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ABSTRACT 23 

Olive orchards represent a key agricultural system with high economic and environmental 24 

prominence. Expected future climate tendencies over the Mediterranean could threaten the 25 

sustainability of such strategic tree crop. This study evaluates the productive and 26 

environmental performance of olive orchards under different climate change scenarios and 27 

management strategies across the main olive-farming regions over southern Europe using 28 

the process-based model OliveCan. Simulations were performed for low density LD (100 29 

trees ha-1), high density HD (400 trees ha-1) and super high density SHD (1650 trees ha-1) 30 

olive orchards over baseline period (1980-2010) and future scenarios (2041-2070 and 2071-31 

2100 for RCP4.5 and RCP8.5). Results showed that the future increase in CO2 32 

concentration may compensate the negative effects of higher evaporative demand and 33 

diminished water supply resulting in an enhancement of water use efficiency and carbon 34 

capture potential in olive orchards. Irrigation requirement for the maximum productivity are 35 

expected to increase by 5-27%. Moreover, rainfed low density orchards will be the most 36 

vulnerable to expected climate changes, in particular in the driest areas. In fact, a decrease 37 

in yield up to 28% with an increase in its interannual variability of 20% is expected over 38 

the Iberian Peninsula while yield increased up to 26% over the centre of the Mediterranean. 39 

Deficit irrigation and intensification will improve olive orchard productivity and carbon 40 

sequestration capacity. Besides, the decrease in winter chilling is not expected to be enough 41 

to produce significant flowering anomalies or failures over the study area. Even though 42 

findings of this research showed that olive orchards may benefit from future conditions, 43 

assessment of management alternatives at local scale will be a must for a better adaptability 44 

of olive orchards. 45 
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1. Introduction 49 

The Mediterranean, renowned as a climate change hotspot, is one of the most responsive 50 

areas to global warming (Giorgi 2006; IPCC 2013). Long-term climate projections 51 

provided by the fifth report of the Intergovernmental Panel on Climate Change (IPCC) 52 

foresee a global warming increase of 1.5-2 °C within the 21st century (IPCC 2013). Several 53 

changes in climate with high regional variability are expected. Over the Mediterranean, 54 

most climate change scenarios predict an increase in temperature and a decrease in rainfall 55 

(Giorgi and Lionello 2008; Gualdi et al. 2013; Stocker et al. 2014) with a higher frequency 56 

of extreme events (Hertig et al. 2013). These predicted climate changes imply potential 57 

consequences on natural resources and on agricultural performance.  58 

Olive (Olea europea L.) orchards are the most extended perennial agroecosystem in the 59 

Mediterranean basin. Over 10.8 Mha are cultivated worldwide, 95% of which are in the 60 

Mediterranean region (FAOSTAT, 2017). Olive cultivation plays an important economic 61 

and environmental role for the area (Tous and Ferguson 1996; Moriondo et al., 2013; Ponti 62 

et al., 2014; Montanaro et al., 2017). The ability of olive plantation to sequestrate carbon 63 

has been a subject of consensus (Proietti et al., 2014; Proietti et al., 2016; Proietti et al., 64 

2017; Brilli et al., 2016; Regni et al. 2017; Massaccesi, et al. 2018; Mairech et al. 2020) 65 

reflecting their potential to mitigate carbon emission  66 

Even though olive is assumed to be resistant to drought (Connor and Fereres, 2010), 67 

climate changes may increase the frequency and severity of such events (Tanasijevic et al., 68 

2014). Some studies have projected higher net irrigation requirements, yield decrease and 69 

shifting of phenological phases for olive in the Mediterranean region at the end of the 21st 70 

century due to the increased heat and water stress (Koubouris et al., 2009; Rodríguez Díaz 71 
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et al., 2007). Potential changes in rainfall and evapotranspiration may reduce olive yield 72 

(Moriana et al. 2003; Iniesta et al., 2009). Spring and summer rainfall and both maximum 73 

and minimum temperatures in summer and autumn could affect final fruit production 74 

(Galán, 2008; Rossi et al., 2020). The expected increase in temperature could influence the 75 

developmental cycle of olive trees (De Melo-Abreu et al., 2014) and could result in an 76 

advance in olive flowering date (Gabaldón-Leal et al. 2017) or even lead to sterile years for 77 

olive due to the lack of vernalization (Morales et al., 2016). Tanasijevic et al., (2014) and 78 

Moriondo et al., (2013) predicted a gradual northward shift of olive cultivation areas in the 79 

coming decades. In the context of global warming, these implications of climate changes 80 

pose considerable challenges to maintain olive cultivation sustainability and improve their 81 

productivity and environmental performances. 82 

Olive productivity is not influenced by climate factors only but by management too. During 83 

the last decades, olive growing has known substantial changes in the structure and 84 

management aiming at improving productivity and profitability. New planting systems 85 

along with irrigation and mechanization are pervading the traditional rainfed olive groves 86 

