements relative to B around 13 and 20%, 

respectively, except in Gr, where they decreased around 10% (Table 2.4). 

Under B conditions with FI, 100% of the years registered irrigation requirements higher 

than 1,500 m3 ha-1 (allocation limit set by regional government for vast olive-growing 

areas in Andalusia) in all the analyzed locations. With DI, this percentage varied between 

locations; around 18% of the years in all the analyzed locations except in Gr (with around 

80%). Under RCP4.5-NF, these percentages were similar to B, and only slightly higher 

under RCP4.5-FF.  

The pairs (∆T, ∆P) for which irrigation requirements exceeded the threshold of 1,500 m3 

ha-1 were identified in the IRS plots (Fig. 2.9). The perturbations exceeding this threshold 

varied for each location. Thus, irrigation requirements with DI in Gr exceeded the 

threshold in all the analyzed perturbations (Fig. 2.9f) but in Se were higher than 1,500 m3 

ha-1 only for the perturbations with ∆P<35% (Fig. 2.9d).  
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2.6. Discussion 

 

A detailed evaluation of the behavior of Mediterranean olive orchards under 

current and future weather conditions has been carried out in this study. The results have 

been the assessment of the impact of climate change (CC) on olive orchards (showing a 

high spatial variability on olive yield impact, with opposite patterns mainly related to 

winter temperature and water stress), and the identification of adaptation strategies (such 

as the consideration of cultivars with low chilling requirements or the implementation of 

deficit irrigation strategies). 

Olive oil yield estimation with full irrigation scheduling under baseline conditions was 

consistent with the previous experimental results for similar olive orchards in Andalusia 

Seville Jaen Granada 

a. b. FI c. 

d. e. DI f. 

Figure 2.9. Impact response surfaces (IRSs) for irrigation requirements (mm) with [CO2] = 529 

ppm compared to baseline conditions (∆T = 0%, ∆P = 0 ºC, [CO2] = 380 ppm) for Seville (left-hand 

column), Jaen (middle column) and Granada (right-hand column) considering full irrigation (FI; 

upper row), and regulated deficit irrigation (DI; button row) strategies. The range of climate 

projections for each RCP and period are represented as in Fig. 2.2. 
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(e.g. Moriana et al., 2003; Pastor et al., 2007; Iniesta et al., 2009). However, yield 

reduction factors estimation are affected by a high level of uncertainty. Thus, a source of 

uncertainty is associated with crop simulation models. In this study, the use of perturbed 

climate (PC) and impact response surfaces (IRSs) has allowed carrying out systematic 

sensitivity analysis to P and T changes and the identification of critical combinations of 

∆P and ∆T thresholds that could severely impact olive yield. The evaluation of processes 

such as flowering, for which the increase in T affected with opposite signal to the two 

critical components of flowering as chilling accumulation (endodormancy) and heat 

accumulation (ecodormancy) (Gabaldón-Leal et al., 2017), generated complex outputs, 

especially when large T increases were considered. In addition, a non-smooth function 

response to T generated on-off events when a ∆T threshold was surpassed (e.g., lack of 

chilling requirements; De Melo-Abreu et al., 2004). Such a threshold can be easily 

identified using this methodology. Although some previous studies have applied PC and 

IRSs to cereals (Pirtioja et al., 2015; Fronzek et al., 2018), to the best of our knowledge 

this is the first study on olive to use these methodologies.  

Although previous studies have used other methods to identify the impact of CC on olive 

orchards (Tanasijevic et al, 2014; Valverde et al., 2015; Gabaldón-Leal et al., 2017; Lorite 

et al., 2018), to date there has not been a detailed analysis of the causes of olive yield 

change under future weather conditions. For other crops such as wheat, similar analyses 

have been carried out to determine whether drought or heat stress was the most relevant 

limiting factor for yield (e.g., Webber et al., 2018). To fill this gap in the literature for 

olive, the combination of the AdaptaOlive model with PC and IRSs has allowed the 

analysis and evaluation of four olive yield reduction factors; two related to water stress 

(FWS, for computing water stress during the whole season, and FWSF for water stress during 

flowering), and two related to T (FHSF for heat stress during flowering and FLC for lack of 

chilling). Thus, for some locations, water stress was the dominant reduction factor of olive 

yield, but for other areas, components related to high T were also relevant. In locations 

with cold winters, under limited increases in T, the lower transpiration caused by water 

stress was the main cause of yield reduction. However, heat stress during flowering 

(reduced by the earlier flowering date) and the flowering failure due to lack of chilling 

(as chilling requirements were still easily met due to the limited T increase) were not 

relevant factors. This was the case in Jaen (Ja) and Granada (Gr) under RCP4.5-NF and 

RCP4.5-FF conditions. However, for locations with mild winters, such as Seville (Se) or 
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Jerez (Je), the increase in T meant that the lack of chilling became the critical reduction 

factor, as flowering failure happened when chilling requirements were not met. Similarly, 

Miyasaka and Hamasaki (2016) observed severe damage to olive yield when warm 

weather conditions prevented normal flowering. These results confirm the importance of 

phenology and related changes in the assessment of olive yield under future climate 

conditions (Aguilera et al., 2015; Gabaldón-Leal et al., 2017; Fraga et al., 2019; Benlloch-

González et al., 2019).  

The information obtained on these reduction factors will be crucial for identifying the 

most appropriate site-specific adaptation measures for Mediterranean olive orchards. 

Thus, the high spatial and temporal variability in the reduction factors (previously 

reported in studies assessing olive phenology, yield or water requirements; Gabaldón-

Leal et al., 2017; Lorite et al., 2018) makes it necessary to specifically tailored adaptation 

strategies to the local weather and orchard characteristics. In this context, general 

solutions are inadequate. While previous studies have applied a similar approach 

(Kadiyala et al., 2015), very few have addressed this topic for the olive crop. Given the 

wide range of sub-climates within the Mediterranean basin (Webber et al., 2018), three 

different climatic conditions have been evaluated in this study: a) cold and dry conditions 

(represented by Gr), b) hot-summer, mild winter, and dry-sub humid conditions 

(represented by Je and Se), and c) intermediate weather conditions (represented by Co 

and Ja). A variety of site-specific adaptation strategies can then be developed, which in 

turn, facilitates the extrapolation of the results to other locations within the range of 

assessed climate conditions. Thus, for locations with dry and cold-winter conditions (such 

as Ja or Gr), the recommended adaptation strategies are those that save water or avoid 

water stress: for instance, deficit irrigation, soil management practices to reduce runoff, 

or the improvement of irrigation efficiency. However, for locations with higher rainfall 

and mild-winter conditions (such as Je or Se), olive cultivars with low chilling 

requirements should be promoted, coinciding with previous recommendations carry out 

by Gabaldón-Leal et al. (2017). Other adaptation strategies, as changes in planting density 

and crown volume, will depend on water availability, being considering these features as 

strategic decisions for the sustainability of olive orchards (Connor, 2005). 

Despite the advances made in AdaptaOlive v2.0 compared to the original model (Lorite 

et al., 2018), some processes still require additional improvements in order to be correctly 

simulated. Thus, although alternate bearing could have a high impact on olive yield, 
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especially under rainfed conditions, it is not incorporated into simulation models due to 

limitations in the understanding of its physiological bases, even under current weather 

conditions (Dag et al., 2010). In addition, other yield limiting factors such as pests and 

diseases, aspects related to nutrient deficits, different cultivar sensitivity to extreme 

events, competition with cover crops (seeded or spontaneous), or the effect of weather 

conditions on oil quality (Mousavi et al., 2019), have not yet been considered. For most 

of these issues, there is still not enough experimental information from the field available 

to build solid crop simulation models. 

The identification of the impacts of CC and adaptation strategies also have been affected 

by the uncertainty linked to the climate models (Semenov and Stratonovitch, 2010; 

Garrido et al., 2011). The high uncertainty in the CC projections for the Mediterranean 

area under study —for instance in terms of model spread, interannual variability and 

seasonal patterns of P and T— makes the use of PC and IRSs preferable to the direct 

application of climate model outputs to the crop model. This methodology enables a more 

in-depth understanding of olive grove responses by exploring a wide range of future 

weather conditions (Tanasijevic et al, 2014; Valverde et al., 2015; Migliore et al., 2019), 

independently of climate model projections. An additional advantage of an approach 

using IRS and PC is that it can help manage uncertainty. Thus, when overlaying the 

extreme values of climate projections on IRSs for a specific location, the range of the 

most likely simulated impacts is identified; as such, this is an excellent graphical solution 

for representing the uncertainty associated with climate models. For example, under 

rainfed conditions for a dry location such as Gr under RCP4.5-NF, the average change in 

olive yield was +25%, but considering the yield isolines within the triangle representing 

projections from different climate models, the simulated changes varied from +45% to 

25%. Similarly, for a mild winter location, such as Se, the average change in olive yield 

was 45%, but the change for different climate models ranged from 15 to 88%. These 

large differences in the impact have relevant consequences when it comes to designing 

adaptation strategies, especially under rainfed conditions and in mild locations. The 

assessment of the uncertainty associated with climate models has previously been 

described in other studies, such as that by Pirttioja et al. (2019) for wheat, but to the best 

of our knowledge, this is the first such study for olive.  

However, despite the promising results, there are still some limitations in the procedure 

applied here, mainly associated to the use of constant delta values for all days of the 
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baseline observed weather to build the PC. Climate model projections indicate that future 

climate changes will vary seasonally and spatially (IPCC, 2013; Pirttioja et al., 2015), 

especially in regions as the Mediterranean where seasonality in the change of temperature 

and rainfall could be relevant, with higher T increases in spring-summer than autumn-

winter (Leolini et al., 2019) and a reduction of the number of rainfall events increasing 

the intensity of them. Then, considering a constant delta value could generate 

overestimations in the occurrence of yield failure associated to the lack of chilling for 

flowering, underestimations in yield reductions related to heat stress during flowering, or 

underestimations in the estimation of heavy rain episodes during the summer, affecting 

to irrigation scheduling. These effects could be relevant at local scale within the 

Mediterranean basin. Further improvements could include constructing the PC with the 

seasonal pattern change, following to Fronzek et al. (2010) or Ruiz-Ramos et al. (2018). 

However, the study of such seasonal changes for the future is based on climate models, 

and also have some level of uncertainty. Ongoing studies are planned to consider this 

seasonality and its effects on olive yield in the future in the Mediterranean region. 

This study has highlighted the necessity to address the high level of uncertainty associated 

with both future weather conditions and crop simulation models, with an emphasis on 

comprehensive local evaluations of the cropping system, in order to provide accurate and 

useful adaptation strategies. Thus, the preponderant role of the local analysis for carrying 

out studies related to climate change risks, and the utility of considering PC, have been 

demonstrated. When the crop response shows abrupt changes if critical thresholds are 

exceeded (De Melo-Abreu et al., 2004; Pope et al., 2014; García-López et al., 2014), even 

for limited changes in weather variables, a detailed site-specific, sensitivity analysis is 

required. The use of crop modelling and PC was able to identify high differences in the 

behavior of olive groves in the future, in locations that were only 130 km apart (Cordoba 

vs. Seville). This could be extrapolated to any region with heterogeneous meteorological 

conditions and the current weather close to the mentioned thresholds, where small 

differences can trigger high changes in the future crop responses. Despite the described 

uncertainties and limitations, the methodology applied here for olive groves has proven 

to be valuable for evaluating and improve our understanding on the behavior of any 

agricultural system under numerous possible future climate conditions. 
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2.7. Conclusions 

 

The impact of climate change on most Mediterranean olive groves has been 

limited thus far, due to the intrinsic adaptation of the olive crop to drought conditions. 

However, for the near and far future, high spatial variability in the intensity of climate 

change impacts on olive yield is projected throughout Southern Spain; this is due to the 

large differences in projected P and T changes. Thus, under the projected near future 

conditions, olive yield for rainfed orchards located in the main olive oil production areas 

(represented by Jaen in this study) is expected to increase by around 17%, but for those 

olive orchards located in areas with mild winters (such as Seville or Jerez) olive yield 

reductions could be greater than 32%.  

The use of perturbed climate and impact response surfaces, combined with the projections 

provided by climate models, has proven to be an excellent tool for assessing the impact 

of climate change on Mediterranean olive orchards and for identifying site-specific 

adaptation measures. Thus, the proposed methodology has enabled a more in-depth 

knowledge of the thresholds (in terms of P or/and T changes) that result in severe olive 

yield reductions, and the identification of the main factors driving yield reduction under 

a wide range of perturbed weather conditions. 

Due to the high heterogeneity in weather conditions and orchard characteristics in the 

olive groves in Southern Spain, site-specific adaptation strategies based on a detailed 

analysis of the drivers of yield reduction, are required. Thus, dry locations as Granada or 

Jaen will require adaptation strategies related to the promotion of regulated deficit 

irrigation, soil management practices to reduce runoff, or the improvement of irrigation 

efficiency. In locations with mild winters as Seville or Jerez, adaptation measures should 

be related to the promotion of olive cultivars with low chilling requirements. 
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3.1. Abstract 

 

Combining an olive growth simulation model with a specific module for economic 

components—namely, net margin (NM) and irrigation water productivity (IWP)—

resulted in the AdaptaOlive v2.0 model. This model, used with perturbed climate (PC) 

and impact response surfaces (IRS), provided a tool that enabled the assessment of the 

impact of climate change on economic components of Mediterranean olive groves in 

southern Spain.  

Under future mild winter conditions, reductions in NM and IWP are expected; negative 

NM values may even be registered, with water availability having a relatively small effect 

on the results. In the opposite case, under future cool winter conditions, NM and IWP will 

increase, except for rainfed olive groves under low rainfall conditions, with water 

availability playing a major role. In addition, the distance (in terms of changes in 

temperature and rainfall compared to baseline conditions) to critical thresholds such as 

negative NM or IWP lower than irrigation water cost was assessed, identifying changes 

depending on weather conditions, water cost and olive oil price. Thus, future temperature 

increases of around 3 ºC under mild winter conditions could generate negative values of 

NM. These economic results impact the performance of adaptation strategies for olive 

groves, even ruling out some strategies that were previously recommended when only 

agronomic components were taken into account (e.g., deficit irrigation under mild winter 

conditions). There is thus a need for site-specific recommendations related to the use of 

irrigation and olive orchard management to maintain or increase the sustainability of these 

cropping systems.  

Despite the utility of using PC and IRS to achieve a scientifically sound evaluation of 

Mediterranean olive groves under future weather conditions, the approach presents some 

limitations that can be overcome using climate model outputs.  

 

 

3.2. Keywords: net margin, irrigation water productivity, crop simulation model, 

adaptation measures, impact response surfaces 
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3.3. Introduction 

 

Olive groves are cultivated in approximately 10.0 Mha of the Mediterranean 

basin, representing around 95% of the total cultivated area with olive trees in the world 

(Eurostat, 2019; FAOSTAT, 2020), and Andalusia (the southernmost region of Spain) is 

the main olive oil producing region, with around 35% of the world’s total production in 

recent years, and with about 1.61 Mha of olive groves (CAGPDS, 2019; 2020; IOC, 

2020). The olive grove constitutes a critical component of the economy of many regions 

in the Mediterranean basin (Loumou and Giourga, 2003). However, these agricultural 

systems are currently negatively affected by various critical factors, many of which are 

related to economic components, such as the high olive oil production costs and low 

prices of olive oil (Cicek, 2011; Gómez-Limón et al., 2012; Ponti et al., 2014; Mairech et 

al., 2020). Moreover, the lack of alternatives to olive groves is threatening the economic 

and social sustainability of the traditional Mediterranean agricultural areas, and is even 

exacerbating rural depopulation processes (Battino and Lampreu, 2019). In addition, the 

impacts of climate change on olive cultivation (Gabaldón-Leal et al., 2017; Lorite et al., 

2018; Fraga et al., 2019) could accelerate the manifestation of these threats in some of 

these areas (Tanasijevic et al., 2014; Cabezas et al., 2020). 

Recent studies have evaluated the impact of climate change on Mediterranean olive 

orchards, focusing on the balance between positive and negative effects on agronomic 

components, such as olive yield or irrigation requirements (Valverde et al., 2015; Morales 

et al., 2016; Lorite et al., 2018). For example, the lack of chilling (De Melo-Abreu et al., 

2004; Gabaldón-Leal et al., 2017) or the increase in atmospheric CO2 (Morales et al., 

2016) have a contrasting effect on olive tree production. In this context, strategies for 

adaptation to climate change, such as selection of the olive cultivars (Gabaldón-Leal et 

al., 2017) or deficit irrigation (Fereres and Soriano, 2007; Egea et al., 2017), constitute 

essential tools to ensure the sustainability of many olive growing areas. However, an 

economic evaluation of these systems is required before promoting specific 

recommendations (Rodríguez-Sousa et al., 2019). Although there are numerous studies 

analyzing irrigation water productivity (IWP) and net margin (NM) separately, very few 

integrate both components specifically for olive orchards (e.g., Lorite et al., 2007; 

Exposito and Berbel, 2017; Fernández et al., 2020); nor have they been incorporated into 
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any analyses of climate change adaptation. In addition, the spatial component is key, 

especially in Mediterranean regions such as Andalusia where there is very high spatial 

heterogeneity in olive farm characteristics and management (Lorite et al., 2004) and 

topographical and weather conditions (Ramírez-Cuesta et al., 2017).  

Traditionally, studies on the impact of climate change on agriculture have used climate 

model projections (Webber et al., 2018). Regional Climate Models (RCMs) are especially 

useful for large-scale studies and when high resolution is required, for instance due to 

complex topography, as is the case of the Andalusian region. However, in spite of the 

continuous improvement of the RCMs (Giorgi and Gutowski, 2015), their outputs still 

present biases (Dosio, 2016). Moreover, although the impact of weather conditions on 

crop yield usually follows a smooth response function (Steduto et al., 2009), heat events 

(García-López et al., 2014) or failure to fulfill chill requirements (Lorite et al., 2020) have 

a non-smooth response, with large changes from a fixed temperature-related threshold. 

An alternative approach is the use of perturbed climate (PC) and impact response surfaces 

(IRS), which provide a detailed characterization of crop behavior under a wide range of 

weather conditions, including those representing heat and water stresses (Pirttioja et al., 

2015; 2019; Ruiz-Ramos et al., 2018; Fronzek et al., 2018a; 2019). However, most of 

these studies primarily focus on cereals; only a few have addressed the impact of climate 

change on the agronomic components of the olive grove (Cabezas et al., 2020) and none 

have explored its economic components. 

The objective of this study was to assess the impact of climate change on economic 

components (NM and IWP) of irrigated Mediterranean olive orchards by considering a 

specific simulation model for olive orchards (AdaptaOlive v2.0; Lorite et al., 2018; 

Cabezas et al., 2020) and using PC in combination with the IRS approach. 

 

3.4. Material and Methods 

3.4.1. Approach 

The AdaptaOlive v2.0 model integrates key crop-production functions for 

simulating critical processes that affect olive crop yield and irrigation requirements. The 

model considers an olive oil production function depending on crop transpiration (Orgaz 

et al., 2006), the increase in transpiration efficiency caused by crop water stress (Bacelar 
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et al., 2007) and by the increase in atmospheric [CO2] (Tognetti et al., 2001), the impact 

of heat stress during flowering (Koubouris et al., 2009; Lopez-Bernal et al., 2018), and 

the flowering failure caused by unfulfilled chilling requirements (De Melo-Abreu et al., 

2004; Gabaldón-Leal et al., 2017). A full description of the AdaptaOlive model can be 

found in Lorite et al. (2018) and in Cabezas et al. (2020) for the effects of lack of chilling 

and heat stress included in the improved version, AdaptaOlive v2.0. In this study, an 

economic module has been added to AdaptaOlive v2.0. It provides values for net margin 

(NM) and irrigation water productivity (IWP). Based on Mesa-Jurado et al. (2010), NM 

was defined as: 

𝑁𝑀 = 𝑌 (𝑝 − 𝑘ℎ) − (𝑘𝑤 ∙ 𝑊) − 𝐹𝐼𝐶 − 𝐹𝐶 – 𝐴𝑉𝐶      [1] 

where NM is the net margin (€ ha-1), Y the simulated olive oil production (kg ha-1), p the 

olive oil price (€ kg-1), kh the harvesting cost (€ kg-1), kw the variable cost of irrigation (€ 

m-3), W the amount of irrigation water used (m3 ha-1), FIC and FC the fixed costs of 

irrigation and other fixed costs (€ ha-1), respectively, and AVC the average of variable 

costs except harvesting costs (€ ha-1). In addition, NM stability was analyzed by 

calculating the interannual NM variability with standard deviation (SD), as the coefficient 

of variation (CV) cannot be used due to the occurrence of negative values. 

Irrigation water productivity (IWP) considers the income associated with irrigation 

supply, and was calculated as: 

𝐼𝑊𝑃 =
(𝑌−𝑌rainfed)⋅𝑝

𝑊
    [2] 

where IWP is the irrigation water productivity (€ m-3), Y and Yrainfed are the simulated 

olive oil production (kg ha-1) under irrigated and rainfed conditions, respectively. 

3.4.2. Scenarios 

AdaptaOlive v2.0 requires a setup of the simulation experiment where the olive 

orchard and soil features are defined. The reference scenario (S0), which represents the 

new intensive olive orchards in Andalusia (southern Spain), had the following 

characteristics: ‘Picual’ cultivar, the most cultivated variety in the region, with high 

chilling requirements (De Melo-Abreu et al., 2004), soil with an effective depth of 1.2 m, 

and plant density of 250 trees per ha, with average tree crown diameter of 5 m. Water cost 
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was estimated at 0.26 € m-3 and olive oil price at 2.36 € kg-1 (Table 3.1), both values based 

on Mesa-Jurado et al. (2010). 

 

Table 3.1. Olive orchard and soil characteristics, and water cost and olive oil price for the 

reference scenario (S0) plus five additional economic scenarios considered in this study.  

Scenario Soil Depth 
Orchard 
density 

Tree Crown 
diameter 

Water Cost 
Olive oil 

Price 
 (cm) (trees ha-1) (m) (€ m-3) (€ kg-1) 

S0 120 250 5.0 0.26 2.36 

S1 120 250 5.0 0.39 2.36 

S2 120 250 5.0 0.52 2.36 

S3 120 250 5.0 0.26 1.82 

S4 120 250 5.0 0.26 1.50 

S5 120 250 5.0 0.52 1.50 

 

Having defined the reference scenario (S0), five additional economic scenarios were 

analyzed (Table 3.1); these scenarios were based on increases in water costs (S1 and S2), 

decreases in olive oil price (S3 and S4), and combined water cost increase and oil price 

reduction (S5). For each scenario, three irrigation strategies (rainfed, R0; deficit 

irrigation, DI; and full irrigation, FI) were considered. Seasonal irrigation water supply 

for FI under baseline conditions was around 4360 m3 ha-1, with this volume reduced by 

around two-thirds for DI (about 1420 m3 ha-1). Under future weather conditions, the 

irrigation water supply will be increased by up to 17% (Cabezas et al., 2020).   

 

3.4.3. Weather conditions 

Daily weather data (solar radiation, maximum and minimum temperatures, 

precipitation and reference evapotranspiration) from the weather stations belonging to the 

Spanish State Meteorology Agency (AEMET), at four locations representative of the 

olive growing areas (Cordoba, Granada, Jaen and Seville) and in alternative future area 

(Jerez) in Andalusia, for the period 1981-2010 were considered (baseline, B) (Table 3.2). 

In Cordoba, Jerez and Seville, the average annual rainfall values were similar: 590, 570 

and 540 mm, respectively. Jaen had lower average rainfall (475 mm), while Granada was 

the driest location (365 mm). Seville and Jerez had mild winter temperatures, resulting in 
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the earliest flowering date and the lowest average maximum temperatures during 

flowering (TMF), at around 30.0 ºC. Cordoba and Jaen had colder winter temperatures, 

and thus later flowering, with TMF around 31.6 ºC. Finally, Granada had the latest 

flowering date due to having the coldest winter temperatures, with TMF equal to 34.8 ºC, 

(Table 3.2).  

Perturbed climate (PC) datasets were built based on the methodology described in 

Pirttioja et al. (2015). Thus, all the daily observed temperature (T) and precipitation (P) 

values of the baseline period (1981-2010) were modified using a constant incremental 

factor (1 °C and 5%, respectively; from -1 ºC to +8 ºC for T, and from -60% to +10% for 

P) to obtain 149 PC datasets, composed of pairs of ΔT and ΔP, for each location. The 

perturbation range was taken from Pirttioja et al. (2015) and Ruiz-Ramos el al. (2018), 

which in turn had been set to encompass projected climate changes in Spain by the mid-

21st century for the SRES A1B emissions scenario in Harris et al. (2010), and in 

projections from an ensemble of the Coupled Model Intercomparison Project phase 5 

(IPCC, 2013).  

For each PC dataset, all the economic scenarios and irrigation strategies were evaluated 

under three atmospheric CO2 concentrations: i) 380 ppm for baseline (B, 1981-2010) 

conditions; ii) 529 ppm for Representative Concentration Pathway (RCP) 4.5 in the near 

future (NF, 2040-2069) and far future (FF, 2070-2099), and for RCP 8.5 in the NF; and 

iii) 622 ppm for RCP 8.5 in the FF (Table 3.2) (van Vuuren et al., 2011). The results of 

AdaptaOlive v2.0 considering these datasets, scenarios and strategies were used to build 

impact response surfaces (IRS) describing the olive orchard response to combined 

changes in T and P. Impact response surfaces (IRS) make it possible to carry out advanced 

analyses of the crop response to a wide range of systematic changes in weather conditions. 

Thus, IRS enabled the identification of the changes in T and P from B (0,0) that allow the 

cropping system to remain below the critical biophysical and economic thresholds, such 

as NM equal to or lower than zero, or irrigation water costs higher than IWP. 
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Table 3.2. Average changes in annual mean temperature (T) and precipitation (P) and CO2 values 

for the five climate scenarios (baseline, B; near future, NF, and far future, FF, both with RCP4.5 

and RCP8.5) for the locations considered in the study. In addition, average rainfall (AR) to the 

whole year/crop cycle, and average of mean temperature during wintertime (ATW) and of 

maximum temperature during flowering (TMF) for the five locations considered are also shown. 

Variable 

Climate scenarios 

B 
RCP 4.5 

NF 
RCP 4.5 

FF 
RCP 8.5 

NF 
RCP 8.5 

FF 

T change 

(C) 
 0   2   3   3   5  

P change 
(%) 

 0   -10   -20   -25   -35  

CO2         
(ppm) 

 380   529   529   529   622  

                

Location 
AR ATW TMF AR ATW TMF AR ATW TMF AR ATW TMF AR ATW TMF 

(mm) (C) (C) (mm) (C) (C) (mm) (C) (C) (mm) (C) (C) (mm) (C) (C) 

Se 540 12.5 30.2 486 14.5 31.5 432 15.5 32.9 405 15.5 32.9 351 17.5 34.7 

Je 570 12.1 29.9 513 14.1 30.7 456 15.1 31.3 427 15.1 31.3 370 17.1 33.3 

Co 590 9.3 31.7 531 11.3 30.9 472 12.3 32.0 443 12.3 32.0 384 14.3 34.5 

Ja 475 8.5 31.4 427 10.5 28.9 380 11.5 28.6 356 11.5 28.6 309 13.5 31.1 

Gr 365 8.2 34.8 329 10.2 33.8 292 11.2 32.4 274 11.2 32.4 237 13.2 32.0 

 

 

Finally, daily time-step observed and scenario climate data on a grid with 25-km × 25-

km spatial resolution was considered. The dataset covers the period 1981-2010 for 

observations, and the periods 2040-2069 (NF) and 2070-2099 (FF) for 5 GCMs (GFDL-

CM3, GISS-E2-R, HadGEM2-ES, MIROC5 and MPI-ESM-MR) × 2 forcing scenarios 

(RCP4.5 and RCP8.5; van Vuuren et al., 2011). The Joint Research Centre’s (JRC) 

Agri4Cast gridded dataset was used for the baseline, and the climate models were selected 

following Webber et al., (2018). The climate projections were calculated using an 

enhanced delta change method that involves applying a delta change factor to baseline 

observations considering temperature and precipitation variability and changes in mean 

climate (Fronzek et al., 2018b). The overlap between the climate projections provided by 

climate models and the IRS plots enables the probabilistic assessment of climate change 

impact on economic components (NM and IWP) of the analyzed olive orchards. To 

http://www.springerlink.com/content/f296645337804p75/
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determine this overlap, the average range of climate projections for each RCP and period 

was represented by a triangle with the vertices indicating the average extreme ΔT and ΔP 

values of the five climate models considered in each RCP. 

 

3.5. Results 

3.5.1. Impact of climate change on net margin 

Considering the S0 scenario and rainfed conditions (R0) for the baseline (B) 

period, net margin (NM) ranged from 925 € ha-1 (under dry conditions, in Granada) to 

2856 € ha-1 (under humid conditions, in Jerez) (Table 3.3). Under future weather 

conditions compared to B, NM increased under cold winter conditions (such as those 

identified in Granada, Jaen and Cordoba under RCP4.5-NF) and decreased under mild 

winter conditions (such as those identified in Jerez and Seville under RCP4.5-NF) (Figs. 

3.1 and 3.2, and Table 3.3). For the B period the introduction of DI or FI strategies 

compared to R0 generated small increases in NM under humid conditions (9.6 and 8.9% 

for DI, and 14.9 and 11.6% for FI, in Jerez and Cordoba, respectively), but large increases 

under very dry conditions (135.1 and 138.1% for DI and FI, respectively, in Granada) 

(Table 3.3). Comparing FI and DI strategies, for the B period FI provided higher NM 

values than DI in all the analyzed locations (Table 3.3). However, under future weather 

conditions NM with FI was smaller than with DI in locations with mild winter conditions, 

but greater under cold winter conditions (Fig. 3.1 and Table 3.3).    
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Table 3.3. Net margin for the baseline (B) period (in €/ha) and changes under future conditions 

(described in Table 3.2) compared to B (in %) for the five locations and three irrigation strategies 

(IS; rainfed, R0; deficit irrigation, DI; and full irrigation, FI). Atmospheric CO2 varied depending 

on the climate scenario, as described in Table 3.2. 

IS Location 
Baseline 

RCP4.5  
NF 

RCP4.5  
FF 

RCP8.5  
NF 

RCP8.5  
FF 

(€/ha) (% change) (% change) (% change) (% change) 
       

R0 Cordoba 2671 14.1 -45.7 -50.6 -115.4 

R0 Granada 925 38.7 12.0 -9.3 -57.6 

R0 Jaen 2220 18.9 -7.7 -20.5 -99.5 

R0 Jerez 2856 -30.7 -82.6 -86.8 -119.9 

R0 Seville 2505 -54.9 -102.4 -103.0 -122.7 
       

DI Cordoba 2910 25.6 -34.0 -36.4 -127.3 

DI Granada 2176 26.3 18.5 15.0 5.6 

DI Jaen 2805 22.8 8.2 4.1 -86.9 

DI Jerez 3131 -32.7 -83.4 -84.5 -130.8 

DI Seville 3009 -49.0 -100.5 -101.9 -132.8 
       

FI Cordoba 2981 33.5 -34.4 -35.7 -154.3 

FI Granada 2203 45.2 45.0 43.2 40.7 

FI Jaen 2969 31.9 21.6 19.8 -93.1 

FI Jerez 3282 -35.8 -93.8 -95.0 -155.0 

FI Seville 3183 -53.3 -116.3 -117.7 -159.2 
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Analyzing IRS to assess future climate perturbations for which NM would be negative 

under rainfed conditions (R0) provided the following combinations of T and P changes: 

(+3ºC, -45%), (0ºC, -38%) and (+6.8ºC, 0%) in locations with cold winters (Granada), 

and (+3.2ºC, 0%) or (+1.6ºC, -60%) in locations with mild winters (Seville) (Fig. 3.1). 

With irrigation, changes in P had a very limited effect on the isoline corresponding to NM 

Seville Jaen Granada 

FI 

DI 

R0 

Figure 3.1. Impact response surfaces for net margin (NM; in € ha-1) considering full irrigation 

(FI, upper row), deficit irrigation (DI, middle row) and rainfed (R0, bottom row), for Seville, Jaen 

and Granada, with [CO2] equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT 

and ΔP values of the five climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), 

and RCP8.5-NF (brown), and the cross inside each triangle represents the averaged ΔT and ΔP 

values. 
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= 0 (as NM isolines were near vertical). The combinations for DI were (+6.8ºC, 0%) and 

(+3.2, 0%), and for FI were (+6.5ºC, 0%) and (+3ºC, 0%), for Granada and Seville, 

respectively (Fig. 3.1).    

Analyzing the probability of occurrence of NM<0 under B and R0, the driest analyzed 

location, Granada, showed the highest values (37%), with very low probability in the rest 

of the analyzed locations (Fig. 3.3). However, under future weather conditions the 

probability of NM<0 fell in locations/periods under cold winter conditions (such as 

Granada) and increased in locations/periods under mild winter conditions (Fig. 3.3). With 

irrigation, the probability of NM<0 was lower compared to R0, showing values close to 

zero in those locations/periods under cold winter conditions (such as Granada and Jaen) 

and values around 80% under mild winter conditions (such as in Seville; Fig. 3.3).  

The irrigation water cost threshold (IWCT)—the point from which NM was negative—

under B conditions ranged between 0.73 and 1.14 € m-3, and between 1.52 and 3.57 € m-

3 with FI and DI, respectively, with the lowest values in dry locations (such as Granada) 

and the highest in the humid ones (such as Jerez; Fig.3. 4). Under future weather 

conditions, IWCT increased in locations under cold winter conditions (such as Granada 

or Jaen), and was lower in locations under mild winter conditions (such as Seville and 

Jerez), remaining higher with DI than with FI (Fig. 3.4). Comparing the averaged water 

cost in the Guadalquivir basin (around 0.15 € m-3) with IWCT, the probability of 

occurrence of the economic unsustainability of irrigation (irrigation water costs higher 

than the generated profit) under B conditions was null for both FI and DI strategies, except 

in the driest location (Granada) with probabilities of 3.3 and 10% for DI and FI, 

respectively. Under future weather conditions, the probability of occurrence remained 

close to zero under cold winter conditions (in Jaen and Granada) but increased to values 

higher than 60% under mild winter conditions (in Jerez and Seville) (Fig. 3.4).  
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Seville Jaen Granada 

DI 

R0 

FI 

Figure 3.2. Impact response surfaces for changes in net margin (NM) compared to baseline 

conditions (in %), considering full irrigation (FI; upper row), deficit irrigation (middle row) and 

rainfed (bottom row), for Sevilla, Jaen and Granada, with [CO2] equal to 529 ppm. Vertices of 

the triangles encompass the extreme ΔT and ΔP values of the five climate models considered for 

RCP4.5-NF (cyan), RCP4.5-FF (orange), and RCP8.5-NF (brown), and the cross inside each 

triangle represents the averaged ΔT and ΔP values. 
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Figure 3.3. Probability of occurrence (%) of NM<0 for full irrigation (FI), deficit irrigation (DI) 

and rainfed (R0) strategies in Seville, Jaen and Granada. 
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Interannual NM variability under cold and dry conditions (such as in Granada) was 

relatively high and similar under all the climate scenarios and irrigation strategies, with 

SD values around 1000-1500 € ha-1 (Fig. 3.5). Under moderate weather conditions, very 

low variability with FI and DI was registered, with the highest under R0. Finally, NM 

variability increased with the emergence of weather components that cause severe yield 

damage (such as mild winter temperatures) and FI strategies, as high NM under favorable 

winter conditions alternates with negative NM under mild winter conditions (Fig. 3.5). 

However, under extreme weather conditions, the NM variability was very low in most of 

the simulated years due to zero yield (Fig. 3.5).  

 

 

Figure 3.4. Irrigation water cost threshold (IWCT) and % of years with IWCT<0.15 € m-3 for DI 

(left-hand column) and FI (right-hand column) for each location (Cordoba, Co; Granada, Gr; Jaen, 

Ja; Jerez, Je; and Seville, Se) and climate scenario. In the upper row, row, locations and scenarios 

without bars indicate that IWCT ≤ 0, and in the bottom row, no year with IWCT < 0.15 € m-3 
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Figure 3.5. Net margin (NM) and standard deviation (SD) of NM in Seville (a), Jaen (b) and 

Granada (c) with rainfed (R0), deficit irrigation (DI) and full irrigation (FI) strategies. 
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3.5.2. Irrigation water productivity (IWP)  

Considering S0 under B conditions, IWP ranged from 0.53 to 0.96 € m-3 with DI, 

and from 0.39 to 0.59 €/m3 with FI, with the lowest values recorded in Cordoba and the 

highest in Granada (Table 3.4). Under future weather conditions, IWP decreased under 

mild winter conditions (such as in Seville and Jerez), and increased under cold winter 

conditions (such as in Granada) (Figs. 3.6 and 3.7, and Table 3.4).  

 

Table 3.4. Irrigation water productivity (IWP) for the baseline (B) period (in € ha-1) and IWP 

changes under future conditions (described in Table 3.2) compared to B (in %) for five locations 

and two irrigation strategies (IS; deficit irrigation, DI; and full irrigation, FI). Atmospheric CO2 

varied depending on the climate scenario, as described in Table 3.2. 

 

IS Location  
Baseline 

RCP4.5 
NF 

RCP4.5 
FF 

RCP8.5 
NF 

RCP8.5 
FF 

(€/m3) (% change) (% change) (% change) (% change) 
       

DI Cordoba 0.53 40.3 5.5 9.2 -93.8 

DI Granada 0.96 23.2 27.2 31.2 42.7 

DI Jaen 0.74 29.2 37.5 46.2 -33.0 

DI Jerez 0.58 -21.5 -51.8 -47.3 -100.0 

DI Seville 0.70 -24.1 -64.7 -64.8 -100.0 
       

FI Cordoba 0.39 48.4 20.7 27.0 -93.8 

FI Granada 0.59 24.5 29.1 34.4 52.7 

FI Jaen 0.49 29.5 42.4 56.4 -25.1 

FI Jerez 0.43 -22.9 -46.9 -38.2 -100.0 

FI Seville 0.48 -20.5 -59.4 -60.4 -100.0 

              

 

Considering the irrigation water cost (kw) equal to 0.26 € m-3, DI and FI were profitable 

(IWP>kw) under dry and cold winter conditions (such as in Granada) (Fig. 3.6 and Table 

3.4), but under specific mild winter conditions (such as in Seville under RCP4.5-FF) 

irrigation was unsustainable (IWP<kw) (Fig. 3.6 and Table 3.4). Similarly, for increases 

in T relative to B of around 3, 5.2 and 7.1ºC in Seville, Jaen and Granada, respectively, 

the economic sustainability of irrigation would be compromised (Fig. 3.6).   
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3.5.3. Identifying adaptation strategies combining NM and IWP 

When the irrigated system is economically sustainable (NM>0 and IWP>kw), 

efforts should be focused on increasing efficiency and promoting good environmental 

practices. This was the case with both DI and FI strategies in all the locations under B 

and RCP4.5-NF, with the performance worsening under mild winter conditions (Figs. 3.1 

and 3.6, and Tables 3.3 and 3.4). When NM>0 and IWP<kw the reduction or elimination 

of irrigation and/or the selection of cultivars with lower chilling requirements should be 

considered. This only occurred in Jerez with FI under RCP4.5-FF and RCP8.5-NF (Figs. 

3.1 and 3.6, and Tables 3.3 and 3.4). When NM<0 and IWP>kw, the recommended 

strategy is an increase in irrigation water supply and efficiency, and the use of cultivars 

with lower chilling requirements; this situation was found in Seville with DI under 

Seville Jaen Granada 

DI 

FI 

Figure 3.6. Impact response surfaces for irrigation water productivity (IWP; in € m-3) considering 

full irrigation (FI; upper row) and deficit irrigation (DI; bottom row), for Seville, Jaen and 

Granada, with [CO2] equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT and 

ΔP values of the five climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), 

and RCP8.5-NF (brown), and the cross inside each triangle represents the averaged ΔT and ΔP 

values. 
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RCP4.5-FF and RCP8.5-NF (Figs. 3.1 and 3.6, and Tables 3.3 and 3.4). Finally, when 

NM<0 and IWP<kw the olive production is not sustainable, requiring changes in cultivar 

and/or irrigation method, or the planting of alternative crops, in order to increase yield. 

This situation was found in Seville and Jerez with FI under future climate projections 

(Figs. 3.1 and 3.6, and Tables 3.3 and 3.4).  

Under rainfed conditions, NM<0 indicates the need to implement management 

improvements to increase yield (such as the introduction of supplementary or deficit 

irrigation, enhanced soil management, etc.). Whether or not the introduction of irrigation 

would be recommended would depend on kw and the estimated value of IWP, as described 

above. NM<0 under R0 was found in Seville under RCP4.5-FF and RCP8.5, and Cordoba 

and Jerez under RCP8.5-FF (Figs. 3.1 and 3.6, and Tables 3.3 and 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seville Jaen Granada 

Figure 3.7. Impact response surfaces for changes in irrigation water productivity (IWP) 

compared to baseline conditions (in %), considering full irrigation (FI; upper row) and deficit 

irrigation (DI; bottom row), for Seville, Jaen and Granada, with [CO2] equal to 529 ppm. Vertices 

of the triangles encompass the extreme ΔT and ΔP values of the five climate models considered 

for RCP4.5-NF (cyan), RCP4.5-FF (orange), and RCP8.5-NF (brown), and the cross inside each 

triangle represents the averaged ΔT and ΔP values. 
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3.5.4. Economic sustainability of olive orchards under future oil price/water cost 

scenarios 

Increases in water costs generated reductions in NM, with the largest NM 

decreases detected under dry conditions. Under future weather conditions, smaller NM 

reductions were found under cold conditions (in Granada), and larger ones under mild 

winter conditions (in Jerez and Seville) (Fig. 3.8). Similarly, olive oil price decreases led 

to reductions in NM, with the largest NM reduction under cold weather conditions (in 

Granada). Under future weather conditions, smaller reductions were found in all the 

locations except under mild winter conditions (such as in Jerez and Seville) (Fig. 3.8). 

Finally, increases in water costs combined with olive oil price reductions generated large 

NM reductions, with Granada showing the largest. Under future climate projections, NM 

reductions were smaller under cold winter conditions and larger under mild winter 

conditions (Fig. 3.8). IWP was not affected by changes in water costs, changing by the 

same percentage as the olive oil price (Fig. 3.8).  
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Figure 3.8. Net margin (NM; € ha-1) for S0, S2, S4 and S5 scenarios and the five locations 

considered (Cordoba, Co; Granada, Gr; Jaen, Ja; Jerez, Je; and Seville, Se). Baseline is shown in 

upper row, NF-RCP4.5 in middle row and FF-RCP4.5 in bottom row. Full irrigation is shown in 

the left-hand column, deficit irrigation in the middle column, and rainfed in the right-hand 

column. 
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Water cost increases and olive oil price reductions affected the IRS for NM, reducing the 

distance (in terms of T and P perturbations) to the economic sustainability thresholds 

(NM<0) for rainfed and irrigated strategies (Figs. 3.1, 3.9, S3.11, S3.12 and S3.13). 

Similarly, olive oil price reductions affected the IRS for IWP, reducing the distance to the 

economic sustainability thresholds (IWP<kw). For example, considering kw = 0.26 € m-3 

in Granada when oil olive prices increased (scenario S4), the changes in T from B 

conditions at which IWP<kw with DI moved from 7.1 to 6.7 ºC and with FI, from 6.6 to 

6.0 ºC (Figs. 3.6 and 3.10). Similar results were obtained for the rest of the locations and 

scenarios (Figs.3. 6 and S3.14). 

  



Chapter 3  
Impact of climate change on economic components of Mediterranean orchards 

81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Seville Jaen Granada 

Figure 3.9. Impact response surfaces for net margin (NM; in € ha-1) for S4 considering full 

irrigation (FI, upper row), deficit irrigation (DI, middle row) and rainfed (R0, bottom row), for 

Seville, Jaen and Granada, with [CO2] equal to 529 ppm. Vertices of the triangles encompass 

the extreme ΔT and ΔP values of the five climate models considered for RCP4.5-NF (cyan), 

RCP4.5-FF (orange), and RCP8.5-NF (brown), and the cross inside each triangle represents the 

averaged ΔT and ΔP values. 
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3.6. Discussion 

 

The use of a crop simulation model specific to Mediterranean olive orchards 

(AdaptaOlive v2.0), including functions for evaluating net margin (NM) and irrigation 

water productivity (IWP), in combination with perturbed climate (PC) and impact 

response surfaces (IRS), has proven to be a valuable complementary tool for assessing 

the economic impact of climate change on olive orchards.  

The economic performance of Mediterranean olive groves for the future climate scenarios 

is affected by flowering failure associated with the lack of chill accumulation, and by crop 

water stress linked to low precipitation. Thus, average impacts of climate change on NM 

and IWP for olive orchards in southern Spain are moderate, coinciding with results 

obtained in previous studies for olive in Sicily (Migliore et al., 2019). However, under 

specific weather conditions (especially those related with mild temperatures during 

Seville Jaen Granada 

DI 

FI 

Figure 3.10. Impact response surfaces for irrigation water productivity (IWP; in € m-3) for S4 

considering full irrigation (FI; upper row) and deficit irrigation (DI; bottom row), for Seville, Jaen 

and Granada, with [CO2] equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT 

and ΔP values of the five climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), 

and RCP8.5-NF (brown), and the cross inside each triangle represents the averaged ΔT and ΔP 

values. 
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winter), severe NM and IWP reductions were identified. Moreover, the present study 

identified a higher vulnerability of the olive groves to T increase and P decrease when the 

olive oil price falls than when water costs rise. Given the substantial benefits of irrigation 

in terms of olive yield gains, NM became much more sensitive to olive oil prices. This 

relevance of olive oil price was previously reported by Çetin et al. (2004),  De Gennaro 

et al. (2012), Gómez-Limón et al. (2012) or Dag et al. (2014). The role played by water 

costs in NM varied between locations, as areas with high irrigation requirements (such as 

Granada) were the most vulnerable to increases in water costs. Moreover, in addition to 

water availability, water costs influenced the recommendations related to irrigation 

strategy. Thus, the most suitable irrigation strategy was driven mainly by water costs and 

weather conditions; when water costs increased, DI was a better option than FI.  

Once the main impacts of climate change on Mediterranean olive orchards have been 

assessed, the appropriate adaptation and sustainable intensification strategies can be 

identified and selected. For irrigated orchards, strategies based on improvements in water 

management and efficiency, such as DI, were identified as suitable adaptation strategies 

when considering economic components. This is in line with previous studies where DI 

strategies (Fereres and Soriano, 2007) were found to be key for achieving sustainable 

water use (Fernández, 2013; Ahumada-Orellana et al., 2017; Expósito and Berbel, 2017). 

However, these adaptation strategies require, in addition to water availability, specific T 

conditions related to chill accumulation (such as those identified in Granada and Jaen). 

In locations with mild winter conditions, such as Jerez and Seville, irrigation was less 

relevant; the improvement achieved by irrigation was minimized and DI did not generate 

positive NM and/or high IWP values. The failure to fulfill chilling requirements had a 

decisive effect on the economic results due to the high correlation between winter T and 

olive yield (De Melo-Abreu et al., 2004). Thus, irrigation should be reconsidered and the 

correct selection of cultivars/crops adapted to mild winter weather conditions promoted. 

Moreover, adaptation strategies could have collateral effects, which should be considered 

from an economic point of view. In those locations/periods with adverse weather 

conditions that cannot be compensated through irrigation supply (such as lack of chilling 

in Seville and Jerez), irrigation generated high levels of instability in NM. Although FI 

could currently help to stabilize NM (as is observed under B), future weather conditions 

led to alternating high and limited/zero yields, generating large fluctuations in yield. 

These fluctuations could overlap with those generated by the alternate bearing that 
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typically occurs in olive (Bustan et al., 2011), exacerbating the negative economic 

impacts for farmers. Conversely, under dry and cold winter conditions, low NM 

variability was found, especially under FI. These findings underscore the uncertainty 

involved in identifying adaptation strategies, as Ronchail et al. (2014) and Fereres and 

Villalobos (2016) described, even when widely-accepted strategies such as DI are 

considered.  

The use of PC and IRS is an alternative tool for managing the uncertainty from average 

climate projections, and for assessing the changes in weather conditions that surpass 

critical thresholds of economic components (such as negative NM or IWP lower than 

irrigation water costs). Thus, PC and IRS allow the identification of those changes in T 

and P for each location beyond which irrigation is economically unsustainable. Despite 

the utility of these applications, the PC approach presents some limitations: daily 

temperature and precipitation time series change only in their central tendency measures 

(and variance in the case of precipitation); therefore, the occurrence of weather extremes 

is not properly represented. This could be problematic in regions such as the 

Mediterranean basin, where climate model projections point to the relevance of changes 

in the future seasonality of T and P, as well as in the number and intensity of rainfall 

events (IPCC, 2013; Pirttioja et al., 2015; Leolini et al., 2019). Further studies are planned 

to examine this seasonality by constructing the PC with the seasonal pattern change, 

following Fronzek et al. (2010) or Ruiz-Ramos et al. (2018). An alternative approach 

would be to use direct outputs from climate models as inputs for crop models, as in the 

studies on olive carried out by De Melo-Abreu et al. (2004), Tanasijevic et al. (2014), 

Ben Zaied and Zouabi (2016), Morales et al. (2016) and Lorite et al. (2018).  

In addition, despite the advances in the knowledge about the behavior of olive groves 

under future weather conditions, there are still limitations related to crop modeling. Our 

model, AdaptaOlive v2.0, includes relevant functions for assessing olive yield and 

irrigation requirements, but does not account for pests, diseases, alternate bearing, 

nutrient deficiencies and incorrect irrigation management. This means that NM and IWP 

values could be overestimated compared with real field observations and must be 

considered as potential values. The improvement of crop models to account for all these 

factors and to consider the interactions between them remains an outstanding challenge.   
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3.7. Conclusions 

 

The combination of crop modeling (integrating agronomic and economic factors), 

perturbed climate, impact response surfaces and climate change projections has proven 

to be an effective methodology for assessing the impact of climate change and for 

developing and evaluating site-specific adaptation measures for the Mediterranean olive 

grove. 

The impact of climate change on the economic sustainability of Mediterranean olive 

orchards differs depending on the future weather conditions in specific locations. Thus, 

under mild winter conditions, a clear reduction in net margin (NM) and irrigation water 

productivity (IWP) was forecasted for both irrigated and rainfed orchards. Conversely, 

under cold winter conditions, increases in NM and IWP were projected, with decreases 

only found under extreme climate projections. Based on these impacts, and depending on 

the site-specific values of NM and IWP (i.e., surpassing relevant thresholds such as 

NM>0 and IWP>irrigation water costs), recommendations for increasing the economic 

sustainability of Mediterranean olive groves include changing to olive cultivars with 

lower chilling requirements, introducing irrigation, and increasing irrigation supply and 

irrigation efficiency.  

The approach used here enabled the identification of average future weather conditions 

that could jeopardize the sustainability of olive cultivation in southern Spain. However, 

complementary analysis should be undertaken to assess the effects of the extreme events 

on this cropping system by jointly considering improved crop models and climate models. 
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Seville Jaen Granada 
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Figure S3.11. Impact response surfaces for net margin (NM) under rainfed conditions (R0), with 

scenarios considering yield price reduction (S3 and S4) for Seville, Jaen and Granada, with [CO2] 

equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT and ΔP values of the five 

climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), and RCP8.5-NF (brown), 

and the cross inside each triangle represents the averaged ΔT and ΔP values. 
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Seville Jaen Granada 
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Figure S3.12. Impact response surfaces for net margin (NM) under deficit irrigation strategy (DI), 

with scenarios considering yield price reduction (S1, S2, S3, S4 and S5) for Seville, Jaen and 

Granada, with [CO2] equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT and 

ΔP values of the five climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), and 

RCP8.5-NF (brown), and the cross inside each triangle represents the averaged ΔT and ΔP values. 
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Seville Jaen Granada 

Figure S3.13. Impact response surfaces for net margin (NM) under full irrigation strategy (FI), 

with scenarios considering yield price reduction (S1, S2, S3, S4 and S5) for Seville, Jaen and 

Granada, with [CO2] equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT and 

ΔP values of the five climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), 

and RCP8.5-NF (brown), and the cross inside each triangle represents the averaged ΔT and ΔP 

values. 
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Seville Jaen Granada 

S3-FI 

S3-DI 

S4-FI 

S4-DI 

Figure S3.14.. Impact response surfaces for IWP under DI (upper rows) and FI (button rows), 

with scenarios considering yield price reduction (S3 and S4) for Seville, Jaen and Granada, with 

[CO2] equal to 529 ppm. Vertices of the triangles encompass the extreme ΔT and ΔP values of 

the five climate models considered for RCP4.5-NF (cyan), RCP4.5-FF (orange), and RCP8.5-NF 

(brown), and the cross inside each triangle represents the averaged ΔT and ΔP values. 
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4.1. Abstract 

 

Some adaptation measures in response to the severe impacts of climate change on 

Mediterranean olive orchards were evaluated under a wide range of weather conditions. 

For this task, a decision support system for improving resources management by the 

integration of the AdaptaOlive simulation model, perturbed climate, and impact and 

adaptation response surfaces for the model output analysis was developed. Thus, the 

introduction of irrigation (considering different irrigation strategies such as full demand, 

regulated deficit irrigation or irrigation support), the implementation of cultivars with 

lower chilling requirements, the modification of orchard density and an increase in 

irrigation efficiency were evaluated under current and future weather conditions. 

Optimal sustainable and environmentally friendly adaptation measures varied depending 

on the local weather conditions. Thus, the introduction of irrigation provided excellent 

results under dry and cool winter weather conditions. Cultivars with low chilling 

requirements reduced flowering failure associated with the lack of chill accumulation and 

registered optimal performance under mild winter conditions. This adaptation measure 

played a critical role under these weather conditions, even more so than measures focused 

on preventing water stress as irrigation. Finally, increasing orchard density was 

appropriate in non-water-limited areas with cool winter conditions.  

This study confirms the great importance of integrating crop modelling and tools for 

model output analysis into the assessment of site-specific adaptation measures to climate 

change, in order to ensure the sustainability of Mediterranean agricultural systems under 

semi-arid conditions. 

 

 

4.2. Keywords: Resources management, crop modelling, irrigation, orchard density, crop 

phenology 
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4.3. Introduction 

 

The sustainability of traditional Mediterranean olive systems is under threat due 

to economic (Ponti et al., 2012), social (Battino and Lampreu, 2019) and environmental 

issues (Gómez-Limón et al., 2012). Thus, although olive is a crop that is well adapted to 

dry conditions (Connor and Fereres, 2005; Connor, 2005), the potential impacts of 

climate change associated with future increases in temperature and reductions in rainfall 

(IPCC, 2013) have recently been addressed (Morales et al., 2016; Lorite et al., 2018; 

Cabezas et al., 2020). The main impacts of climate change on Mediterranean olive 

orchards are associated with heat and water stress during critical phenological stages 

(Gabaldón-Leal et al., 2017) and the flowering failure due to lack of chilling (Fraga et al., 

2019). These impacts could affect the sustainability of the traditional olive orchards in 

southern Europe, which are barely economically sustainable even under current 

conditions (Iofrida et al., 2020). Under this scenario, the correct identification and 

implementation of adaptation measures to climate change is critical. Moreover, this 

identification must be based on site-specific assessments of the impacts of climate change 

on the olive orchards considering future local weather conditions. 

In extensive crops, modifications in sowing date have proved to be an effective measure 

to move the flowering date, preventing flowering from coinciding with the hottest period 

of the year (García-Lopez et al., 2014; Gabaldón-Leal et al., 2015). However, adaptation 

measures for permanent crops are more complex than for extensive crops (Lorite et al., 

2020). They can be classified into two approaches: cultivar selection and breeding; and 

the improvement of agricultural practices and infrastructures. Cultivar selection and 

breeding play a critically relevant role in the adaptation to climate change in many crops 

(Atlin et al., 2017). Thus, the selection of cultivars with low chilling requirements 

(Gabaldón-Leal et al., 2017; Belaj et al., 2020) and the breeding of new ones that are more 

resilient to water and heat stress events (De Ollas et al., 2012) seem promising options. 

However, in the case of olive, few efforts have been made to identify the best adapted 

cultivars to different climatic conditions (Mousavi et al., 2019). Thus, breeding efforts 

have mainly focused on increasing productivity (León et al., 2007) and improving oil 

quality (Rjiba et al., 2010), with few reports on the interaction between genotype and 

environment related to flowering phenology (Navas et al., 2019a) and patterns of oil 

accumulation (Navas et al., 2019b). A number of other adaptation measures are focused 

on the improvement of agricultural practices, such as the enhancement of soil 
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management (e.g., reducing runoff; Bagagiolo et al., 2018), changes in orchard density 

(Connor, 2005), the introduction of deficit irrigation strategies in current rainfed systems 

(Expósito and Berbel, 2017), and an increase in irrigation efficiency (Willaarts et al., 

2020). 

The role of phenology in the assessment of impacts and adaptation measures for olive has 

been described as a very relevant component (De Melo-Abreu et al., 2004; López-Bernal 

et al., 2020; Medina-Alonso et al., 2020). For this reason, some adaptation measures being 

developed are based on the evaluation and management of olive phenology, mainly 

during critical stages such as flowering and ripening. Weather variations in these stages 

may be reflected in changes in yield (due to heat and water stress during the flowering 

stage, and flowering failure caused by lack of chilling), and irrigation requirements. Thus, 

the consideration of irrigation strategies based on irrigation scheduling restricted to 

specific phenological stages (Fereres and Soriano, 2007) and the selection of cultivars 

with early flowering have been suggested as ways to avoid these negative impacts 

(Gabaldón et al., 2017). However, very limited genetic variability in flowering date has 

been found among current olive cultivars (Barranco et al., 2005; Belaj et al., 2020). This 

is a critical limitation for breeding programs aiming to obtain new cultivars with early 

flowering and low chilling requirements.  

The study of the behaviour of agricultural systems under future weather conditions is 

highly complex due to the interaction of numerous processes that affect the performance 

of any adaptation measure (Moriondo et al., 2015). It thus requires the use of simulation 

models (Asseng et al., 2013). In recent years, some specific simulation models for olive 

orchards have been developed (López-Bernal et al., 2018; Lorite et al., 2018; Moriondo 

et al., 2019). Used together with the outputs from climate models, they have constituted 

the basis for assessing the impact of climate change on these systems (Gabaldón-Leal et 

al., 2017; Lorite et al., 2018). However, apart from the abovementioned studies, there has 

been very little research to date using modelling to identify and evaluate adaptation 

measures for olive orchards. Moreover, although the reported impact was reduced 

somewhat under some projected weather conditions, many of the proposed adaptation 

measures will not be enough to maintain current yield and net margin in the future. 

Alternatively, use of crop models with perturbed climate for developing impact response 

surfaces (IRS) (Pirtiojja et al., 2015) and adaptation response surfaces (ARS) (Ruiz-

Ramos et al., 2018) has yielded useful information about the response of agricultural 
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systems cultivated with wheat to climate change, especially for those under rainfed 

conditions affected by a high degree of uncertainty (Fronzek et al., 2018). However, these 

approaches have not yet been used to evaluate adaptation measures for olive. 

The objective of this study was to evaluate site-specific adaptation measures for 

Mediterranean olive orchards under a wide range of possible future weather conditions. 

The measures focused on irrigation, cultivar selection, orchard design and agricultural 

practices and were evaluated using an olive crop model, perturbed climate and graphical 

tools for output analysis. 

 

4.4. Materials and Methods 

4.4.1. Approach 

The AdaptaOlive v2.0 model is an improved version of AdaptaOlive (Lorite et al., 

2018). It includes an olive oil production function depending on crop transpiration (Orgaz 

et al., 2006; Mesa-Jurado et al., 2010) that incorporates the interaction of the water stress 

(Bacelar et al., 2007) that reduces crop transpiration and the current and future rises in 

atmospheric CO2 concentration (Tognetti et al., 2002) that increase the transpiration 

efficiency. The new version includes additional functions enabling a more robust 

assessment of olive tree performance under future climate conditions, such as the effect 

of the decrease of chilling accumulation (De Melo-Abreu et al., 2004; Gabaldón-Leal et 

al., 2017) and the impact of heat stress during flowering on olive yield (Koubouris et al., 

2009; Lopez-Bernal et al., 2018). A full description of the model can be found in Cabezas 

et al. (2020). 

The outputs of the model are yield, net margin (NM; defined as the profit for the farmer 

based on input costs and olive oil price; Mesa-Jurado et al., 2010), irrigation water 

productivity (IWP; defined as the increase in income associated with the introduction of 

irrigation), and irrigation requirements, which in turn depend on olive orchard 

characteristics, weather conditions, irrigation strategy and the adaptation measures 

considered.  
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4.4.2. Management Scenarios 

AdaptaOlive v2.0 requires orchard and soil features to be defined in the setup of 

the simulation experiment. In this study, the reference simulation (S0), representative of 

the intensive olive orchards cultivated in Andalusia (Southern Spain), had the following 

characteristics: ‘Picual’, the main cultivar in this area, with high chilling requirements 

(estimated following De Melo-Abreu et al., 2004); a soil depth of 1.2 m; and an orchard 

with 250 trees per ha, with average tree crown diameter of 5 m (Table 4.1).  

 

Table 4.1. Description of the orchard management scenarios related to tree density and crown 

diameter, chilling requirements for flowering, irrigation efficiency and harvesting costs 

Scenario 
Density 

Tree 
diameter 

Chilling 
requirements 

Irrigation 
efficiency 

Harvest 
costs 

(trees ha-1) (m) (units) (%) (€ kg-1) 

      
S0 250 5 469 80 0.0822 

S1 250 5 339 80 0.0822 

S2 250 5 120 80 0.0822 

S3 100 6 469 80 0.0822 

S4 178 5 469 80 0.0822 

S5 357 4 469 80 0.0411 

S6 476 3 469 80 0.0411 

S7 250 5 469 90 0.0822 

S8 250 5 469 95 0.0822 

            

      
 

For each simulation experiment, four irrigation strategies were considered: 1) rainfed; 2) 

supplementary irrigation (SI), with a single irrigation event of 60 mm during the 

flowering stage; 3) regulated deficit irrigation (DI), with full irrigation supplied only 

during flowering and ripening stages to prevent crop water stress during these periods; 

and 4) full irrigation (FI) during the whole crop season. These irrigation strategies were 

combined with the following management scenarios with different adaptation measures: 

a) selection of cultivars with lower chilling requirements (S1 and S2 scenarios); b) 

modification of tree density and associated harvesting costs (S3, S4, S5 and S6 scenarios); 

and c) improvement of irrigation efficiency (S7 and S8 scenarios) (Table 4.1).  
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4.4.3. Climate data 

Observed daily weather data (maximum and minimum temperatures, precipitation 

and solar radiation) from weather stations belonging the Spanish State Meteorology 

Agency (AEMET) in five different agricultural areas in Andalusia (Seville, Granada, 

Jerez, Cordoba, and Jaen) were considered for the period 1981-2010 (baseline; B). In 

Cordoba, Jerez and Seville, the average annual rainfall values were similar (around 570 

mm), while Granada was the driest location (365 mm). Seville and Jerez had mild winter 

temperatures (around 12.3ºC), Cordoba and Jaen had colder winter temperatures, and 

Granada registered the coldest ones (8.3ºC). A full description of the climate conditions 

for each location is shown in Table 4.2.  

The perturbed climate dataset was built based on the methodology proposed by Pirttioja 

et al. (2015). Thus, all the daily observed temperature (T) and precipitation (P) values of 

the B period at the five locations were modified using a constant incremental factor of 1 

ºC for temperature (∆T; from -1ºC to +8ºC), and of 5% for precipitation (∆P; from -60% 

to +10%), producing 149 perturbed climate datasets of pairs of ∆T and ∆P, for each 

location. These perturbation ranges encompass the weather changes predicted by 5 

climate models (GFDL-CM3, GISS-E2-R, HadGEM2-ES, MIROC5 and MPI-ESM-MR) 

for the baseline (B; 1981-2010), near future (NF; 2040-2069) and far future (FF; 2070-

2099) periods, and Representative Concentration Pathways (RCP-4.5 and RCP-8.5). In 

addition, three atmospheric CO2 concentrations (380, 529 and 622 ppm) linked to the B, 

NF and FF periods, and RCP-4.5 and RCP-8.5, were considered (Table 4.2).  
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Table 4.2. Changes in temperature (T), annual precipitation (P) and [CO2] from five climate 

models for near future (NF) and far future (FF) periods, and two Representative Concentration 

Pathways (RCP-4.5 and RCP-8.5). Observed and estimated values (for those changes) of average 

annual rainfall (AP), average temperature during winter (ATW), and maximum temperature 

during flowering stage (TMF) for the 5 locations included in the study. 

  

Period 

 

T 
change 

(C) 

P 
change 

(%) 

[CO2] 
(ppm) 

     

Location 

Se Je Co Ja Gr 

Observed B  0 0 380  AP (mm) 540 570 590 475 365 

          ATW (C) 12.5 12.1 9.3 8.5 8.2 

          TMF (C) 30.2 29.9 31.7 31.4 34.8 
              

RCP4.5 NF  2 -10 529  AP (mm) 486 513 531 427 329 

       ATW (C) 14.5 14.1 11.3 10.5 10.2 

       TMF (C) 31.5 30.7 30.9 28.9 33.8 
              

RCP4.5 FF  3 -20 529  AP (mm) 432 456 472 380 292 

       ATW (C) 15.5 15.1 12.3 11.5 11.2 

       TMF (C) 32.9 31.3 32 28.6 32.4 
              

RCP8.5 NF  3 -25 529  AP (mm) 405 427 443 356 274 

       ATW (C) 15.5 15.1 12.3 11.5 11.2 

       TMF (C) 32.9 31.3 32 28.6 32.4 
              

RCP8.5 FF  5 -35 622  AP (mm) 351 370 384 309 237 

       ATW (C) 17.5 17.1 14.3 13.5 13.2 

       TMF (C) 34.7 33.3 34.5 31.1 32 

                            
              

 

4.4.4. Impact and adaptation response surfaces 

The results from the AdaptaOlive v2.0 model using the perturbed climate 

described in Section 2.3. were plotted to obtain impact response surfaces (IRS), 

describing the response of the olive orchards to combined changes in temperature and 

rainfall. Similarly, adaptation response surfaces (ARS) described the response of the olive 

orchards when adaptation measures were implemented under the range of climate 

conditions defined by the perturbed climate data.  

After constructing the IRS and ARS, overlapping climate projections enabled 

probabilistic assessment of the effect of climate change on olive orchards. This was done 

by superimposing outputs from five climate models (GFDL-CM3, GISS-E2-R, 

HadGEM2-ES, MIROC5 and MPI-ESM-MR) for each period (B, NF and FF) and RCP 
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(4.5 and 8.5) over IRS and ARS plots. The range of climate projections for each RCP and 

period is represented by polygons, with the vertices indicating the average extreme ∆T 

and ∆P values of the five climate models (∆Tmax, ∆Pmax; ∆Tmax, ∆Pmin; ∆Tmin, ∆Pmax; 

∆Tmin, ∆Pmin) presented in Section 2.3. 

Recovery of yield, NM or IWP (based on impact values under future conditions) 

associated with the implementation of an adaptation measure is achieved when these 

impacts move from negative values for the reference scenario (without any adaptation 

measure) to positive ones with the adaptation. Using perturbed climate, these recovery 

values are easily identifiable when IRS (depicted with white lines in the figures) show 

negative values, and ARS (black lines in the figures) show positive ones. The analysis is 

similar for the impact of irrigation strategies; yield, NM or IWP recovery is achieved 

when the negative impacts under future weather conditions with the reference scenario 

and rainfed conditions move to positive ones with the application of an irrigation strategy 

(same colour codes in the figures as described above). 

 

4.5. Results 

4.5.1. Impact of climate change on yield, net margin, irrigation requirements and 

irrigation water productivity for the reference scenario (S0) 

With the rainfed strategy (R0) under weather conditions with mild winters (as 

found in Jerez and Seville in all the future climate scenarios, Cordoba and Jaen under 

RCP4.5-FF and RCP8.5-NF, and Granada under RCP8.5-NF and RCP-FF), severe yield 

and NM reductions (reaching 100%) were found compared to baseline conditions (S0-B) 

(Tables 4.3 and 4.1S). However, under weather conditions with cool winters (such as in 

Cordoba and Jaen under RCP4.5-NF and Granada under RCP4.5-NF and RCP4.5-FF), 

yield and NM increases were found, with values higher than 20% for some weather 

conditions and locations (Table 4.3). The consideration of irrigation strategies did not 

alter this pattern (Tables 4.3 and 4.1S). 

Irrigation requirements under future climate scenarios with SI remained constant 

compared to S0-B, but they decreased slightly with DI and FI strategies in all locations 

under RCP4.5-NF, and with DI in Granada under all climate scenarios (Tables 4.3 and 

4.1S). For the rest of the climate scenarios and locations, irrigation requirements increased 

by as much as 21% for Cordoba, Jaen, Jerez and Seville for both DI and FI under RCP8.5-
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FF (Tables 4.3 and 4.1S). IWP showed similar behaviour to yield, with severe reductions 

under mild winters and increases in the rest of the winter conditions (Tables 4.3 and 4.1S). 

 

Table 4.3. Impact of climate change on yield, irrigation requirements and net margin compared 

to S0-B with rainfed (R), supplementary irrigation (SI), deficit irrigation (DI) and full irrigation 

(FI) in Seville, Jaen and Granada. 

  
Rainfed (R0)  Suppl. Irrigation (SI)  Deficit Irrigation 

(DI) 
 Full Irrigation (FI) 

  Se Ja Gr  Se Ja Gr  Se Ja Gr  Se Ja Gr 
                 

Yield 
change 
(S0-B) 

B 0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.0 0.0 

RCP4.5-NF -44.8 15.0 24.0  -40.7 15.8 22.3  -37.5 16.6 14.4  -35.0 20.2 23.8 

RCP4.5-FF -83.5 -6.1 7.5  -79.2 -0.6 11.0  -76.0 6.6 9.7  -73.9 16.3 26.4 

RCP8.5-NF -83.9 -16.4 -5.7  -80.0 -7.9 1.9  -76.7 3.9 7.9  -73.9 16.2 26.5 

RCP8.5-FF -100.0 -79.2 -35.7  -100.0 -73.4 -19.1  -100.0 -63.1 1.9  -100.0 -54.0 26.3 
                 

Irrigation 
change 
(S0-B) 

B     0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.0 0.0 

RCP4.5-NF     0.0 0.0 0.0  -0.5 -4.6 -16.2  -1.4 -0.1 -0.4 

RCP4.5-FF     0.0 0.0 0.0  10.3 5.1 -13.6  8.2 11.1 8.1 

RCP8.5-NF     0.0 0.0 0.0  15.1 9.2 -10.8  12.2 15.4 11.0 

RCP8.5-FF     0.0 0.0 0.0  19.5 16.2 -10.2  16.3 20.6 14.6 
                 

Net 
margin 
change  
(S0-B) 

B 0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.0 0.0 

RCP4.5-NF -54.9 18.9 38.7  -52.6 20.7 35.0  -49.0 22.8 26.3  -53.3 31.9 45.2 

RCP4.5-FF -102.4 -7.7 12.0  -102.5 -0.8 17.2  -100.5 8.2 18.5  -116.3 21.6 45.0 

RCP8.5-NF -103.0 -20.5 -9.3  -103.5 -10.4 2.9  -101.9 4.1 15.0  -117.7 19.8 43.2 

RCP8.5-FF -122.7 -99.5 -57.6  -129.4 -96.0 -29.8  -132.8 -86.9 5.6  -159.2 -93.1 40.7 
                 

IWP 
change 
(S0-B) 

B     0.0 0.0 0.0  0.0 0.0 0.0  0.0 0.0 0.0 

RCP4.5-NF     5.0 20.6 18.4  -20.5 29.5 24.5  -24.1 29.2 23.2 

RCP4.5-FF     -31.5 34.6 19.6  -59.4 42.4 29.1  -64.7 37.5 27.2 

RCP8.5-NF     -36.3 46.3 20.4  -60.4 56.4 34.4  -64.8 46.2 31.2 

RCP8.5-FF     -100.0 -35.8 21.5  -100.0 -25.1 52.7  -100.0 -33.0 42.7 
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4.5.2. Introduction of irrigation as an adaptation measure 

The introduction of irrigation in the reference rainfed olive scenario (S0) 

generated increases in yield for all the analysed locations, irrigation strategies and periods 

(Table 4.4). However, the quantity of this increase depended on the climate conditions 

and irrigation strategy considered. Under B and mild winter conditions (such as in 

Seville), there was only a limited increase in yield compared to S0-R0, with further 

increases as irrigation intensity increased (9 and 59% for SI and FI, respectively; Table 

4.4). Under B and cool winters and dry conditions (such as in Granada), the yield 

increases were higher; ranging from 41 to 179% for SI and FI, respectively (Table 4.4). 

Under future climate conditions, irrigation strategies have a greater effect on yield, 

although their performance still differs between locations, with notably high increases in 

cool and dry locations (such as Granada and Jaen) under RCP8.5 compared to S0-R0 

(Table 4.4).  

 

Table 4.4. Impact of three irrigation strategies on yield and net margin compared to values 

obtained under rainfed conditions (S0-R0). 

 

  Supplementary Irrigation (SI)  Deficit Irrigation (DI)  Full Irrigation (FI) 

  Se Je Co Ja Gr  Se Je Co Ja Gr  Se Je Co Ja Gr 

                   
Yield 
changes 
(S0-R0)  

B 9.0 8.4 8.3 15.6 41.0 
 

28.0 17.8 18.1 35.1 123.9 
 

59.0 43.5 43.9 68.2 178.6 

RCP4.5 
NF 

17.1 9.0 12.0 16.3 39.2 
 

44.8 17.8 26.4 36.9 106.6 
 

87.0 45.7 55.9 75.8 178.3 

RCP4.5 
FF 

37.2 17.1 18.7 22.3 45.6 
 

85.6 36.6 41.7 53.4 128.6 
 

151.1 79.8 84.3 108.4 227.9 

RCP8.5 
NF 

35.6 23.5 20.1 27.2 52.4 
 

86.1 51.6 48.4 67.8 156.3 
 

158.5 102.4 97.3 133.8 273.8 

RCP8.5 
FF 

  
15.0 48.1 77.4 

   
18.9 139.6 254.6 

   
61.8 272.2 447.1 

                   

Net 
margin 
changes 
(S0-R0) 

B 3.3 3.4 2.8 10.9 45.3 
 

20.1 9.6 8.9 26.3 135.1 
 

27.1 14.9 11.6 33.7 138.1 

RCP4.5 
NF 

8.6 1.9 7.9 12.5 41.5 
 

35.9 6.4 20.0 30.5 114.2 
 

31.6 6.4 30.6 48.4 149.3 

RCP4.5 
FF 

6.3 -2.1 12.8 19.1 52.0 
 

-73.6 5.0 32.4 48.0 148.7 
 

759.5 -58.9 34.8 76.1 208.2 

RCP8.5 
NF 

22.7 7.8 14.2 25.1 64.8 
 

-25.2 28.4 40.1 65.5 197.9 
 

651.9 -56.4 45.1 101.7 275.8 

RCP8.5 
FF 

  
41.2 748.8 140.3 

   
93.5 

 
485.1 

   
294.0 

 
689.8 
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When the effects of climate changes and irrigation are considered together (compared to 

S0-B-R0), the impacts are substantially modified (Fig. 4.1 and Table 4.2S), showing 

severe yield reductions under mild winter conditions (in Seville and Jerez) and greater 

yield increases under cool and dry conditions (in Jaen and Granada) (Table 4.2S). The 

irrigation strategies SI and DI achieved yield recovery (i.e. where yield reductions with 

S0-R0 in the future compared to B changed to increases with SI and DI) only in Granada 

(under RCP8.5-NF and RCP8.5-FF) and Jaen (under RCP4.5-FF and RCP8.5-NF) (Fig. 

4.1 and Table 4.2S). FI also achieved yield recovery in Cordoba (under RCP4.5-FF and 

RCP8.5-NF), and even in Seville and Jerez under RCP4.5-NF (Fig. 4.1 and Table 4.2S). 

However, in the latter locations, irrigation alone (even considering FI) was not enough to 

achieve yield recovery under RCP4.5-FF, RCP8.5-NF and RCP8.5-FF (Fig. 4.1 and Table 

4.2S). The combined effect of the introduction of irrigation and other adaptation measures 

on yield and yield recovery is shown in Table 4.2S. The combination of IRS and ARS 

with perturbed climate made it possible to identify the weather conditions enabling yield 

recovery for each location. For example, yield recovery with DI in Jaen was obtained for 

combinations of variations in precipitation from -20 to -60% and in temperature from -1 

to +4ºC (Fig. 4.1); yield recovery was not achieved with a temperature increase higher 

than +4ºC (Fig. 4.1). 

Similarly to yield, the introduction of irrigation generated increases in NM in most 

locations, climate scenarios and RCPs (Table 4.4). Only under mild winter conditions 

(such as in Seville and Jerez) were reductions in NM simulated (Table 4.4). Likewise, 

when the NM values were compared to S0-B-R0, the impacts were substantially 

modified, following the same pattern as that observed for yield (Table 4.3S). NM 

recovery was achieved in Jaen under RCP4.5-FF and RCP8.5-NF, and in Granada under 

RCP8.5, with all the irrigation strategies (Table 4.3S). The combined effect of the 

introduction of irrigation and other adaptation measures on NM and NM recovery is 

shown in Table 4.3S. 
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Seville Jaen Granada 

SI 

DI 

FI 

Figure 4.1. Effects of supplementary irrigation (SI; upper row), deficit irrigation (DI; middle 

row) and full irrigation (FI; bottom row) on yield (shown in black lines), compared to S0-Rainfed-

B scenario (shown in white lines), in Seville (Se; left-hand column), Jaen (Ja; middle column) 

and Granada (Gr; right-hand column) with [CO2] = 529 ppm. Triangles encompass the climate 

projections for RCP4.5-NF (cyan), RCP4.5-FF (orange) and RCP8.5-NF (brown). 
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4.5.3. Selection of cultivars with lower chilling requirements as an adaptation measure 

Adaptation measures based on the use of cultivars with lower chilling 

requirements (S1 and S2; Table 4.1) performed well under future scenarios as a 

consequence of earlier flowering dates than in the reference scenario (S0) (Fig. 4.2). The 

advances in flowering under B with S1 ranged between 0.6 and 3.3 days for Granada and 

Jerez, respectively. Under RCP4.5-NF, there was a wider range of advances in flowering, 

Seville Jaen Granada 

S1 

S2 

S0 

Figure 4.2. Flowering date for S0 (upper row), S1 (middle row) and S2 (bottom row) in Seville 

(left), Jaen (middle) and Granada (right) with [CO2] = 529 ppm. Triangles encompass the climate 

projections for RCP4.5-NF (cyan), RCP4.5-FF (orange) and RCP8.5-NF (brown). 
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from 2.4 days (in Granada) to 7.5 days (in Jerez), while under RCP4.5-FF and RCP8.5-

NF these differences between locations increased, ranging from 1.7 days (in Granada) to 

14.3 days (in Seville) (Fig. 4.2 and Table 4.4S). With S2, the advances were much larger, 

but showed a similar pattern to those with S1 (Fig. 4.2 and Table 4.4S). 

Relative to baseline conditions (S0-B), adaptation measures S1 and S2 provided very 

limited effects on yield and NM for all the irrigation strategies considered (Tables 4.5, 

4.5S and 4.6S). However, under future climate conditions the effect of S1 and S2 on yield 

and NM depended on climate conditions (Figs. 4.3 and 4.4 and Tables 4.5, 4.5S and 4.6S). 

With S1 under cool winter conditions (such as in Granada) yield and NM increases were 

slightly higher than those with S0. Conversely, under mild winter conditions (such as in 

Jerez and Seville) the reductions in yield and NM were less than with S0 (Fig. 4 and 

Tables 4.5, 4.5S and 4.6S). Yield and NM recovery was achieved only for certain 

combinations of locations under mild winter conditions and irrigation strategies (Tables 

4.5, 4.5S and 4.6S). With S2, a similar pattern to that for S1 was observed in cool 

locations, and larger yield and NM increases in mild winter locations (Figs. 4.3 and 4.4, 

and Tables 4.5, 4.5S and 4.6S). Yield and NM recovery were more frequently achieved, 

especially with DI and FI under mild winter conditions (Figs. 4.3 and 4.4, and Tables 4.5, 

4.5S and 4.6S). In terms of yield, S2 was the best performing adaptation measure for the 

majority of locations and climate scenarios with rainfed conditions, but performed less 

well under the rest of the irrigation strategies (Tables 4.5, 4.5S, 4.6S and 4.9S). However, 

even when this adaptation measure was applied, yield and NM recovery was not achieved 

in numerous climate scenarios (Tables 4.5, 4.5S, 4.6S and 4.9S). 
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Seville Jaen Granada 

SI 

DI 

FI 

R0 

Figure 4.3. Effects of S2 with supplementary irrigation (SI; upper row), deficit irrigation (DI; 

middle row) and full irrigation (FI; bottom row) on yield (shown in black lines), compared to S0-

B scenario (shown in white lines), in Seville (Se; left-hand column), Jaen (Ja; middle column) 

and Granada (Gr; right-hand column), with [CO2] = 529 ppm. Triangles encompass the climate 

projections for RCP4.5-NF (cyan), RCP4.5-FF (orange) and RCP8.5-NF (brown). 
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Irrigation requirements were not affected by modifications in the chilling requirements of 

the simulated cultivars, except with DI (Tables 4.5 and 4.7S). With this strategy, irrigation 

requirements were slightly lower with S1 and S2 than S0-B for all the analysed locations 

under RCP4.5-NF, and for Granada also in the rest of the climate scenarios (Tables 4.5 

and 4.7S). Similarly, IWP showed increases with S1 and S2 compared to S0, and IWP 

recovery occurred more frequently than yield and NM recovery, especially with S2 under 

mild winter conditions (such as in Jerez and Seville for all the climate scenarios and in 

Cordoba and Jaen under RCP8.5-FF; Tables 4.5 and 4.8S).  

 

 

 

 

 

 

 

 

 

 

 

 

  

Seville Jaen Granada 

S2 

S1 

Figure 4.4. Effects of S1 (upper row) and S2 (bottom row) under rainfed conditions on net margin 

(shown in black lines), compared to S0-B scenario (shown in white lines), in Seville (Se; left-

hand column), Jaen (Ja; middle column) and Granada (Gr; right-hand column), with [CO2] = 529 

ppm. Triangles encompass the climate projections for RCP4.5-NF (cyan), RCP4.5-FF (orange) 

and RCP8.5-NF (brown). 
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Table 4.5. Changes in yield, irrigation requirements, net margin (NM) and irrigation water 

productivity (IWP) compared to S0-B generated by combining deficit irrigation strategy with 9 

adaptation measures (S0, S1, S2, S3, S4, S5, S6, S7 and S8; See Table 4.1). In green, combinations 

of adaptation measures that achieved yield recovery from S0-B; and in red, combinations of 

adaptation measures that reduced yield, irrigation requirements, NM or IWP from positive 

changes with S0 to negative changes. 

  

Se Ja Gr Se Ja Gr Se Ja Gr Se Ja Gr

B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF -37.5 16.6 14.4 -0.5 -4.6 -16.2 -49.0 22.8 26.3 -20.5 29.5 24.5

S0 RCP4.5-FF -76.0 6.6 9.7 10.3 5.1 -13.6 -100.5 8.2 18.5 -59.4 42.4 29.1

RCP8.5-NF -76.7 3.9 7.9 15.1 9.2 -10.8 -101.9 4.1 15.0 -60.4 56.4 34.4

RCP8.5-FF -100.0 -63.1 1.9 19.5 16.2 -10.2 -132.8 -86.9 5.6 -100.0 -25.1 52.7

B 0.0 -0.5 -0.4 -0.3 -1.2 -1.1 0.0 -0.5 -0.3 -0.3 -1.0 -0.6

RCP4.5-NF 0.1 16.3 17.9 -2.2 -5.6 -17.4 0.3 22.6 32.0 15.1 27.6 26.1

S1 RCP4.5-FF -48.9 6.4 9.6 6.5 4.4 -13.9 -64.6 8.0 18.4 -22.0 45.7 28.4

RCP8.5-NF -50.2 3.5 7.7 10.8 8.0 -11.2 -66.8 3.6 14.7 -21.7 59.0 33.7

RCP8.5-FF -100.0 -32.6 10.8 19.5 13.1 -10.5 -132.8 -45.5 19.3 -100.0 27.5 64.6

B 0.0 -0.6 -0.9 -2.2 -1.9 -4.6 0.2 -0.6 -0.2 -1.0 -0.5 -1.7

RCP4.5-NF 15.6 15.3 17.7 -5.7 -8.5 -18.8 21.0 21.6 32.1 25.4 24.7 26.3

S2 RCP4.5-FF 3.0 5.1 13.6 1.1 0.5 -15.4 3.8 6.8 24.9 26.9 44.0 36.1

RCP8.5-NF 0.6 2.1 11.6 4.9 3.9 -12.5 0.3 2.3 21.0 29.7 58.4 41.9

RCP8.5-FF -66.2 -0.9 9.1 13.8 8.7 -13.1 -88.0 -2.3 17.4 -37.5 81.9 62.4

B -23.7 -23.7 -25.2 -19.7 -25.7 -23.3 -28.9 -28.6 -32.8 -34.9 -39.0 -28.0

RCP4.5-NF -52.0 -10.2 -13.0 -20.0 -24.5 -32.8 -65.9 -10.6 -11.5 -47.2 -19.4 -7.7

S3 RCP4.5-FF -81.5 -17.8 -16.4 -10.5 -16.5 -29.1 -105.4 -21.8 -17.7 -70.7 -5.7 -3.0

RCP8.5-NF -81.9 -19.9 -18.1 -6.8 -12.3 -26.2 -106.3 -25.2 -21.1 -71.3 5.6 1.7

RCP8.5-FF -100.0 -72.0 -23.2 -3.0 -4.8 -24.8 -130.4 -96.1 -29.3 -100.0 -44.8 16.9

B -11.6 -11.3 -11.9 -3.8 -5.6 -5.4 -14.7 -14.5 -16.9 -14.2 -16.7 -12.7

RCP4.5-NF -44.6 3.7 1.1 -4.6 -8.5 -20.2 -57.8 6.0 6.9 -31.9 8.2 8.0

S4 RCP4.5-FF -78.6 -5.4 -2.6 6.5 -0.5 -16.8 -103.5 -7.2 0.4 -64.0 22.0 13.8

RCP8.5-NF -79.2 -7.7 -4.3 10.5 4.6 -13.6 -104.7 -10.9 -3.1 -63.9 33.3 17.7

RCP8.5-FF -100.0 -67.5 -10.3 14.1 11.1 -13.9 -132.3 -92.1 -12.2 -100.0 -34.6 34.6

B 10.7 11.5 12.4 14.1 18.2 14.6 26.0 27.2 31.4 15.8 18.6 10.6

RCP4.5-NF -31.6 29.1 27.8 13.5 9.4 -5.1 -34.3 54.2 62.4 -7.8 52.4 37.7

S5 RCP4.5-FF -73.7 17.8 22.6 26.8 17.9 -3.1 -96.0 36.5 53.2 -56.4 63.3 40.8

RCP8.5-NF -74.2 15.3 20.8 31.1 22.8 0.2 -97.1 32.2 49.4 -57.5 76.7 47.6

RCP8.5-FF -100.0 -58.8 14.0 37.0 30.8 -0.3 -134.7 -77.7 38.0 -100.0 -18.2 62.3

B 22.8 25.9 27.4 32.7 42.6 32.2 41.4 45.2 52.1 29.3 41.6 23.9

RCP4.5-NF -24.3 43.9 44.0 31.4 25.7 8.3 -25.8 73.8 86.3 2.2 75.1 48.7

S6 RCP4.5-FF -70.7 31.7 38.4 45.7 35.1 10.2 -93.8 54.7 76.3 -52.5 84.4 53.5

RCP8.5-NF -71.3 29.1 36.3 51.1 40.4 12.8 -95.2 50.1 72.1 -52.5 96.9 59.8

RCP8.5-FF -100.0 -53.5 28.9 55.1 48.7 11.7 -136.6 -72.2 59.9 -100.0 -11.2 71.6

B 0.0 0.2 0.1 -10.8 -9.9 -10.5 1.1 1.6 2.8 12.2 12.1 12.0

RCP4.5-NF -37.4 17.0 14.2 -10.8 -13.3 -25.7 -47.8 24.5 28.5 -10.3 45.2 40.6

S7 RCP4.5-FF -75.9 6.4 10.2 0.3 -7.3 -22.3 -99.3 9.5 21.5 -54.6 61.3 44.8

RCP8.5-NF -76.5 4.0 7.9 3.5 -2.7 -20.8 -100.4 5.7 17.6 -54.9 75.5 51.6

RCP8.5-FF -100.0 -63.1 2.1 7.0 4.8 -19.9 -131.5 -85.3 8.4 -100.0 -15.6 71.9

B 0.0 0.3 0.0 -14.9 -14.3 -15.4 1.5 2.2 4.0 18.4 18.5 18.2

RCP4.5-NF -37.5 17.1 15.0 -15.4 -17.4 -28.4 -47.4 25.1 30.3 -6.1 52.9 47.3

S8 RCP4.5-FF -76.1 6.8 10.0 -5.9 -11.1 -26.7 -98.9 10.6 22.3 -52.0 69.9 53.5

RCP8.5-NF -76.7 4.5 8.7 -2.4 -6.3 -23.3 -100.1 6.9 19.4 -53.2 85.5 58.6

RCP8.5-FF -100.0 -62.8 2.0 1.6 -0.2 -23.9 -130.9 -84.4 9.3 -100.0 -10.8 80.6

Deficit Irrigation Deficit Irrigation Deficit Irrigation

Yield 

Deficit Irrigation

Irrigation Net Margin IWP
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4.5.4. Modifications in orchard density as an adaptation measure  

Analysing the impact of management scenarios involving lower orchard density 

(S3 and S4; Table 4.1), yield and NM reductions were found in all the locations and 

climate scenarios compared to S0 (Tables 4.5, 4.5S and 4.6S). Yield and NM reductions 

were highest with S3 (the management scenario with the lowest olive orchard density) 

and with the highest irrigation supplies (DI and FI). Yield and NM recovery were not 

achieved in any location and climate scenario (Tables 4.5, 4.5S and 4.6S), and reductions 

were even found in yield and NM in locations and climate scenarios that registered 

increases with S0 (e.g. in Granada and Jaen with SI and DI under most of the climate 

scenarios, shown in red in Tables 4.5, 4.5S and 4.6S).  

In all the analysed locations, irrigation requirements with DI and FI under future weather 

conditions were reduced with S3 compared to S0-B, with the highest reduction registered 

in Granada (Tables 4.5 and 4.7S). The pattern of changes with S4 was different: 

reductions in irrigation requirements were found only under RCP4.5-NF in all the 

locations and irrigation strategies, and in Granada with DI (Tables 4.5 and 4.7S). 

Similarly, IWP was reduced with S3 compared to S0-B in all the locations, for all 

irrigation strategies and most of the climate scenarios. With S4, however, a reduction in 

IWP was observed only under B and mild winter conditions (Tables 4.5 and 4.8S). For 

both S3 and S4 management scenarios and DI and FI, the smallest reductions (or highest 

increases) in IWP were found under dry and cool winter conditions (such as in Granada 

and Jaen; Tables 4.5 and 4.8S).  

On the contrary, increasing orchard density (S5 and S6) generated yield increases in all 

locations and irrigation strategies in comparison to S0-B, except in Granada for R0 (Fig. 

4.5 and Tables 4.5 and 4.5S). Under future climate conditions, a yield increase was 

obtained only in cool winter conditions (such as in Jaen and Granada). Both S5 and S6 

achieved yield recovery in a very limited number of locations, irrigation strategies and 

climate scenarios (Fig. 4.5 and Tables 4.5 and 4.5S). Despite the reduction of harvesting 

costs associated with these adaptation measures, NM fell in mild winter conditions, and 

similarly to yield, the NM recovery was very limited (Tables 4.5 and 4.5S). Adaptation 

measure S6 provided the best results among the analysed measures under B, with irrigated 

conditions or cool winter cool conditions (Tables 4.5, 4.5S, 4.6S and 4.9S). 
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Irrigation requirements increased with both S5 and S6 in all the locations and climate 

scenarios, except in Granada with S5 and DI (Tables 4.5 and 4.7S). IWP increased with 

both S5 and S6 adaptation measures but IWP recovery was only achieved with S6 under 

RCP4.5-NF and mild winter conditions (Tables 4.5 and 4.8S). 

4.5.5. Increase in irrigation efficiency as an adaptation measure  

The application of S7 and S8 management scenarios produced increases in yield 

and NM only with SI, and only slightly higher than with S0 (Tables 4.5, 4.5S and 4.6S). 

Due to these limited increases, S7 and S8 were not able to achieve yield or NM recovery 

except in Jaen under SI and RCP4.5-FF (Tables 4.5, 4.5S and 4.6S). However, irrigation 

requirements with DI and FI were reduced compared to S0-B (Tables 4.5 and 4.7S). 

Finally, IWP increased when S7 and S8 were implemented with all the irrigation 

strategies evaluated under cool winter conditions (Tables 4.5 and 4.8S). 

 

 

4.6. Discussion 

Correctly identifying adaptation measures for reducing the impact of climate 

change on agriculture requires a site-specific multi-scenario analysis. Indeed, an 

adaptation measure that is useful for a certain location, at a given time and under a specific 

climate scenario could be counterproductive if applied in another location or period. 
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Figure 4.5. Effects of S6 with rainfed (R0; first row), supplementary irrigation (SI; second row), 

deficit irrigation (DI; third row) and full irrigation (FI; fourth row) on yield (shown in black lines), 

compared to S0-B scenario (shown in white lines), in Seville (Se; left-hand column), Jaen (Ja; 

middle column) and Granada (Gr; right-hand column), with [CO2] = 529 ppm. Triangles 

encompass the climate projections for RCP4.5-NF (cyan), RCP4.5-FF (orange) and RCP8.5-NF 

(brown). 
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For instance, using olive cultivars with very low chilling requirements could be an 

excellent measure for locations with mild winters (Belaj et al., 2020) but it would generate 

advances in the flowering date leading to potential frost damage in locations with cool 

winters. In addition, assessing agricultural systems’ performance under future conditions 

and appropriately accounting for interactions between different agronomical practices 

(such as the introduction of irrigation, new cultivars or improvement of water 

management) is a complicated endeavour. In this demanding scenario, modelling has 

been revealed as an excellent approach for evaluating the performance of adaptation 

measures under future climate conditions (Challinor et al., 2014; Moriondo et al., 2015; 

Rötter et al., 2018; Rodríguez et al., 2019). However, despite these advances, there are 

still very few studies focused on integrated adaptation measures for olive orchards. 

In our study, the integration of outputs from a specific simulation model for olive with 

perturbed climate, IRS and ARS has provided a decision support system for analysing the 

performance of different adaptation measures (individually or combined) under a wide 

range of climate conditions. This approach has previously been applied to wheat (Ruiz-

Ramos et al. 2018) but, to the best of our knowledge, this is the first time that it has been 

used to evaluate adaption measures for olive. A set of adaptation measures were evaluated 

individually and in combination, to assess whether the adaptation measures would be able 

to recover yield or NM in future compared to those values obtained under reference 

conditions (i.e., without any adaptation measure). This approach also has been useful for 

identifying the consequences of divergences and/or uncertainty in the estimation of some 

physiological parameters of olive. Thus, the assessment of chill requirements for olive 

flowering has been affected by a high degree of uncertainty (El Yaacoubi et al., 2014; 

Chuine et al., 2016), and diverging values have been detected in the quantification of 

chilling requirements for olive flowering (De Melo-Abreu et al., 2004; Gabaldón-Leal et 

al., 2017; Belaj et al., 2020). An additional benefit of our approach is the assessment of 

the effect of the using different parameter values for a critical component such as the 

chilling requirements. 

The application of irrigation emerges as a critical adaptation measure for supporting 

sustainability of agricultural systems under semi-arid conditions, even in the case of SI 

or DI strategies, when water availability does not meet irrigation requirements (Lopez et 

al., 2017). The optimal irrigation strategy will depend on local climate conditions. Thus, 
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SI might not be enough for very dry locations such as Granada, with measures based on 

regulated DI performing better. This latter measure is projected to generate yield and NM 

increases. It may also result in irrigation requirement reductions in the future due to the 

advances in flowering date and the improvements in transpiration efficiency caused by 

the increase in atmospheric CO2 (Tognetti et al., 2001; Villalobos and Fereres, 2004), 

which would offset the increases in temperature and reduction in rainfall. These results 

confirm the valuable contribution of regulated DI to the sustainability of olive systems 

(Fereres and Soriano, 2007) under adverse future climate conditions. Similarly, the 

improvement of irrigation efficiency is a low-cost adaptation measure but it has a limited 

effect on yield or irrigation requirements, and is only useful under moderately dry 

conditions. In any case, the introduction of irrigation in traditional rainfed areas in semi-

arid regions must be monitored from an environmental point of view, as many uses other 

than agriculture demand water resources (Zheng et al., 2020).  

Another adaptation measure evaluated in our study is the use of cultivars with low chilling 

requirements. Our results point to the relevance of chill accumulation for the impact and 

potential adaptation measures under mild winter conditions. However, this adaptation 

measure is associated with a high level of uncertainty. Despite recent analyses performed 

under mild winter conditions (Miyasaka and Hamasaki, 2016; Medina-Alonso et al., 

2020) the consequences of the lack of chill for olive orchards are not fully understood. 

Most of the phenological experiments related to flowering carried out to date have been 

conducted in climate conditions that easily fulfil the chilling requirements of most olive 

cultivars (Belaj et al., 2020), meaning the results might not be relevant for assessing the 

behaviour of olive phenology in the future. Therefore, there is a need for new cultivar 

trials located in warmer-than-Mediterranean climates—for example, subtropical—to 

evaluate the genetic variability of olive chilling requirements. To ensure properly-

designed crosses, breeding studies should be initiated only once this preliminary 

information is available, as is already being done for other agronomic traits (León et al., 

2015).  

The third group of adaptation measures for olive is related to orchard density, the 

performance of which is highly influenced by water availability. For example, in dry 

locations such as Granada under rainfed conditions, 250 trees ha-1 was the most 

appropriate density among those considered. However, under extreme low rainfall 

conditions (such as those identified for Granada in the future, when rainfall is reduced by 
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more than 40% relative to the baseline), a better response was obtained with lower orchard 

density. This was due to a lower level of water stress in the less dense orchard as tree 

competition for water decreased, and the lower potential orchard transpiration better 

matched the water availability. As such, this could be an extreme adaptation measure 

under severe climate conditions in dry regions when water for irrigation is not available 

(Connor, 2005; Rodrigues et al., 2018; Lodolini et al., 2019). On the contrary, when water 

availability is high (such as in Seville for all the irrigation strategies or in Granada with 

FI) the most appropriate orchard density was 416 trees ha-1 (the highest orchard density 

simulated), although it did not provide satisfactory results under severe dry conditions 

(e.g., in Granada under some climate scenarios). These results confirm the importance of 

an integrated evaluation of the response of cropping systems to aspects related to water 

availability, water requirements and temperature increases. Thus, although orchard 

density has been identified by Connor (2005) as one of the key strategic decisions in the 

management of new olive orchards, adaptation measures that solely focus on increasing 

planting density (and are not coordinated with an increase of water availability or winter 

temperature evaluation) are not recommended, especially under dry conditions or mild 

winter conditions as they could generate counterproductive results. On the contrary, when 

full-irrigation was available, excellent results were found for those locations without 

limitations related to temperature. In studies of other crops, some authors have confirmed 

the optimal performance of increasing planting density only when an adequate water 

supply is applied (García-Lopez et al., 2019).  

Additional adaptation measures such as the reduction of the impact of heat stress on crops 

by modifying the albedo (Davin et al., 2014) or the generation of water stress to substitute 

winter chilling (Atkinson et al., 2013; Castillo-Llanque et al., 2014) have been proposed, 

but they have not considered in this study.  

A common feature of the analysed adaptation measures is the highly relevant role played 

by water availability, as the performance of many of these measures depended on 

adequate water supply. However, despite the evident benefits of irrigation, under specific 

adverse climate conditions such as those leading to flowering failure due to lack of 

chilling, or the damage associated with heat stress, adequate water availability could be 

less relevant. Although the utility of irrigation in reducing temperature impacts has been 

demonstrated for crops such as maize or wheat (Siebert et al., 2017), the positive effects 

for olive are very limited as most orchards use drip irrigation systems meaning canopy 
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temperature is not altered. These limitations call into question whether irrigation is a real 

adaptation measure or an intensification strategy, given its limited role in reducing heat 

impact (Minoli et al., 2019). 

Further studies should consider additional adaptation measures and combinations thereof, 

seeking to achieve yield and NM recovery for any future climate conditions. They can 

thus contribute to increasing the sustainability of Mediterranean agricultural systems 

under future weather conditions. 

 

4.7. Conclusions 

 

The response of Mediterranean olive orchards under perturbed climate has been 

evaluated with a new decision support system integrating the AdaptaOlive model and 

response surfaces based-tools for analysing the model outputs as impact and adaptation. 

This integrated approach provided a useful tool for evaluating the performance of site-

specific adaptation measures for olive orchards within a wide range of current and future 

climate conditions in Southern Spain. Results obtained using this tool show that 

introducing irrigation based on deficit irrigation strategies is an environmentally friendly 

measure providing positive effects on olive yield and net margin, with the performance 

depending on the irrigation strategy (supplementary irrigation, regulated deficit irrigation 

or full irrigation) and on the local climate conditions. Thus, in locations with mild winter 

conditions (such as Seville or Jerez in the near and far future), alternative adaptation 

measures such as using cultivars with low chilling requirements would provide more 

satisfactory results than irrigation. Similarly, the increase of orchard density was a useful 

measure for all locations except those with low water availability. Finally, the increase in 

irrigation efficiency would have a limited effect on yield and net margin, but would 

generate increases in irrigation water productivity for all the irrigation strategies and 

climate conditions. 

This study has shown the utility of carrying out site-specific analyses combining crop 

modelling, climate change projections, and impact and adaptation response surfaces in 

order to identify, evaluate and promote adaptation measures for Mediterranean olive 

orchards. However, there are still uncertainties related to olive phenology and physiology 

modelling under future climate conditions (such as the combined effects of increased 
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atmospheric CO2, more frequent heat and water stress events or mild winter conditions). 

As such, there is a need for further experimental and modelling studies, especially for 

woody crops such as olive, which have been the focus of less research than arable crops. 

 

4.8. Acknowledgements 

 

 This study has been financially supported by the project RTA2014-00030-00-00 

funded by INIA, FEDER 2014-2020 “Programa Operativo de Crecimiento Inteligente”, 

SUSTAINOLIVE funded by PRIMA program, project PR.AVA2018.051 (Innova-

Clima) funded by the European Regional Development Fund (FEDER), the Spanish 

National Institute for Agricultural and Food Research and Technology (INIA, ERA73-

SUSTAG-UPM / ERA73-SUSTAG-IFAPA) and Agencia Estatal de Investigación (grant 

no. MACSUR02-APCIN2016-0005-00-00).  

 

 

4.9. References 

 

Asseng, S., Ewert, F., Rosenzweig, C., et al, 2013. Uncertainty in simulating wheat yield 

under climate change. Nat. Clim. Change. 3, 827-832. 

https://doi.org/10.1038/nclimate1916. 

Atkinson, C.J.J., Brennan, R.M.M., Jones, H.G.G., 2013. Declining chilling and its 

impact on temperate perennial crops. Environ Exp. Bot. 91, 48-62. 

https://doi.org/10.1016/j.envexpbot.2013.02.004. 

Atlin, G.N., Cairns, J., Das, B., 2017. Rapid breeding and varietal replacement are critical 

to adaptation of cropping systems in the developing world to climate change. Global Food 

Secur. 12, 31-37. https://doi.org/10.1016/j.gfs.2017.01.008. 

Bacelar, E.A., Santos, D.L., Moutinho-Pereira, J.M., Lopes, J.I., Gonçalves, B.C., 

Ferreira, T.C., Correia, C.M., 2007. Physiological behavior, oxidative damage and 

antioxidative protection of olive trees grown under different irrigation regimes. Plant Soil. 

292, 1-12. https://doi.org/10.1007/s11104-006-9088-1. 

Bagaiolo, G., Marcella, B., Rabino, D., Cavallo, E., 2018. Effects of rows arrangement, 

soil management, and rainfall characteristics on water and soil losses in Italian sloping 

vineyards. Environ. Res. 166, 690-704. https://doi.org/10.1016/j.envres.2018.06.048. 

Barranco, D., Caballero, J.M., Martín, A., Rallo, L., Del Rio, C., Tous, J., Trujillo, I., 

2005. Variedades de olivo en España, ed. Mundiprensa, Madrid. 



Adaptation measures to Climate Change in Olive groves 
 

124 

 

Battino, S., Lampreu, S., 2019. The role of the sharing economy for a sustainable and 

innovative development of rural areas: a case study in Sadinia (Italy). Sustainability. 11, 

180-200. https://doi.org/10.3390/su11113004. 

Belaj, A., de la Rosa, R., León, L., Gabaldón-Leal, C., Santos, C., Porras, R., Cruz-

Blanco, M., Lorite, I.J., 2020. Characterization of the phenological diversity of a World 

Olive Germplasm Bank for assessing its potential use for breeding programs and climate 

change studies. Span. J. Agric. Res. 18, e0701. https://doi.org/10.5424/sjar/2020181-

15017. 

Cabezas, J.M., Ruiz-Ramos, M., Soriano, M.A., Gabaldón-Leal, C., Santos, C., Lorite, 

I.J., 2020. Identifying adaptation strategies to climate change for Mediterranean olive 

orchards using impact response surfaces. Agric. Syst. 185, 102937. 

https://doi.org/10.1016/j.agsy.2020.102937. 

Castillo-Llanque, F.J., Rapoport, H.F., Baumann Samanez, H., 2014. Irrigation 

withholding effects on olive reproductive bud development for conditions with 

insufficient winter chilling. Acta Hortic. 1057, 113-119. 

https://doi.org/10.17660/ActaHortic.2014.1057.12. 

Challinor, A.J., Watson, J., Lobell, D.B., Howden, S.M., Smith, D.R., Chhetri, N., 2014. 

A meta-analysis of crop yield under climate change and adaptation. Nat. Clim. Change. 

4, 287-291. https://doi.org/10.1038/nclimate2153. 

Chuine, I., Bonhomme, M., Legave, J.M., García de Cortazar-Atauri, I., Charrier, G., 

Lacointe, A., Améglio, T., 2016. Can phenological models predict tree phenology 

accurately in the future? The unrevealed hurdle of endodormancy break. Global Change 

Biol. 22, 3444-3460. https://doi.org/10.1111/gcb.13383. 

Connor, D.J., 2005. Adaptation of olive (Olea europaea L.) to water-limited 

environments. Aust. J. Agr. Res. 56, 1181-1189. https://doi.org/10.1071/AR05169. 

Connor, D.J., Fereres, E., 2005. The physiology of adaptation and yield expression in 

olive. Horticultural Reviews. 31, 155-229.  https://doi.org/10.1002/9780470650882.ch4. 

Davin, E.L., Seneviratne, S.I., Ciais, P., Olioso, A., Wang, T., 2014. Preferential cooling 

of hot extremes from cropland albedo management. PNAS. 111(27), 9757-9761.  

https://doi.org/10.1073/pnas.1317323111. 

De Melo-Abreu, J.P., Barranco, D., Cordeiro, M., Tous, J., Rogado, B.M., Villalobos, 

F.J., 2004. Modelling olive flowering date using chilling for dormancy release and 

thermal time. Agric. For. Meteorol. 125, 117-127.  

https://doi.org/10.1016/j.agrformet.2004.02.009.  

De Ollas, C., Morillón, R., Fotopoulos, V., Puértolas, J., Ollitrault, P., Gómez-Cadenas, 

A., Arbona, V., 2019. Facing climate change: Biotechnology of iconic Mediterranean 

woody crops. Front. Plant Sci. 10, 427. https://doi.org/10.3389/fpls.2019.00427. 

El Yaacoubi, A., Malagi, G., Oukabli, A., Hafidi, M., Legave, J.M., 2014. Global 

warming impact on floral phenology of fruit trees species in Mediterranean region. Sci. 

Hortic. 180, 243-253. https://doi.org/10.1016/j.scienta.2014.10.041. 



Chapter 4  
Enhancing the sustainability of Mediterranean olive groves through adaptation measures to climate change  

using modelling and responses surfaces 

125 

 

Expósito, A., Berbel, J., 2017. Agricultural irrigation water use in a closed basin and the 

impacts on water productivity: The case of the Guadalquivir river basin (Southern Spain). 

Water. 9, 136. https://doi.org/10.3390/w9020136. 

Fereres, E., Soriano, M.A., 2007. Deficit irrigation for reducing agricultural water use. J. 

Exp. Bot. 58, 147-159. https://doi.org/10.1093/jxb/erl165. 

Fraga, H., Pinto, J.G., Santos, J.A., 2019. Climate change projections for chilling and heat 

forcing conditions in European vineyards and olive orchards: a multi-model assessment. 

Clim. Change. 152(1), 179-193. https://doi.org/10.1007/s10584-018-2337-5. 

Fronzek, S., Pirttioja, N., Carter, et al. 2018. Classifying multi-model wheat yield impact 

response surfaces showing sensitivity to temperature and precipitation change. Agr. Syst. 

159, 209-224. https://doi.org/10.1016/j.agsy.2017.08.004. 

Gabaldón-Leal, C., Lorite, I.J., Minguez, M.I., Lizaso, J.I., Dosio, A., Sanchez, E., Ruiz-

Ramos, M., 2015. Strategies for adapting maize to climate change and extreme 

temperatures in Andalusia, Spain. Climate Research. 65, 159-173. 

https://doi.org/10.3354/cr01311. 

Gabaldón-Leal, C., Ruiz-Ramos, M., de la Rosa, R., León, L., Belaj, A., Rodríguez, A., 

Santos, C., Lorite, I.J., 2017. Impact of changes in mean and extreme temperatures caused 

by climate change on olive flowering in southern Spain. Int. J. Climatol. 37(S1), 940-957.  

https://doi.org/10.1002/joc.5048. 

García-López, J., Lorite, I.J., García-Ruiz, R., Domínguez, J. 2014. Evaluation of three 

simulation approaches for assessing yield of rainfed sunflower in a Mediterranean 

environment for climate change impact modelling. Clim. Change. 124, 147-162. 

https://doi.org/10.1007/s10584-014-1067-6. 

García-López, J., García-Ruiz, R., Domínguez, J., Lorite, I.J., 2019. Improving the 

sustainability of farming systems under semi-arid conditions by enhancing crop 

management. Agric. Water Manage. 223, 105718. 

https://doi.org/10.1016/j.agwat.2019.105718. 

Gómez-Limón, J.A., Picazo-Tadeo, A.J., Reig-Martínez, E., 2012. Eco-efficiency 

assessment of olive farms in Andalusia. Land Use Policy. 29(2), 395-406. 

https://doi.org/10.1016/j.landusepol.2011.08.004. 

Iofrida, N., Stillitano, T., Falcone, G., Gulisano, G., Nicolò, B.F., De Luca, A.I., 2020. 

The socio-economic impacts of organic and conventional olive growing in Italy. New 

Medit. 19(1), 117-131. https://doi.org/10.30682/nm2001h. 

IPCC, 2013. Annex I: Atlas of global and regional climate projections, in: Stocker, T.F., 

Quin, D., Plattner, G.K., Tignor, M., et al. (Eds.), Climate change 2013: The physical 

science basis. Contribution of Working Group I to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 

pp. 1311-1393. 

Koubouris, G.C., Metzidakis, I.T., Vasilakakis, M.D., 2009. Impact of temperature on 

olive (Olea europaea L.) pollen performance in relation to relative humidity and genotype. 

Environ. Exp. Bot. 67, 209-214.  https://doi.org/10.1016/j.envexpbot.2009.06.002. 



Adaptation measures to Climate Change in Olive groves 
 

126 

 

León, L., de la Rosa, R., Barranco, D., Rallo, L., 2007. Breeding for early bearing in olive. 

Hortscience. 42(3), 499-502. https://doi.org/10.21273/HORTSCI.42.3.499. 

León, L., Velasco, L., de la Rosa, R., 2015. Initial selection steps in olive breeding 

programs. Euphytica. 201, 453-462. https://doi.org/10.1007/s10681-014-1232-z. 

Lodolini, E.M., Polverigiani, S., Cioccolanti, T., Santinelli, A., Neri, D., 2019. Preliminay 

results about the influence of pruning time and intensity on vegetative growth and fruit 

yield of semi-intensive olive orchard. J. Agr. Sci. Tech. Iran. 21(4), 969-980. 

Lopez, J.R., Winter, J.M., Elliott, J., Ruane, A.C., Porter, C., Hoogenboom, G., 2017. 

Integrating growth stage deficit irrigation into a process based crop model. Agric. For. 

Meteorol. 243, 84-92. https://doi.org/10.1016/j.agrformet.2017.05.001. 

López-Bernal, A., Morales, A., García-Tejera, O., Testi, L., Orgaz, F., De Melo-Abreu, 

J.P., Villalobos, F.J., 2018. OliveCan: A process-based model of development, growth 

and yield of olive orchards. Front. Plant Sci. 9, 632. 

https://doi.org/10.3389/fpls.2018.00632. 

López-Bernal, A., García-Tejera, O., Testi, L., Orgaz, F., Villalobos, F.J., 2020. Studying 

and modelling winter dormancy in olive trees. Agric. For. Meteorol. 280, 107776. 

https://doi.org/10.1016/j.agrformet.2019.107776. 

Lorite, I.J., Gabaldón-Leal, C., Ruiz-Ramos, M., Belaj, A., de la Rosa, R., León, L., 

Santos, C., 2018. Evaluation of olive response and adaptation strategies to climate change 

under semi-arid conditions. Agric. Water Manage. 204, 247-261.  

https://doi.org/10.1016/j.agwat.2018.04.008. 

Lorite, I.J., Cabezas, JM, Arquero, O, Gabaldón-Leal, C., Santos, C., Rodríguez, A., 

Ruiz-Ramos, M., Lovera, M., 2020. The role of phenology in the climate change impacts 

and adaptation strategies for tree crops: a case study on almond orchards in Southern 

Europe. Agric. For. Meteorol. 294, 108142. 

https://doi.org/10.1016/j.agrformet.2020.108142. 

Medina-Alonso, M.G., Navas, J.F., Cabezas, J.M., Weiland, C.M., Ríos-Mesa, D., Lorite, 

I.J., León, L., de la Rosa, R., 2020. Differences on flowering phenology under 

Mediterranean and Subtropical environments for two representative olive cultivars. 

Environ. Exp. Bot. 180, 104239. https://doi.org/10.1016/j.envexpbot.2020.104239. 

Mesa-Jurado, M.A., Berbel, J., Orgaz, F., 2010. Estimating marginal value of water for 

irrigated olive grove with the production function method. Span. J. Agric. Res. 8(82), 

S197-S206. http://doi.org/10.5424/sjar/201008S2-1362. 

Minoli, S., Müller, C., Elliott, J., et al. 2019. Global response patterns of major rainfed 

crops to adaptation by maintaining current growing periods and irrigation. Earth’s Future. 

7(12), 1464-1480.  https://doi.org/10.1029/2018EF001130. 

Miyasaka, S.C., Hamasaki, R.T., 2016. Promising olive cultivars for oil production in 

Hawaii. Hort. Technology. 26, 497-506. https://doi.org/10.21273/HORTTECH.26.4.497. 



Chapter 4  
Enhancing the sustainability of Mediterranean olive groves through adaptation measures to climate change  

using modelling and responses surfaces 

127 

 

Morales, A., Leffelaar, P., Testi, L., Orgaz, F., Villalobos, F., 2016. A Dynamic model of 

potential growth of olive (Olea europaea L.) orchards. Eur. J. Agron. 74, 93-102. 

https://doi.org/10.1016/j.eja.2015.12.006. 

Moriondo, M., Ferrise, R., Trombi, G., Brilli, L., Dibari, C., Bindi, M., 2015. Modelling 

olive trees and grapevines in a changing climate. Environ. Modell. Software. 72, 387-

401. https://doi.org/10.1016/j.envsoft.2014.12.016. 

Moriondo, M., Leolini, L., Brilli, L., et al. 2019. A simple model simulating development 

and growth of an olive grove. Eur. J. Agron. 105, 129-145. 

https://doi.org/10.1016/j.eja.2019.02.002. 

Mousavi, S., de la Rosa, R., Moukhli, A., et al. 2019. Plasticity of fruit and oil traits in 

olive among different environments. Sci. Rep. 9, 16968. https://doi.org/10.1038/s41598-

019-53169-3. 

Navas-Lopez, J.F., León, L., Rapoport, H., Moreno-Alías, I., Lorite, I.J., de la Rosa, R., 

2019a. Genotype, environment and their interaction effects on olive tree flowering 

phenology and flower quality. Euphytica. 215, 184. https://doi.org/10.1007/s10681-019-

2503-5. 

Navas-Lopez, J.F., León, L., Trentacoste, E.R., de la Rosa, R., 2019b. Multi-environment 

evaluation of oil accumulation pattern parameters in olive. Plant Physiol. Biochem. 139, 

485-494.   https://doi.org/10.1016/j.plaphy.2019.04.016. 

Orgaz, F., Testi, L., Villalobos, F.J., Fereres, E., 2006. Water requirements of olive 

orchards:  II: determination of crop coefficients for irrigation scheduling. Irrig. Sci. 24, 

77-84. https://doi.org/10.1007/s00271-005-0012-x. 

Pirttioja, N., Carter, T.R., Fronzek, S., et al. 2015. Temperature and precipitation effects 

on wheat yield across a European transect: a crop model ensemble analysis using impact 

response surfaces. Clim. Res. 65, 87-105. https://doi.org/10.3354/cr01322. 

Ponti, L., Gutierrez, A.P., Ruti, P.M., Dell’Aquila, A., 2014. Fine-scale ecological and 

economic assessment of climate change in the Mediterranean Basin reveals winners and 

losers. PNAS. 111, 15. https://doi.org/10.1073/pnas.1314437111. 

Rjiba, I., Dabbou, S., Gazzah, N., Hammami, M., 2010. Effect of crossbreeding on the 

chemical composition and biological characteristics of Tunisian new olive progenies. 

Chem. Biodivers. 7(3), 649-655.  https://doi.org/10.1002/cbdv.200900092. 

Rodrigues, N., Casal, S., Peres, A.M., Baptista, P., Bento, A., Martín, H., Asensio, S., 

Manzanera, M.C., Pereira, J.A., 2018. Effect of olive tree density on the quality and 

composition of olive oil from cv. Arbequina. Sci. Hortic. 238, 222-233. 

https://doi.org/10.1016/j.scienta.2018.04.059. 

Rodríguez, A., Ruiz-Ramos, M., Palosuo, T., et al. 2019. Implications of crop model 

ensemble size and composition for estimates of adaptation effects and agreement of 

recommendations. Agric. For. Meteorol. 264, 351-362. 

https://doi.org/10.1016/j.agrformet.2018.09.018. 



Adaptation measures to Climate Change in Olive groves 
 

128 

 

Rötter, R.P., Hoffmann, M.P., Koch, M., Müller, C., 2018. Progress in modelling 

agricultural impacts of and adaptations to climate change. Curr. Opin. Plant Biol. 45(B), 

255-261. https://doi.org/10.1016/j.pbi.2018.05.009. 

Ruiz-Ramos, M., Ferrise, R., Rodríguez, A., et al. 2018. Adaptation response surfaces for 

managing wheat under perturbed climate and CO2 in a Mediterranean environment. Agr. 

Syst. 159, 260-274. https://doi.org/10.1016/j.agsy.2017.01.009. 

Siebert, S., Webber, H., Zhao, G., Ewert, F., 2017. Heat stress is overestimated in climate 

impact studies for irrigated agriculture. Environ. Res. Lett. 12, 5. 

https://doi.org/10.1088/1748-9326/aa702f. 

Tognetti, R., Sebastiani, L., Vitagliano, C., Raschi, A., Minnocci, A., 2001. Responses to 

two olive tree (Olea europaea L.) cultivars to elevated CO2 concentration in the field. 

Photosynthetica. 39(3), 403-410. https://doi.org/10.1023/A:1015186411662. 

Tognetti, R., Sebastiani, L., Minnocci, A., Raschi, A., 2002. Foliar responses of olive 

trees (Olea Europaea L.) under field exposure to elevated CO2 concentration. In: 

Vitagliano C, Martelli GP (Eds.) Proc. 4th IS on Olive Growing. Acta Hortic. 586, 449-

452. https://doi.org/10.17660/ActaHortic.2002.586.92. 

Villalobos, F.J., Fereres, E. 2004. Climate change effects on crop water requirements in 

southern Spain. II. Contrasting meteorological and agronomic viewpoints. In: Jacobsen 

SE, Jensen CR, Porter JR (Eds.) Proceedings of VIII Congress of the European Society 

of Agronomy, KVL, Copenhagen, pp. 349-350. 

Willaarts, B.A., Lechón, Y., Mayor, B., de la Rúa, C., Garrido, A., 2020. Cross-sectorial 

implications of the implementation of irrigation water use efficiency policies in Spain: A 

nexus footprint approach. Ecol. Indic. 109, 105795.  

https://doi.org/10.1016/j.ecolind.2019.105795. 

Zheng, Y., Tian, Y., Du, E., Han, F., Wu, Y., Zheng, C., Li, X., 2020. Addressing the 

water conflict between agriculture and ecosystems under environmental flow regulation: 

An integrated modeling study. Environ. Modell. Software.  134, 104874. 

https://doi.org/10.1016/j.envsoft.2020.104874. 

  

https://doi.org/10.1016/j.envsoft.2020.104874


Chapter 4  
Enhancing the sustainability of Mediterranean olive groves through adaptation measures to climate change  

using modelling and responses surfaces 

129 

 

 

4.10. Supplemental Material  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF -44.8 -25.6 11.6 15.0 24.0 -40.7 -25.2 15.5 15.8 22.3 -37.5 -25.5 19.4 16.6 14.4 -35.0 -24.4 20.9 20.2 23.8

RCP4.5-FF -83.5 -68.9 -37.7 -6.1 7.5 -79.2 -66.4 -31.6 -0.6 11.0 -76.0 -64.0 -25.2 6.6 9.7 -73.9 -61.1 -20.1 16.3 26.4

RCP8.5-NF -83.9 -72.4 -41.7 -16.4 -5.7 -80.0 -68.5 -35.3 -7.9 1.9 -76.7 -64.4 -26.8 3.9 7.9 -73.9 -61.1 -20.0 16.2 26.5

RCP8.5-FF -100.0 -100.0 -95.1 -79.2 -35.7 -100.0 -100.0 -94.8 -73.4 -19.1 -100.0 -100.0 -95.1 -63.1 1.9 -100.0 -100.0 -94.5 -54.0 26.3

B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -0.5 -2.0 -0.8 -4.6 -16.2 -1.4 -2.6 -2.1 -0.1 -0.4

RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 10.3 10.5 7.2 5.1 -13.6 8.2 7.5 8.0 11.1 8.1

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 15.1 16.1 11.1 9.2 -10.8 12.2 11.3 12.2 15.4 11.0

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 19.5 21.6 20.8 16.2 -10.2 16.3 16.8 18.0 20.6 14.6

B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF -54.9 -30.7 14.1 18.9 38.7 -52.6 -31.7 19.8 20.7 35.0 -49.0 -32.7 25.6 22.8 26.3 -53.3 -35.8 33.5 31.9 45.2

RCP4.5-FF -102.4 -82.6 -45.7 -7.7 12.0 -102.5 -83.5 -40.4 -0.8 17.2 -100.5 -83.4 -34.0 8.2 18.5 -116.3 -93.8 -34.4 21.6 45.0

RCP8.5-NF -103.0 -86.8 -50.6 -20.5 -9.3 -103.5 -86.2 -45.1 -10.4 2.9 -101.9 -84.5 -36.4 4.1 15.0 -117.7 -95.0 -35.7 19.8 43.2

RCP8.5-FF -122.7 -119.9 -115.4 -99.5 -57.6 -129.4 -125.8 -121.1 -96.0 -29.8 -132.8 -130.8 -127.3 -86.9 5.6 -159.2 -155.0 -154.3 -93.1 40.7

B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 5.0 -20.4 62.5 20.6 18.4 -20.5 -22.9 48.4 29.5 24.5 -24.1 -21.5 40.3 29.2 23.2

RCP4.5-FF -31.5 -36.8 41.4 34.6 19.6 -59.4 -46.9 20.7 42.4 29.1 -64.7 -51.8 5.5 37.5 27.2

RCP8.5-NF -36.3 -23.0 42.0 46.3 20.4 -60.4 -38.2 27.0 56.4 34.4 -64.8 -47.3 9.2 46.2 31.2

RCP8.5-FF -100.0 -100.0 -91.1 -35.8 21.5 -100.0 -100.0 -93.8 -25.1 52.7 -100.0 -100.0 -93.8 -33.0 42.7

Net 

margin 

change  

(S0-B)

IWP 

change 

(S0-B)

Rainfed (R0) Supplementary Irrigation (SI) Deficit Irrigation (DI) Full Irrigation (FI)

Yield 

change 

(S0-B)

Irrigation 

change 

(S0-B)

Table 4.6S. Impact of climate change on yield, irrigation requirements, net margin and irrigation 

water productivity (IWP) (in percentage) compared to S0-B with rainfed (R), supplementary 

irrigation (SI), deficit irrigation (DI) and full irrigation (FI) in Seville, Jerez, Cordoba, Jaen and 

Granada. 
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Table 4.7S. Average changes in yield (in percentage) by period and location compared to S0-B-R0, 

associated with 3 irrigation strategies (SI, DI and FI) with 9 adaptation strategies (S0, S1, S2, S3, S4, 

S5, S6, S7 and S8; See Table 4.1). In green, combinations of adaptation measures that achieved yield 

recovery (negative yield change in S0-B-R0 that changed to positive with irrigation under future 

climate scenarios). 

Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

Baseline 9.0 8.4 8.3 15.6 41.0 28.0 17.8 18.1 35.1 123.9 59.0 43.5 43.9 68.2 178.6

RCP4.5-NF -35.3 -18.9 25.0 33.8 72.5 -20.0 -12.3 41.1 57.5 156.1 3.3 8.4 74.0 102.2 244.9

S0 RCP4.5-FF -77.3 -63.6 -26.0 14.9 56.5 -69.3 -57.6 -11.7 44.0 145.7 -58.5 -44.1 14.9 95.7 252.3

RCP8.5-NF -78.2 -65.9 -30.0 6.4 43.6 -70.1 -58.1 -13.5 40.4 141.6 -58.5 -44.1 15.0 95.5 252.3

RCP8.5-FF -100.0 -100.0 -94.4 -69.2 14.1 -100.0 -100.0 -94.2 -50.2 128.1 -100.0 -100.0 -92.1 -22.6 251.9

Baseline 9.1 9.0 8.7 15.9 41.4 28.0 18.3 18.9 34.5 123.1 59.0 44.3 44.9 67.7 178.6

RCP4.5-NF 7.7 10.1 25.0 34.2 81.4 28.1 21.4 41.0 57.1 164.0 61.8 49.4 74.0 102.2 256.5

S1 RCP4.5-FF -49.0 -40.6 5.4 13.4 56.2 -34.5 -32.2 22.3 43.7 145.4 -9.5 -11.4 57.1 95.7 252.3

RCP8.5-NF -51.5 -43.5 0.6 5.2 44.0 -36.2 -33.3 19.9 39.8 141.0 -9.5 -11.5 57.3 95.5 252.3

RCP8.5-FF -100.0 -100.0 -75.7 -39.1 22.9 -100.0 -100.0 -62.5 -9.0 148.0 -100.0 -100.0 -45.9 38.6 284.8

Baseline 11.3 9.5 8.1 15.5 46.0 28.0 19.2 18.8 34.2 121.9 59.7 46.0 44.9 67.7 179.5

RCP4.5-NF 29.5 28.0 26.3 35.6 80.2 48.0 38.2 41.9 55.8 163.5 87.7 71.9 75.6 102.2 258.9

S2 RCP4.5-FF 12.9 3.6 13.4 12.8 59.5 31.9 15.1 31.2 42.0 154.4 75.6 50.2 69.9 95.7 269.6

RCP8.5-NF 8.8 0.4 8.6 3.8 46.4 28.8 13.3 28.4 38.0 149.8 75.7 50.2 70.0 95.5 269.6

RCP8.5-FF -67.4 -47.4 -37.6 -7.0 25.5 -56.7 -35.8 -17.0 33.9 144.3 -35.3 -8.8 21.3 100.6 285.8

Baseline -12.0 -13.9 -13.7 -4.3 23.4 -2.3 -10.2 -10.0 3.1 67.3 14.5 3.3 3.6 21.1 100.6

RCP4.5-NF -45.9 -35.1 1.1 10.5 46.6 -38.6 -32.5 7.8 21.3 94.8 -25.7 -22.0 25.3 45.6 148.0

S3 RCP4.5-FF -81.5 -69.6 -38.8 -2.2 32.9 -76.3 -67.6 -31.6 11.1 87.0 -70.1 -59.7 -17.1 40.9 153.4

RCP8.5-NF -82.0 -70.9 -41.2 -7.7 24.7 -76.8 -68.1 -33.1 8.2 83.3 -70.2 -59.7 -17.1 41.0 153.7

RCP8.5-FF -100.0 -100.0 -95.4 -72.4 -0.3 -100.0 -100.0 -95.6 -62.1 71.9 -100.0 -100.0 -94.3 -44.2 153.2

Baseline -2.5 -3.0 -3.2 4.8 29.7 13.3 4.3 4.6 19.8 97.2 39.3 25.7 26.0 47.3 144.0

RCP4.5-NF -41.9 -27.3 12.1 20.8 57.4 -29.0 -22.0 25.1 40.1 126.4 -9.6 -4.9 52.5 77.3 201.8

S4 RCP4.5-FF -79.7 -66.9 -33.1 5.0 42.2 -72.6 -62.3 -21.6 27.8 118.1 -63.7 -51.0 0.6 71.5 208.5

RCP8.5-NF -80.4 -68.9 -36.6 -2.7 32.0 -73.3 -62.9 -23.1 24.8 114.2 -63.7 -51.0 0.8 71.3 208.4

RCP8.5-FF -100.0 -100.0 -95.0 -71.6 5.1 -100.0 -100.0 -94.8 -56.1 100.9 -100.0 -100.0 -93.1 -32.3 208.1

Baseline 17.0 16.1 16.3 21.7 44.0 41.7 30.9 31.2 50.7 151.5 81.8 64.1 64.5 92.3 218.5

RCP4.5-NF -31.6 -13.9 33.6 41.7 79.4 -12.4 -3.1 55.6 74.5 186.0 17.9 24.0 99.2 131.4 294.4

S5 RCP4.5-FF -76.3 -62.1 -22.7 20.1 61.8 -66.3 -52.8 -2.7 59.2 174.4 -52.6 -36.1 31.7 123.6 302.7

RCP8.5-NF -77.5 -64.7 -26.7 11.2 47.4 -66.9 -53.7 -4.6 55.8 170.5 -52.6 -36.1 31.6 123.4 302.7

RCP8.5-FF -100.0 -100.0 -94.2 -67.9 17.4 -100.0 -100.0 -93.6 -44.3 155.1 -100.0 -100.0 -91.0 -11.5 302.0

Baseline 25.3 24.2 24.8 28.7 46.9 57.2 46.1 46.2 70.0 185.1 108.5 88.2 88.6 120.5 265.3

RCP4.5-NF -28.0 -8.8 41.4 48.9 87.8 -3.0 8.2 72.5 94.4 222.4 35.4 42.3 128.5 165.8 352.9

S6 RCP4.5-FF -75.9 -60.7 -18.6 26.0 67.4 -62.5 -47.5 8.0 78.0 209.7 -45.5 -26.8 50.9 156.7 362.4

RCP8.5-NF -77.1 -63.8 -22.9 16.7 52.7 -63.3 -48.5 6.2 74.4 205.0 -45.4 -26.7 50.9 156.4 362.7

RCP8.5-FF -100.0 -100.0 -94.2 -66.5 22.0 -100.0 -100.0 -92.9 -37.2 188.5 -100.0 -100.0 -89.7 1.6 362.2

Baseline 9.8 9.4 9.1 17.4 45.5 28.0 17.9 18.3 35.4 124.0 59.0 43.5 43.9 68.2 178.6

RCP4.5-NF -34.4 -18.0 26.4 35.8 77.1 -19.8 -12.1 41.2 58.0 155.7 3.3 8.4 74.0 102.3 245.0

S7 RCP4.5-FF -77.0 -63.0 -24.7 17.7 61.2 -69.2 -57.3 -11.6 43.7 146.8 -58.5 -44.2 14.9 95.7 252.5

RCP8.5-NF -77.8 -65.3 -28.9 9.2 48.4 -69.9 -58.0 -13.4 40.5 141.6 -58.6 -44.2 15.1 95.5 252.4

RCP8.5-FF -100.0 -100.0 -94.4 -68.2 18.6 -100.0 -100.0 -94.2 -50.1 128.6 -100.0 -100.0 -92.1 -22.7 251.9

Baseline 10.3 9.8 9.4 18.3 47.5 28.0 18.0 18.1 35.5 123.9 59.0 43.5 43.9 68.2 178.6

RCP4.5-NF -33.8 -17.5 26.8 36.8 79.2 -19.9 -12.1 41.2 58.2 157.3 3.4 8.5 73.9 102.4 245.0

S8 RCP4.5-FF -76.8 -62.5 -24.1 19.1 63.4 -69.4 -57.5 -11.4 44.3 146.3 -58.5 -44.1 14.9 95.7 252.4

RCP8.5-NF -77.5 -65.0 -28.4 10.5 50.6 -70.2 -58.0 -13.4 41.3 143.4 -58.5 -44.1 14.9 95.8 252.5

RCP8.5-FF -100.0 -100.0 -94.4 -67.7 20.7 -100.0 -100.0 -94.2 -49.8 128.4 -100.0 -100.0 -92.1 -22.6 251.8

Deficit Irrigation (DI) Full Irrigation (FI)Supplementary Irrigation (SI)
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Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

Baseline 3.3 3.4 2.8 10.9 45.3 20.1 9.6 8.9 26.3 135.1 27.1 14.9 11.6 33.7 138.1

RCP4.5-NF -51.0 -29.4 23.1 33.8 96.2 -38.7 -26.2 36.9 55.2 197.0 -40.6 -26.2 49.0 76.4 245.7

S0 RCP4.5-FF -102.6 -83.0 -38.7 10.0 70.3 -100.6 -81.8 -28.1 36.7 178.6 -120.7 -92.9 -26.7 62.6 245.3

RCP8.5-NF -103.7 -85.8 -43.6 -0.6 49.6 -102.2 -83.0 -30.7 31.5 170.3 -122.5 -94.2 -28.3 60.2 241.0

RCP8.5-FF -130.4 -126.6 -121.7 -95.6 1.9 -139.4 -133.8 -129.7 -83.4 148.2 -175.2 -163.2 -160.6 -90.7 235.1

Baseline 3.5 4.0 3.3 11.3 46.0 20.1 10.3 10.0 25.7 134.5 27.1 15.8 12.8 33.1 138.1

RCP4.5-NF 1.8 5.3 23.1 34.2 110.5 20.5 14.4 36.8 54.9 210.5 31.1 22.9 49.0 76.4 264.3

S1 RCP4.5-FF -67.9 -55.5 -0.6 8.2 69.8 -57.5 -51.1 13.3 36.4 178.4 -60.5 -53.7 24.5 62.6 245.3

RCP8.5-NF -70.9 -59.0 -6.5 -2.2 50.1 -60.1 -52.9 9.9 30.9 169.7 -62.3 -55.1 23.0 60.2 241.0

RCP8.5-FF -130.4 -126.6 -99.0 -57.8 16.1 -139.4 -133.8 -91.2 -31.2 180.4 -175.2 -163.2 -104.5 -13.8 288.1

Baseline 6.2 4.6 2.6 10.8 53.4 20.4 11.6 9.9 25.5 134.7 27.9 17.9 12.8 33.1 139.5

RCP4.5-NF 28.5 26.8 24.6 36.0 108.7 45.4 34.9 38.1 53.6 210.6 62.9 49.9 50.9 76.4 268.2

S2 RCP4.5-FF 8.2 -2.4 9.0 7.3 75.1 24.7 6.4 24.4 34.9 193.8 43.8 20.2 39.9 62.6 273.1

RCP8.5-NF 3.1 -6.2 3.2 -3.9 54.1 20.5 3.7 20.6 29.3 184.6 42.2 18.8 38.4 60.2 268.8

RCP8.5-FF -90.4 -63.6 -52.8 -17.4 20.4 -85.6 -56.0 -35.0 23.4 176.0 -95.8 -53.9 -23.0 64.1 289.8

Baseline -22.4 -23.5 -23.9 -14.0 16.9 -14.6 -21.9 -22.6 -9.8 58.1 -15.4 -23.2 -25.6 -11.2 48.3

RCP4.5-NF -64.0 -48.9 -5.8 4.5 54.5 -59.0 -48.6 -1.1 12.9 108.2 -64.3 -53.0 1.1 19.1 123.6

S3 RCP4.5-FF -107.6 -90.2 -54.2 -11.5 32.3 -106.5 -91.4 -49.9 -1.2 93.4 -122.7 -101.4 -54.0 8.1 120.7

RCP8.5-NF -108.3 -91.7 -57.1 -18.3 19.1 -107.6 -92.5 -52.2 -5.5 85.6 -124.3 -102.6 -55.6 5.9 116.5

RCP8.5-FF -130.4 -126.6 -123.0 -99.7 -21.3 -136.6 -131.4 -128.8 -95.0 66.3 -163.1 -152.8 -151.5 -104.3 109.8

Baseline -10.7 -10.4 -11.1 -2.6 27.2 2.5 -6.2 -7.0 8.0 95.5 5.5 -4.5 -7.5 10.7 90.2

RCP4.5-NF -59.2 -39.5 7.4 17.4 71.8 -49.3 -37.5 17.9 33.9 151.4 -54.0 -40.3 25.1 48.0 183.8

S4 RCP4.5-FF -105.5 -87.0 -47.4 -2.4 47.2 -104.2 -87.0 -39.6 17.2 136.0 -124.6 -99.1 -41.6 35.2 181.9

RCP8.5-NF -106.3 -89.3 -51.6 -12.0 30.9 -105.6 -88.2 -41.9 12.6 127.7 -126.3 -100.3 -43.1 32.9 177.6

RCP8.5-FF -130.4 -126.6 -122.4 -98.7 -12.6 -138.8 -133.3 -130.0 -90.0 106.5 -172.9 -161.1 -159.3 -99.8 171.7

Baseline 26.6 25.6 25.8 32.9 72.0 51.4 38.1 37.7 60.7 209.0 67.7 51.1 47.6 77.5 227.9

RCP4.5-NF -38.5 -13.7 48.7 60.4 134.5 -21.1 -6.0 70.7 94.8 281.8 -16.9 -0.2 94.6 131.6 363.4

S5 RCP4.5-FF -98.6 -76.9 -26.0 30.7 103.5 -95.2 -72.5 -7.8 72.4 260.1 -116.1 -83.0 0.7 115.1 365.2

RCP8.5-NF -100.2 -80.4 -31.3 18.5 77.9 -96.6 -74.4 -11.0 66.9 251.3 -117.8 -84.5 -1.1 112.7 360.9

RCP8.5-FF -130.4 -126.6 -120.8 -90.2 25.0 -141.7 -135.6 -130.2 -71.9 224.4 -183.1 -170.1 -165.9 -75.0 355.0

Baseline 37.8 36.3 37.1 42.6 77.1 69.8 55.7 55.1 83.4 257.6 93.9 74.7 70.5 105.9 284.7

RCP4.5-NF -33.7 -7.0 59.0 70.3 149.3 -10.8 6.6 91.0 119.6 338.0 -2.6 15.9 124.9 168.9 442.4

S6 RCP4.5-FF -98.0 -75.1 -20.5 38.8 113.3 -92.5 -67.7 4.2 95.5 314.5 -116.0 -78.8 17.3 150.4 445.3

RCP8.5-NF -99.7 -79.2 -26.2 26.1 87.4 -94.2 -69.5 1.1 89.7 304.6 -117.7 -80.3 15.5 147.8 441.6

RCP8.5-FF -130.4 -126.6 -120.8 -88.2 33.1 -144.0 -137.6 -131.7 -64.9 276.0 -192.3 -177.9 -172.9 -67.1 436.2

Baseline 4.3 4.5 3.8 13.2 52.6 21.5 10.7 10.2 28.3 141.8 31.9 18.8 16.1 39.1 154.2

RCP4.5-NF -49.9 -28.4 24.7 36.3 103.5 -37.2 -24.9 38.2 57.3 202.3 -36.0 -22.4 53.3 82.0 261.8

S7 RCP4.5-FF -102.2 -82.3 -37.2 13.6 78.0 -99.2 -80.3 -26.6 38.3 185.7 -115.6 -88.7 -22.0 68.7 262.9

RCP8.5-NF -103.1 -85.1 -42.2 2.9 57.3 -100.5 -81.7 -29.3 33.5 176.5 -117.0 -90.0 -23.3 66.6 258.9

RCP8.5-FF -130.4 -126.6 -121.7 -94.4 9.1 -137.9 -132.5 -128.2 -81.5 154.8 -169.6 -158.6 -155.4 -84.1 253.5

Baseline 4.9 5.0 4.2 14.3 55.8 22.0 11.4 10.6 29.1 144.5 33.9 20.5 18.0 41.6 160.8

RCP4.5-NF -49.2 -27.8 25.3 37.5 107.0 -36.8 -24.5 38.7 58.1 206.4 -33.8 -20.8 55.0 84.5 268.5

S8 RCP4.5-FF -102.0 -81.7 -36.4 15.2 81.6 -98.7 -80.0 -26.0 39.7 187.7 -113.4 -87.0 -20.1 71.3 269.9

RCP8.5-NF -102.8 -84.7 -41.7 4.5 60.9 -100.1 -81.1 -28.7 35.1 180.9 -114.7 -88.1 -21.4 69.5 266.5

RCP8.5-FF -130.4 -126.6 -121.6 -93.7 12.5 -137.2 -132.0 -127.6 -80.2 156.9 -167.3 -156.7 -153.2 -81.2 261.1

Deficit Irrigation (DI) Full Irrigation (FI)Supplementary Irrigation (SI)

Table 4.8S. Average changes in net margin (in percentage) by period and location compared to S0-

B-R0, associated with 3 irrigation strategies (SI, DI and FI) and 9 adaptation strategies (S0, S1, S2, 

S3, S4, S5, S6, S7 and S8; See Table 4.1). In green, combinations of adaptation measures that achieved 

net margin (NM) recovery (negative NM change in S0-B-R0 that changed to positive with irrigation 

under future climate scenarios). 



Adaptation measures to Climate Change in Olive groves 
 

132 

 

 

Table 4.9S. Simulated flowering date (in day of year, DOY) for S0 and adaptation strategies S1 

and S2 (See Table 4.1). 

Management 
scenario 

Climate 
scenario 

Seville Jerez Cordoba Jaen Granada 

(DOY) (DOY) (DOY) (DOY) (DOY) 
       

 Baseline 110 120 124 135 152 

 RCP4.5-NF 102 112 107 112 132 

S0 RCP4.5-FF 108 107 103 103 121 

 RCP8.5-NF 108 107 103 103 121 

 RCP8.5-FF - - 105 97 108 
       

 Baseline 107 117 121 133 151 

 RCP4.5-NF 98 104 102 109 129 

S1 RCP4.5-FF 94 99 97 99 119 

 RCP8.5-NF 94 99 97 99 119 

 RCP8.5-FF - - 93 95 101 
       

 Baseline 98 105 114 127 148 

 RCP4.5-NF 82 88 90 100 124 

S2 RCP4.5-FF 81 85 82 87 112 

 RCP8.5-NF 81 85 82 87 112 

 RCP8.5-FF 81 82 78 76 89 

              
       

 

  



Chapter 4  
Enhancing the sustainability of Mediterranean olive groves through adaptation measures to climate change  

using modelling and responses surfaces 

133 

 

Table 4.10S. Changes in yield (in percentage) compared to S0-B generated by the combination 

of 4 irrigation strategies (R0, SI, DI and FI) with 9 adaptation strategies (S0, S1, S2, S3, S4, S5, 

S6, S7 and S8; See Table 4.1). In green, combinations of adaptation measures that achieved yield 

recovery from S0-B, and in red, combinations of adaptation measures that reduced yield from 

positive changes with S0 to negative changes. 

 

 

  

Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

Baseline 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF -44.8 -25.6 11.6 15.0 24.0 -40.7 -25.2 15.5 15.8 22.3 -37.5 -25.5 19.4 16.6 14.4 -35.0 -24.4 20.9 20.2 23.8

S0 RCP4.5-FF -83.5 -68.9 -37.7 -6.1 7.5 -79.2 -66.4 -31.6 -0.6 11.0 -76.0 -64.0 -25.2 6.6 9.7 -73.9 -61.1 -20.1 16.3 26.4

RCP8.5-NF -83.9 -72.4 -41.7 -16.4 -5.7 -80.0 -68.5 -35.3 -7.9 1.9 -76.7 -64.4 -26.8 3.9 7.9 -73.9 -61.1 -20.0 16.2 26.5

RCP8.5-FF -100.0 -100.0 -95.1 -79.2 -35.7 -100.0 -100.0 -94.8 -73.4 -19.1 -100.0 -100.0 -95.1 -63.1 1.9 -100.0 -100.0 -94.5 -54.0 26.3

Baseline 0.1 0.6 0.9 0.2 0.5 0.1 0.5 0.4 0.3 0.3 0.0 0.5 0.6 -0.5 -0.4 0.0 0.5 0.7 -0.3 0.0

RCP4.5-NF -4.8 1.7 11.6 15.7 33.0 -1.1 1.5 15.4 16.1 28.7 0.1 3.1 19.3 16.3 17.9 1.7 4.1 20.9 20.2 27.9

S1 RCP4.5-FF -59.8 -46.9 -9.3 -7.4 8.1 -53.2 -45.2 -2.6 -1.9 10.8 -48.9 -42.5 3.5 6.4 9.6 -43.1 -38.3 9.2 16.3 26.4

RCP8.5-NF -62.1 -51.7 -14.6 -17.7 -5.0 -55.5 -47.9 -7.1 -9.0 2.1 -50.2 -43.3 1.5 3.5 7.7 -43.1 -38.3 9.3 16.2 26.5

RCP8.5-FF -100.0 -100.0 -81.5 -56.5 -30.1 -100.0 -100.0 -77.6 -47.3 -12.8 -100.0 -100.0 -68.3 -32.6 10.8 -100.0 -100.0 -62.4 -17.6 38.1

Baseline 1.0 1.7 0.1 -0.2 4.8 2.1 1.0 -0.1 -0.1 3.6 0.0 1.2 0.6 -0.6 -0.9 0.4 1.7 0.7 -0.3 0.3

RCP4.5-NF 15.7 18.5 12.3 16.8 34.0 18.8 18.0 16.6 17.4 27.8 15.6 17.3 20.1 15.3 17.7 18.1 19.8 22.1 20.2 28.8

S2 RCP4.5-FF -2.6 -7.0 0.4 -6.5 10.0 3.6 -4.4 4.8 -2.4 13.1 3.0 -2.2 11.0 5.1 13.6 10.4 4.7 18.1 16.3 32.6

RCP8.5-NF -7.4 -11.7 -5.7 -16.8 -4.4 -0.1 -7.4 0.3 -10.1 3.9 0.6 -3.8 8.7 2.1 11.6 10.5 4.7 18.2 16.2 32.6

RCP8.5-FF -75.9 -56.9 -50.2 -31.3 -27.8 -70.1 -51.5 -42.3 -19.5 -11.0 -66.2 -45.5 -29.8 -0.9 9.1 -59.3 -36.5 -15.7 19.3 38.5

Baseline -17.0 -19.0 -18.8 -13.5 -4.2 -19.2 -20.6 -20.3 -17.1 -12.5 -23.7 -23.8 -23.8 -23.7 -25.2 -28.0 -28.0 -28.0 -28.0 -28.0

RCP4.5-NF -51.9 -39.2 -5.4 -0.5 13.7 -50.4 -40.2 -6.6 -4.4 4.0 -52.0 -42.7 -8.8 -10.2 -13.0 -53.3 -45.6 -12.9 -13.5 -11.0

S3 RCP4.5-FF -84.9 -72.8 -47.1 -16.4 -0.7 -83.0 -72.0 -43.4 -15.4 -5.7 -81.5 -72.5 -42.1 -17.8 -16.4 -81.2 -71.9 -42.4 -16.2 -9.0

RCP8.5-NF -85.6 -74.3 -49.8 -23.4 -11.3 -83.5 -73.1 -45.7 -20.1 -11.5 -81.9 -72.9 -43.4 -19.9 -18.1 -81.2 -71.9 -42.4 -16.2 -9.0

RCP8.5-FF -100.0 -100.0 -96.0 -79.8 -35.9 -100.0 -100.0 -95.8 -76.2 -29.3 -100.0 -100.0 -96.3 -72.0 -23.2 -100.0 -100.0 -96.1 -66.9 -9.1

Baseline -10.0 -10.2 -10.1 -7.9 -6.2 -10.5 -10.6 -10.5 -9.3 -8.0 -11.6 -11.5 -11.5 -11.3 -11.9 -12.4 -12.4 -12.4 -12.4 -12.4

RCP4.5-NF -49.5 -33.0 0.7 5.8 16.5 -46.7 -33.0 3.5 4.5 11.6 -44.6 -33.8 5.9 3.7 1.1 -43.2 -33.8 6.0 5.4 8.3

S4 RCP4.5-FF -84.9 -71.3 -43.3 -13.2 0.0 -81.4 -69.5 -38.2 -9.1 0.8 -78.6 -68.0 -33.6 -5.4 -2.6 -77.2 -65.8 -30.0 1.9 10.7

RCP8.5-NF -85.3 -74.2 -46.9 -21.8 -11.7 -82.0 -71.3 -41.5 -15.8 -6.3 -79.2 -68.5 -34.9 -7.7 -4.3 -77.2 -65.8 -30.0 1.8 10.7

RCP8.5-FF -100.0 -100.0 -95.6 -80.4 -38.5 -100.0 -100.0 -95.4 -75.5 -25.5 -100.0 -100.0 -95.6 -67.5 -10.3 -100.0 -100.0 -95.2 -59.7 10.6

Baseline 5.2 5.5 5.6 2.8 -2.3 7.3 7.1 7.4 5.3 2.2 10.7 11.1 11.1 11.5 12.4 14.3 14.3 14.3 14.3 14.3

RCP4.5-NF -44.0 -22.6 17.5 18.1 23.0 -37.2 -20.6 23.4 22.6 27.2 -31.6 -17.7 31.7 29.1 27.8 -25.8 -13.6 38.4 37.5 41.5

S5 RCP4.5-FF -83.1 -69.0 -35.2 -4.7 7.1 -78.3 -65.0 -28.6 3.9 14.8 -73.7 -59.9 -17.6 17.8 22.6 -70.2 -55.5 -8.5 32.9 44.5

RCP8.5-NF -83.6 -72.5 -39.5 -15.7 -9.0 -79.4 -67.5 -32.3 -3.8 4.5 -74.2 -60.7 -19.3 15.3 20.8 -70.2 -55.5 -8.5 32.8 44.5

RCP8.5-FF -100.0 -100.0 -95.0 -79.4 -37.1 -100.0 -100.0 -94.6 -72.2 -16.7 -100.0 -100.0 -94.6 -58.8 14.0 -100.0 -100.0 -93.7 -47.4 44.3

Baseline 11.1 9.5 11.4 2.6 -9.3 15.0 14.6 15.3 11.4 4.2 22.8 24.1 23.7 25.9 27.4 31.1 31.1 31.1 31.1 31.1

RCP4.5-NF -42.2 -20.8 23.3 21.1 23.6 -33.9 -15.8 30.6 28.9 33.2 -24.3 -8.2 46.0 43.9 44.0 -14.9 -0.9 58.8 58.0 62.6

S6 RCP4.5-FF -83.0 -69.1 -32.3 -3.4 4.7 -77.9 -63.8 -24.8 9.0 18.7 -70.7 -55.5 -8.6 31.7 38.4 -65.7 -49.0 4.9 52.6 65.9

RCP8.5-NF -83.9 -72.3 -38.0 -15.3 -11.7 -79.0 -66.6 -28.8 1.0 8.3 -71.3 -56.2 -10.1 29.1 36.3 -65.7 -49.0 4.9 52.4 66.1

RCP8.5-FF -100.0 -100.0 -95.0 -79.5 -38.8 -100.0 -100.0 -94.7 -71.0 -13.5 -100.0 -100.0 -94.0 -53.5 28.9 -100.0 -100.0 -92.8 -39.6 65.9

Baseline -0.1 -0.1 -0.1 -0.1 -0.1 0.7 0.9 0.7 1.6 3.2 0.0 0.1 0.1 0.2 0.1 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF -44.9 -25.7 11.5 14.9 23.8 -39.8 -24.4 16.7 17.5 25.6 -37.4 -25.4 19.5 17.0 14.2 -35.1 -24.5 21.0 20.3 23.8

S7 RCP4.5-FF -83.5 -69.0 -37.7 -6.2 7.4 -78.9 -65.9 -30.5 1.9 14.4 -75.9 -63.7 -25.2 6.4 10.2 -73.9 -61.1 -20.1 16.3 26.5

RCP8.5-NF -84.0 -72.4 -41.8 -16.4 -5.9 -79.6 -68.0 -34.3 -5.5 5.3 -76.5 -64.3 -26.7 4.0 7.9 -73.9 -61.1 -20.0 16.2 26.5

RCP8.5-FF -100.0 -100.0 -95.1 -79.3 -35.7 -100.0 -100.0 -94.8 -72.5 -15.9 -100.0 -100.0 -95.1 -63.1 2.1 -100.0 -100.0 -94.5 -54.0 26.3

Baseline -0.1 -0.1 -0.1 -0.1 -0.1 1.2 1.3 1.0 2.3 4.6 0.0 0.2 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF -44.8 -25.7 11.5 14.9 23.8 -39.3 -23.9 17.1 18.4 27.1 -37.5 -25.4 19.5 17.1 15.0 -35.0 -24.4 20.9 20.3 23.8

S8 RCP4.5-FF -83.5 -69.0 -37.8 -6.2 7.3 -78.7 -65.4 -29.9 3.0 15.9 -76.1 -63.9 -25.0 6.8 10.0 -73.9 -61.1 -20.2 16.3 26.5

RCP8.5-NF -84.0 -72.4 -41.8 -16.4 -5.9 -79.4 -67.7 -33.9 -4.4 6.8 -76.7 -64.4 -26.7 4.5 8.7 -73.9 -61.1 -20.1 16.4 26.5

RCP8.5-FF -100.0 -100.0 -95.2 -79.3 -35.8 -100.0 -100.0 -94.8 -72.1 -14.4 -100.0 -100.0 -95.1 -62.8 2.0 -100.0 -100.0 -94.5 -54.0 26.3

Deficit Irrigation (DI) Full Irrigation (FI)Rainfed (R0) Supplementary Irrigation (SI)
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Table 4.11S. Changes in net margin (NM) (in percentage) compared to S0-B generated by the 

combination of 4 irrigation strategies (R0, SI, DI and FI) with 9 adaptation strategies (S0, S1, S2, 

S3, S4, S5, S6, S7 and S8; See Table 4.1). In green, combinations of adaptation measures that 

achieved net margin recovery from S0-B; and in red, combinations of adaptation measures that 

reduced net margin from positive changes with S0 to negative changes. 

 

 

  

Co Gr Ja Je Se Co Gr Ja Je Se Co Gr Ja Je Se Co Gr Ja Je Se

Baseline 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 14.1 38.7 18.9 -30.7 -54.9 19.8 35.0 20.7 -31.7 -52.6 25.6 26.3 22.8 -32.7 -49.0 33.5 45.2 31.9 -35.8 -53.3

S0 RCP4.5-FF -45.7 12.0 -7.7 -82.6 -102.4 -40.4 17.2 -0.8 -83.5 -102.5 -34.0 18.5 8.2 -83.4 -100.5 -34.4 45.0 21.6 -93.8 -116.3

RCP8.5-NF -50.6 -9.3 -20.5 -86.8 -103.0 -45.1 2.9 -10.4 -86.2 -103.5 -36.4 15.0 4.1 -84.5 -101.9 -35.7 43.2 19.8 -95.0 -117.7

RCP8.5-FF -115.4 -57.6 -99.5 -119.9 -122.7 -121.1 -29.8 -96.0 -125.8 -129.4 -127.3 5.6 -86.9 -130.8 -132.8 -154.3 40.7 -93.1 -155.0 -159.2

Baseline 1.1 0.9 0.2 0.7 0.1 0.5 0.5 0.4 0.7 0.2 0.9 -0.3 -0.5 0.6 0.0 1.1 0.0 -0.5 0.8 0.0

RCP4.5-NF 14.0 53.2 19.8 2.0 -5.8 19.7 44.9 21.1 1.9 -1.5 25.5 32.0 22.6 4.3 0.3 33.5 53.0 31.9 6.9 3.2

S1 RCP4.5-FF -11.2 13.1 -9.3 -56.2 -73.3 -3.3 16.9 -2.4 -56.9 -68.9 4.0 18.4 8.0 -55.4 -64.6 11.5 45.0 21.6 -59.7 -68.9

RCP8.5-NF -17.7 -8.0 -22.3 -61.9 -76.2 -9.0 3.3 -11.7 -60.3 -71.8 0.9 14.7 3.6 -57.1 -66.8 10.2 43.2 19.8 -60.9 -70.3

RCP8.5-FF -98.8 -48.6 -70.9 -119.9 -122.7 -99.1 -20.1 -61.9 -125.8 -129.4 -91.9 19.3 -45.5 -130.8 -132.8 -104.1 63.0 -35.6 -155.0 -159.2

Baseline 0.1 7.8 -0.3 2.0 1.2 -0.2 5.6 -0.1 1.2 2.8 0.9 -0.2 -0.6 1.8 0.2 1.1 0.6 -0.5 2.6 0.6

RCP4.5-NF 15.0 54.8 21.1 22.2 19.3 21.2 43.6 22.7 22.7 24.4 26.7 32.1 21.6 23.0 21.0 35.3 54.6 31.9 30.5 28.2

S2 RCP4.5-FF 0.4 16.1 -8.2 -8.4 -3.2 6.1 20.5 -3.2 -5.6 4.7 14.2 24.9 6.8 -2.9 3.8 25.4 56.7 21.6 4.6 13.2

RCP8.5-NF -6.9 -7.1 -21.1 -14.1 -9.1 0.4 6.1 -13.3 -9.3 -0.2 10.7 21.0 2.3 -5.4 0.3 24.0 54.9 19.8 3.4 11.9

RCP8.5-FF -60.9 -44.8 -39.3 -68.2 -93.1 -54.1 -17.2 -25.5 -64.8 -90.7 -40.3 17.4 -2.3 -59.8 -88.0 -31.0 63.7 22.7 -59.9 -96.7

Baseline -22.7 -6.8 -17.0 -22.8 -20.8 -26.0 -19.5 -22.4 -25.9 -24.9 -29.0 -32.8 -28.6 -28.7 -28.9 -33.3 -37.7 -33.6 -33.2 -33.4

RCP4.5-NF -6.5 22.1 -0.6 -47.0 -63.6 -8.4 6.3 -5.7 -50.5 -65.2 -9.2 -11.5 -10.6 -53.1 -65.9 -9.4 -6.1 -11.0 -59.1 -71.9

S3 RCP4.5-FF -57.1 -1.2 -20.6 -87.3 -104.2 -55.5 -8.9 -20.2 -90.5 -107.4 -54.0 -17.7 -21.8 -92.2 -105.4 -58.8 -7.3 -19.2 -101.3 -117.9

RCP8.5-NF -60.4 -18.3 -29.3 -89.0 -105.0 -58.3 -18.1 -26.3 -92.0 -108.0 -56.1 -21.1 -25.2 -93.2 -106.3 -60.2 -9.1 -20.8 -102.3 -119.1

RCP8.5-FF -116.4 -58.0 -100.2 -119.9 -122.7 -122.3 -45.9 -99.7 -125.8 -129.4 -126.4 -29.3 -96.1 -128.7 -130.4 -146.2 -11.9 -103.2 -146.0 -149.7

Baseline -12.3 -10.0 -9.9 -12.2 -12.2 -13.5 -12.5 -12.2 -13.3 -13.6 -14.6 -16.9 -14.5 -14.5 -14.7 -17.1 -20.1 -17.3 -16.9 -17.0

RCP4.5-NF 0.9 26.6 7.3 -39.6 -60.8 4.5 18.2 5.9 -41.5 -60.5 8.3 6.9 6.0 -43.0 -57.8 12.1 19.2 10.7 -48.1 -63.8

S4 RCP4.5-FF -52.5 0.0 -16.5 -85.4 -104.1 -48.8 1.3 -12.0 -87.4 -105.3 -44.6 0.4 -7.2 -88.1 -103.5 -47.7 18.4 1.1 -99.2 -119.4

RCP8.5-NF -56.9 -18.8 -27.4 -89.0 -104.7 -52.9 -9.9 -20.7 -89.7 -106.1 -46.7 -3.1 -10.9 -89.2 -104.7 -49.1 16.6 -0.6 -100.3 -120.7

RCP8.5-FF -116.0 -62.2 -101.0 -119.9 -122.7 -121.8 -39.9 -98.8 -125.8 -129.4 -127.5 -12.2 -92.1 -130.3 -132.3 -153.1 14.1 -99.9 -153.2 -157.3

Baseline 18.9 11.1 15.6 18.5 18.5 22.3 18.4 19.9 21.5 22.5 26.4 31.4 27.2 25.9 26.0 32.2 37.7 32.7 31.5 32.0

RCP4.5-NF 34.6 55.7 36.6 -18.4 -47.5 44.7 61.4 44.7 -16.5 -40.5 56.7 62.4 54.2 -14.3 -34.3 74.4 94.6 73.2 -13.2 -34.6

S5 RCP4.5-FF -35.4 27.8 5.4 -79.2 -100.0 -28.0 40.1 17.9 -77.7 -98.7 -15.3 53.2 36.5 -74.9 -96.0 -9.7 95.4 60.9 -85.2 -112.7

RCP8.5-NF -41.0 -0.8 -9.8 -83.8 -100.7 -33.1 22.4 6.9 -81.0 -100.2 -18.3 49.4 32.2 -76.6 -97.1 -11.3 93.5 59.1 -86.5 -114.0

RCP8.5-FF -114.7 -50.3 -97.3 -119.9 -122.7 -120.2 -14.0 -91.2 -125.8 -129.4 -127.7 38.0 -77.7 -132.5 -134.7 -159.0 91.1 -81.3 -161.0 -165.4

Baseline 26.4 -1.4 15.4 23.7 26.4 33.3 21.9 28.6 31.9 33.4 42.4 52.1 45.2 42.0 41.4 52.8 61.6 54.0 52.0 52.6

RCP4.5-NF 42.3 56.8 40.8 -16.0 -45.1 54.7 71.5 53.6 -10.0 -35.9 75.3 86.3 73.8 -2.7 -25.8 101.5 127.8 101.1 0.9 -23.3

S6 RCP4.5-FF -31.5 23.4 7.2 -79.4 -99.9 -22.6 46.8 25.2 -75.9 -98.1 -4.4 76.3 54.7 -70.6 -93.8 5.1 129.0 87.3 -81.6 -112.6

RCP8.5-NF -39.0 -5.5 -9.3 -83.6 -101.1 -28.2 29.0 13.7 -79.9 -99.7 -7.2 72.1 50.1 -72.2 -95.2 3.5 127.4 85.3 -82.8 -113.9

RCP8.5-FF -114.6 -53.3 -97.4 -119.9 -122.7 -120.3 -8.4 -89.4 -125.8 -129.4 -129.1 59.9 -72.2 -134.3 -136.6 -165.3 125.2 -75.4 -167.8 -172.6

Baseline -0.1 -0.2 -0.1 -0.1 -0.2 0.9 5.0 2.1 1.1 0.9 1.2 2.8 1.6 1.0 1.1 4.0 6.8 4.1 3.4 3.8

RCP4.5-NF 14.0 38.5 18.7 -30.8 -55.0 21.4 40.1 22.9 -30.7 -51.5 26.8 28.5 24.5 -31.5 -47.8 37.4 51.9 36.1 -32.5 -49.6

S7 RCP4.5-FF -45.7 11.9 -7.8 -82.7 -102.5 -38.9 22.5 2.5 -82.9 -102.1 -32.7 21.5 9.5 -82.0 -99.3 -30.1 52.4 26.1 -90.2 -112.3

RCP8.5-NF -50.6 -9.4 -20.7 -86.8 -103.0 -43.8 8.2 -7.2 -85.5 -103.0 -35.1 17.6 5.7 -83.3 -100.4 -31.3 50.7 24.6 -91.3 -113.4

RCP8.5-FF -115.4 -57.7 -99.5 -119.9 -122.7 -121.1 -24.9 -94.9 -125.8 -129.4 -125.9 8.4 -85.3 -129.7 -131.5 -149.6 48.5 -88.1 -151.0 -154.8

Baseline -0.2 -0.2 -0.2 -0.2 -0.1 1.3 7.2 3.1 1.6 1.5 1.5 4.0 2.2 1.6 1.5 5.7 9.5 5.9 4.9 5.4

RCP4.5-NF 13.9 38.4 18.7 -30.8 -55.0 21.9 42.5 24.1 -30.1 -50.8 27.3 30.3 25.1 -31.1 -47.4 38.9 54.8 38.0 -31.1 -47.9

S8 RCP4.5-FF -45.8 11.8 -7.8 -82.7 -102.4 -38.2 24.9 4.0 -82.3 -101.9 -32.0 22.3 10.6 -81.8 -98.9 -28.4 55.3 28.1 -88.7 -110.5

RCP8.5-NF -50.7 -9.5 -20.7 -86.9 -103.0 -43.2 10.7 -5.8 -85.2 -102.7 -34.6 19.4 6.9 -82.7 -100.1 -29.6 53.9 26.8 -89.6 -111.6

RCP8.5-FF -115.4 -57.8 -99.5 -119.9 -122.7 -121.1 -22.6 -94.3 -125.8 -129.4 -125.4 9.3 -84.4 -129.1 -130.9 -147.7 51.6 -86.0 -149.3 -153.0

Rainfed (R0) Supplementary Irrigation (SI) Deficit Irrigation (DI) Full Irrigation (FI)
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Table 4.12S. Changes in irrigation requirements (in percentage) compared to S0-B for the 

combination of 3 irrigation strategies (SI, DI and FI) with 9 adaptation strategies (S0, S1, S2, S3, 

S4, S5, S6, S7 and S8; See Table 4.1). 

  

Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

Baseline 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -0.5 -2.0 -0.8 -4.6 -16.2 -1.4 -2.6 -2.1 -0.1 -0.4

S0 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 10.3 10.5 7.2 5.1 -13.6 8.2 7.5 8.0 11.1 8.1

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 15.1 16.1 11.1 9.2 -10.8 12.2 11.3 12.2 15.4 11.0

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 19.5 21.6 20.8 16.2 -10.2 16.3 16.8 18.0 20.6 14.6

Baseline 0.0 0.0 0.0 0.0 0.0 -0.3 -0.6 -0.8 -1.2 -1.1 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -2.2 -3.8 -1.4 -5.6 -17.4 -1.4 -2.6 -2.1 -0.1 -0.4

S1 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 6.5 7.3 5.8 4.4 -13.9 8.2 7.5 8.0 11.1 8.1

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 10.8 13.2 9.7 8.0 -11.2 12.2 11.3 12.2 15.4 11.0

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 19.5 21.6 20.0 13.1 -10.5 16.3 16.8 18.0 20.6 14.6

Baseline 0.0 0.0 0.0 0.0 0.0 -2.2 -2.3 -0.8 -1.9 -4.6 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -5.7 -7.9 -2.2 -8.5 -18.8 -1.4 -2.6 -2.1 -0.1 -0.4

S2 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 1.1 0.6 2.8 0.5 -15.4 8.2 7.5 8.0 11.1 8.1

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 4.9 5.8 6.4 3.9 -12.5 12.2 11.3 12.2 15.4 11.0

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 13.8 13.5 11.1 8.7 -13.1 16.3 16.8 18.0 20.6 14.6

Baseline 0.0 0.0 0.0 0.0 0.0 -19.7 -19.9 -22.2 -25.7 -23.3 -27.7 -27.9 -29.0 -28.4 -24.7

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -20.0 -20.5 -21.7 -24.5 -32.8 -28.6 -29.3 -30.0 -27.5 -23.8

S3 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 -10.5 -12.6 -12.2 -16.5 -29.1 -19.7 -20.5 -20.8 -17.2 -15.9

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 -6.8 -7.6 -8.6 -12.3 -26.2 -16.2 -17.3 -16.9 -12.6 -12.7

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 -3.0 -1.2 -1.7 -4.8 -24.8 -11.1 -12.1 -11.0 -6.5 -8.7

Baseline 0.0 0.0 0.0 0.0 0.0 -3.8 -3.2 -4.4 -5.6 -5.4 -5.9 -5.6 -6.3 -6.3 -5.4

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -4.6 -5.8 -5.0 -8.5 -20.2 -7.2 -7.9 -7.5 -5.8 -5.6

S4 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 6.5 5.3 3.6 -0.5 -16.8 2.6 2.0 2.0 5.1 3.0

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 10.5 10.8 8.1 4.6 -13.6 6.3 5.4 6.1 9.4 5.8

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 14.1 16.4 16.1 11.1 -13.9 11.0 10.9 11.9 14.6 9.6

Baseline 0.0 0.0 0.0 0.0 0.0 14.1 19.3 17.2 18.2 14.6 18.8 19.1 19.2 18.2 15.6

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 13.5 14.6 12.2 9.4 -5.1 16.3 15.8 16.7 17.4 14.5

S5 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 26.8 27.8 21.7 17.9 -3.1 26.7 26.9 27.5 28.9 23.4

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 31.1 33.9 26.9 22.8 0.2 30.7 30.9 31.7 33.2 26.3

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 37.0 38.9 37.8 30.8 -0.3 34.4 35.8 37.2 37.9 29.5

Baseline 0.0 0.0 0.0 0.0 0.0 32.7 41.8 38.1 42.6 32.2 40.7 41.4 41.7 38.8 33.2

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 31.4 35.1 29.7 25.7 8.3 37.1 37.4 38.1 37.2 31.3

S6 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 45.7 48.0 40.3 35.1 10.2 48.3 49.2 49.6 48.9 40.7

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 51.1 53.5 46.7 40.4 12.8 52.2 53.3 54.0 53.2 43.6

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 55.1 58.5 58.1 48.7 11.7 55.4 57.6 59.0 57.7 46.7

Baseline 0.0 0.0 0.0 0.0 0.0 -10.8 -9.4 -9.2 -9.9 -10.5 -11.0 -10.9 -11.1 -10.8 -11.0

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -10.8 -12.0 -11.1 -13.3 -25.7 -12.3 -13.2 -12.8 -10.9 -11.3

S7 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 0.3 -0.3 -4.2 -7.3 -22.3 -3.5 -4.2 -3.8 -0.9 -3.7

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 3.5 4.4 -0.3 -2.7 -20.8 -0.4 -0.8 -0.2 2.9 -1.2

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 7.0 9.4 7.8 4.8 -19.9 3.6 4.0 5.1 7.3 2.0

Baseline 0.0 0.0 0.0 0.0 0.0 -14.9 -13.5 -14.2 -14.3 -15.4 -15.5 -15.6 -15.9 -15.6 -15.5

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 -15.4 -16.4 -15.8 -17.4 -28.4 -16.9 -17.6 -17.3 -15.7 -15.9

S8 RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 -5.9 -5.3 -7.8 -11.1 -26.7 -8.6 -9.0 -8.6 -6.1 -8.7

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 -2.4 -1.5 -5.3 -6.3 -23.3 -5.6 -5.8 -5.2 -2.3 -6.3

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 1.6 3.8 2.8 -0.2 -23.9 -1.6 -1.3 -0.4 1.7 -3.3

Supplementary Irrigation (SI) Deficit Irrigation (DI) Full Irrigation (FI)
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Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

Baseline 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RCP4.5-NF 5.0 -20.4 62.5 20.6 18.4 -20.5 -22.9 48.4 29.5 24.5 -24.1 -21.5 40.3 29.2 23.2

S0 RCP4.5-FF -31.5 -36.8 41.4 34.6 19.6 -59.4 -46.9 20.7 42.4 29.1 -64.7 -51.8 5.5 37.5 27.2

RCP8.5-NF -36.3 -23.0 42.0 46.3 20.4 -60.4 -38.2 27.0 56.4 34.4 -64.8 -47.3 9.2 46.2 31.2

RCP8.5-FF -100.0 -100.0 -91.1 -35.8 21.5 -100.0 -100.0 -93.8 -25.1 52.7 -100.0 -100.0 -93.8 -33.0 42.7

Baseline 1.1 -0.4 -5.7 1.0 -0.3 -0.3 0.2 0.8 -1.0 -0.6 0.0 0.4 0.4 -0.8 -0.3

RCP4.5-NF 39.0 -0.7 62.3 18.3 18.2 15.1 8.1 48.9 27.6 26.1 11.2 10.1 40.4 28.3 25.3

S1 RCP4.5-FF 19.3 -26.1 78.1 33.9 17.3 -22.0 -22.9 51.0 45.7 28.4 -27.4 -27.7 36.9 39.1 26.9

RCP8.5-NF 17.6 -3.7 83.5 47.3 19.4 -21.7 -9.3 59.4 59.0 33.7 -26.4 -21.0 42.6 47.8 30.8

RCP8.5-FF -100.0 -100.0 -30.3 11.5 29.3 -100.0 -100.0 -26.0 27.5 64.6 -100.0 -100.0 -39.8 15.9 55.3

Baseline 14.9 -7.2 -2.3 0.9 0.5 -1.0 1.1 4.0 -0.5 -1.7 -0.2 1.6 2.2 -0.3 -2.0

RCP4.5-NF 53.4 12.7 68.5 20.8 12.9 25.4 23.3 51.5 24.7 26.3 24.2 25.8 42.3 26.8 25.7

S2 RCP4.5-FF 73.0 26.4 57.9 23.7 20.8 26.9 25.2 56.4 44.0 36.1 23.5 19.3 44.6 37.7 34.2

RCP8.5-NF 81.1 44.6 73.0 32.9 24.0 29.7 35.2 66.3 58.4 41.9 27.2 24.7 51.5 46.7 38.5

RCP8.5-FF -5.6 12.5 53.0 56.2 30.0 -37.5 1.1 53.8 81.9 62.4 -43.7 -11.3 28.3 66.0 54.7

Baseline -44.3 -39.5 -39.4 -40.4 -32.7 -34.9 -39.3 -38.3 -39.0 -28.0 -27.4 -29.3 -29.1 -31.5 -24.6

RCP4.5-NF -33.8 -51.9 -21.3 -29.5 -19.6 -47.2 -54.1 -12.9 -19.4 -7.7 -45.3 -45.3 -5.8 -9.4 -5.0

S3 RCP4.5-FF -61.2 -61.7 0.5 -9.2 -17.8 -70.7 -68.1 -14.7 -5.7 -3.0 -72.8 -65.8 -21.0 1.3 0.8

RCP8.5-NF -60.0 -60.0 4.3 0.7 -12.0 -71.3 -64.9 -11.6 5.6 1.7 -72.9 -64.3 -17.2 8.6 5.1

RCP8.5-FF -100.0 -100.0 -93.0 -52.7 -13.1 -100.0 -100.0 -96.5 -44.8 16.9 -100.0 -100.0 -94.9 -46.4 16.0

Baseline -16.4 -15.0 -15.4 -18.4 -12.4 -14.2 -15.9 -14.6 -16.7 -12.7 -11.4 -12.6 -12.2 -14.1 -11.7

RCP4.5-NF -15.3 -32.5 37.4 -4.0 -0.1 -31.9 -33.5 28.0 8.2 8.0 -33.4 -31.1 22.8 11.6 8.3

S4 RCP4.5-FF -42.4 -48.3 23.6 16.8 2.8 -64.0 -57.1 2.5 22.0 13.8 -68.6 -58.6 -7.1 20.4 13.2

RCP8.5-NF -44.6 -36.7 24.5 22.9 6.7 -63.9 -48.4 10.6 33.3 17.7 -68.6 -54.2 -3.0 27.8 17.0

RCP8.5-FF -100.0 -100.0 -92.4 -43.8 6.4 -100.0 -100.0 -94.7 -34.6 34.6 -100.0 -100.0 -94.3 -39.9 27.3

Baseline 31.2 25.7 28.9 21.4 13.0 15.8 21.0 20.1 18.6 10.6 10.5 13.2 13.3 12.4 8.0

RCP4.5-NF 38.1 3.1 95.3 51.8 37.6 -7.8 -2.7 73.4 52.4 37.7 -15.6 -9.5 57.0 44.5 32.8

S5 RCP4.5-FF -24.8 -18.4 51.5 59.1 33.5 -56.4 -34.9 36.7 63.3 40.8 -62.0 -45.5 15.2 50.5 35.2

RCP8.5-NF -31.9 -7.8 54.5 72.9 37.5 -57.5 -28.1 41.9 76.7 47.6 -62.4 -41.4 18.4 58.6 39.9

RCP8.5-FF -100.0 -100.0 -89.7 -26.0 32.9 -100.0 -100.0 -91.7 -18.2 62.3 -100.0 -100.0 -92.9 -28.5 49.4

Baseline 59.1 75.3 62.9 68.0 37.2 29.3 48.6 39.5 41.6 23.9 20.2 28.4 25.9 27.8 17.7

RCP4.5-NF 58.3 42.8 118.7 78.6 56.6 2.2 21.8 98.5 75.1 48.7 -7.9 4.1 72.9 59.5 41.4

S6 RCP4.5-FF -20.3 0.1 66.9 88.7 53.0 -52.5 -24.9 50.3 84.4 53.5 -59.5 -39.1 23.9 63.7 44.2

RCP8.5-NF -23.9 0.4 82.9 106.0 57.2 -52.5 -20.2 58.8 96.9 59.8 -59.3 -36.2 28.4 71.1 48.4

RCP8.5-FF -100.0 -100.0 -90.7 -16.5 48.2 -100.0 -100.0 -89.6 -11.2 71.6 -100.0 -100.0 -92.1 -25.0 56.4

Baseline 10.3 12.4 10.7 12.6 11.3 12.2 12.3 11.5 12.1 12.0 12.7 12.5 12.7 12.2 12.6

RCP4.5-NF 16.9 -8.9 79.6 34.2 29.8 -10.3 -11.9 67.2 45.2 40.6 -14.7 -11.8 58.0 45.1 38.6

S7 RCP4.5-FF -27.6 -29.2 57.5 53.9 31.4 -54.6 -40.6 35.5 61.3 44.8 -60.3 -46.1 18.5 54.4 43.1

RCP8.5-NF -30.8 -15.6 56.2 64.7 32.4 -54.9 -30.1 42.7 75.5 51.6 -60.1 -41.0 23.2 64.1 47.4

RCP8.5-FF -100.0 -100.0 -90.6 -29.2 32.5 -100.0 -100.0 -92.4 -15.6 71.9 -100.0 -100.0 -92.9 -24.4 60.4

Baseline 15.6 17.9 15.5 18.2 16.2 18.4 18.9 18.0 18.5 18.2 18.7 19.0 19.2 18.7 18.5

RCP4.5-NF 22.3 -2.9 85.8 40.7 35.3 -6.1 -8.5 77.0 52.9 47.3 -9.4 -6.9 66.7 53.6 46.0

S8 RCP4.5-FF -25.7 -23.1 65.4 62.4 37.0 -52.0 -37.7 42.1 69.9 53.5 -57.8 -43.1 24.8 63.0 50.8

RCP8.5-NF -28.2 -12.0 62.5 73.0 37.9 -53.2 -26.5 49.3 85.5 58.6 -58.0 -37.5 29.6 73.3 55.5

RCP8.5-FF -100.0 -100.0 -90.4 -25.9 37.7 -100.0 -100.0 -92.2 -10.8 80.6 -100.0 -100.0 -92.5 -20.1 69.0

Supplementary Irrigation (SI) Deficit Irrigation (DI) Full Irrigation (FI)

Table 4.13S. Changes in irrigation water productivity (IWP) (in percentage) compared to 

S0-B generated by the combination of 4 irrigation strategies (R0, SI, DI and FI) with 9 

adaptation strategies (S0, S1, S2, S3, S4, S5, S6, S7 and S8; See Table 4.1). In green, 

combinations of adaptation measures that achieved IWP recovery from S0-B; and in red, 

combinations of adaptation measures that reduced IWP from positive changes with S0 to 

negative changes. 
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Table 4.14S. Best adaptation strategy among the ones considered in this study (See Table 4.1) 

and irrigation requirements. In red, the locations, weather conditions and irrigation strategies 

where adaptation measures were not able to achieve yield/net margin recovery.. 

 

 

Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr Se Je Co Ja Gr

B S6 S6 S6 S5 S2 S6 S6 S6 S6 S7 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6

RCP4.5-NF S2 S2 S6 S6 S2 S2 S2 S6 S6 S6 S2 S2 S6 S6 S6 S2 S2 S6 S6 S6

RCP4.5-FF S2 S2 S2 S6 S2 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6

RCP8.5-NF S2 S2 S2 S6 S2 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6

RCP8.5-FF S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S6 S2 S2 S2 S2 S6

B S6 S6 S6 S5 S5 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6 S6

RCP4.5-NF S2 S2 S6 S6 S6 S2 S2 S6 S6 S6 S2 S2 S6 S6 S6 S2 S2 S6 S6 S6

RCP4.5-FF S2 S2 S2 S6 S5 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6

RCP8.5-NF S2 S2 S2 S6 S5 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6 S2 S2 S2 S6 S6

RCP8.5-FF S2 S2 S2 S2 S2 S2 S2 S2 S2 S6 S2 S2 S2 S2 S6 S2 S2 S2 S2 S6

B 0.0 0.0 0.0 0.0 0.0 60.0 60.0 60.0 60.0 60.0 163.7 161.7 165.7 196.3 286.0 594.7 559.0 585.7 596.3 693.3

RCP4.5-NF 0.0 0.0 0.0 0.0 0.0 60.0 60.0 60.0 60.0 60.0 116.3 105.0 155.7 173.0 234.3 416.7 385.0 570.7 589.7 683.0

RCP4.5-FF 0.0 0.0 0.0 0.0 0.0 60.0 60.0 60.0 60.0 60.0 124.7 114.7 123.3 186.0 238.3 457.3 425.0 446.3 639.7 732.0

RCP8.5-NF 0.0 0.0 0.0 0.0 0.0 60.0 60.0 60.0 60.0 60.0 129.3 120.7 127.7 143.0 244.0 474.3 440.0 463.7 658.3 747.3

RCP8.5-FF 0.0 0.0 0.0 0.0 0.0 60.0 60.0 60.0 60.0 60.0 140.3 129.3 133.3 149.7 241.7 491.7 461.7 487.7 518.0 763.3

Yield

Net Margin

Irrigation 

Requirements 

(mm)

Rainfed (R0) Supplementary Irrigation (SI) Deficit Irrigation (DI) Full Irrigation (FI)
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The results obtained from the research work carried out during this doctorate will 

help to advance in the knowledge of the effects of climate change on the Mediterranean 

olive grove. In this research, a new approach for reducing the uncertainty associated to 

the use of climate models has been implemented. Thus, the consideration of a simulation 

model for olive tree (AdaptaOlive) with Perturbed Climate (PC), based on the 

modification of temperature and precipitation during the baseline period to create new 

combinations of these climatic variables, combined with the projections provided by 

climate models, and together with the use of Impact Responses Surfaces (IRS) and 

Adaptation Responses Surfaces (ARS), make this methodology a novel approach to 

assess the future impact of climate change on olive groves. In addition, this methodology 

has made it possible to determine those temperature and precipitation threshold values 

that could generate large declines in crop yield or economic outputs, and reductions in 

the effectiveness of the different adaptation measures proposed. 

This research highlights that, despite the high adaptability and resilience of the olive tree 

to the Mediterranean climate, the future weather conditions (both in the medium and long 

term) could cause significant damages to this crop. However, this damage will not have 

a homogeneous distribution within the region, and a high spatial variability is expected 

in the type and intensity of the impact of climate change on olive groves. Related to this, 

the studies carried out in this thesis work have identified those areas within Andalusia 

where the olive grove could be severely affected by the impact of the future climate. 

Locations with mild winters at present, such as the lower section of the Gudalquivir 

Valley, may be affected by an increase in winter temperatures, leading to failures in 

flowering due to a lack of chill accumulation. On the other hand, in currently colder areas 

under irrigation and less severe future weather conditions, slight increases in olive yields 

could be expected. However, for rainfed olive groves, under drier weather conditions, 

reductions in olive yields are foreseen, as the increase in water use efficiency associated 

with the increase in atmospheric CO2 concentration would not be able to mitigate the 

effects of the expected reduction in precipitation.  

The same trend detected for the agronomic impact of climate change is found for 

economic components, such as net margin (NM) and irrigation water productivity (IWP). 

Thus, in current areas with mild winter conditions and without access to irrigation, NM 

will be reduced, compromising the economic viability of olive orchards.  
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In this context, adaptation measures should be promoted, although the adoption of general 

rules or solutions should be discarded, since the high spatial heterogeneity in the field and 

weather conditions could generate non-appropriate recommendations. Therefore, the use 

of site-specific adaptation measures should be the strategy to implement. In areas with 

mild temperatures during winter, the search for olive cultivars with lower chilling 

requirements should  be promoted. On the other hand, in areas where flowering is delayed, 

and could coincide with extreme heat or drought events, early flowering cultivars should 

be considered. In addition, the introduction of strategies related to support irrigation or 

deficit irrigation will help mitigate the effects of reduced rainfall. Similarly, considering 

the values obtained for NM and IWP within each olive-growing area, some measures 

were confirmed (such as the change of cultivars, the conversion from rainfed to irrigated 

orchards, or the improvement of irrigation systems), and some other complementary 

solutions were identified (such as the increase of tree density in areas without water 

limitations). 

Despite the advances made in scientific knowledge of the impact of climate change on 

olive groves, still numerous uncertainties remain. Thus, the long-term effects of the 

increase in atmospheric CO2 or of extreme events on olive crop, or the effect of climate 

change on olive pests and diseases, are processes that are not yet sufficiently understood. 

The combination of experimentation and modelling constitutes an excellent tool for 

advancing in the knowledge of these processes and for identifying and providing the most 

useful adaptation measures in order to ensure the sustainability of Mediterranean olive 

groves in the future.
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