(Proietti, et al. 2012). The diversity of olive orchards management types in the main 87 

growing areas has thus increased. In recent years, intensification techniques have been 88 

extensively adopted. Nowadays, olive orchards structure varies from traditional orchards 89 

with widely spaced trees (usually 50 to 160 trees ha-1) to hedgerow orchards with densities 90 

of 1200-2500 trees ha-1 (Caruso et al. 2014). This new structure of olive plantation differs 91 

from predominant traditional ones in term of performance and adopted techniques 92 

(irrigation, fertilization, mechanical harvesting and pruning). The requirements and quick 93 

adoption of these intensive management types casts doubts about their sustainability in the 94 
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future. The same happens with the conversion of already-existent rainfed orchards to 95 

irrigation. Assessing the implications of climate change on these various cultivation 96 

systems in the future is crucial for the sustainability of olive sector.  97 

Investigating olive grove responses to external forcing is highly complex due to the 98 

variability of environments around the Mediterranean and the large diversity of planting 99 

systems (structure and management). Hence, conducting this assessment depends on the 100 

ability to simulate such complex system since replicating future conditions in the field for 101 

different combinations of orchard type, soil characteristics and sub-climate is deemed 102 

implausible. In this regard, crops models are essential tools to investigate the relationship 103 

between crop productivity and climate change. In particular, process-based models are able 104 

to simulate crop physiology under different environmental conditions. Some models are 105 

designed to be responsive to climate change by simulating not only the impact of variations 106 

in temperature and precipitation but also to include the increased CO2 concentration 107 

according to the simulated future scenarios (Moriondo et al. 2015).  108 

Several studies have addressed the impacts of climate change on olive orchards either on 109 

local or regional level such as the Mediterranean (Rodríguez-Díaz et al., 2007; Tanasijevic 110 

et al., 2014; Brilli et al. 2019; Lorite et al., 2018; Fraga et al. 2019). Some were based on 111 

statistical approaches quantifying potential changes in water requirements and yield due to 112 

changes in temperature and rainfall (Rodríguez-Díaz et al., 2007; Tanasijevic et al., 2014). 113 

These simplified approaches neither accounted for the impacts of such variations on the 114 

physiology of olive trees nor considered the positive effect of the expected increase in the 115 

atmospheric CO2 concentration in the future. Lorite et al. (2018) used a simplified 116 

physically based model to assess olive orchard behaviour under future conditions. Even 117 
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though the increase in CO2 concentration was considered, this approach did not include 118 

physiological processes relative to olive cultivars adaptation to environmental stress (e.g. 119 

heat stress impacts on flowering and chilling requirements, impacts of CO2 on stomatal 120 

conductance). Other studies adopted a dynamic approach using process-based models. 121 

Brilli et al. (2019), for example, used an adapted version of a biogeochemical model 122 

(DayCent) but limited his analysis to spot areas across the Mediterranean basin. Fraga et al. 123 

(2019) did use a dynamic approach accounting the increase in CO2 concentration, but the 124 

process-based model used in their study (Viola et al., 2012) does not simulate a dynamic 125 

biomass allocation (partitioning at organs level) nor a three-dimensional shape of the 126 

canopy, factors with high importance in the context of climate change for a better 127 

representation of carbon assimilation and water balance. Regardless of the different level of 128 

sophistication in the modelling approach, none of these studies did investigate, in a 129 

thorough analysis, the effects of modern farming techniques such as irrigation or 130 

intensification, which future implications under climate change conditions remain still 131 

unknown despite the popularity they have already acquired.   132 

Given the prominence of olive cultivation in the Mediterranean, a detailed analysis of the 133 

combined impacts of future climate changes and farm management on olive orchards 134 

productivity and environmental performance is required. In this context, López-Bernal et al. 135 

(2018) have formulated a process-based model, OliveCan, capable of simulating the impact 136 

of environmental conditions (including water deficit) and management practices on the 137 

water relations, carbon assimilation, growth and productivity of olive orchards. OliveCan 138 

simulate the canopy in a three-dimensional geometry considering the different types of 139 

orchard structure. Biomass allocation follows a dynamic approach of assimilates 140 
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partitioning at organs level. This enables the comprehension of olive orchard dynamics 141 

under heterogeneous conditions of climate and agricultural practices and hence the 142 

identification of appropriate farming practices able to improve olive groves sustainability 143 

for specific environmental scenarios. 144 

A first question regarding the future sustainability of olive is how climate change (CC) will 145 

affect its productivity and its capacity for carbon capture. Current technological trends 146 

(adoption of hedgerow systems and conversion to irrigation) should also be evaluated in the 147 

context of CC. Finally, adaptation of olive orchards phenology by change in cultivars may 148 

be required. 149 

Therefore, we tried to address the following questions:  150 

I. How will olive productivity change under CC? 151 

II. Are olive irrigation requirements going to increase in the future? 152 

III. How will olive orchards perform under actual irrigation supply in the future? 153 

IV. Will irrigation of new intensive orchards become unsustainable under CC? 154 

V. Should olive varieties be changed? 155 

The questions raised above were approached with simulation experiments using the model 156 

OliveCan for the main olive growing areas around the Mediterranean. 157 

2. Materials and methods  158 

2.1. Climate data 159 

Future climate is partly determined by the magnitude of future emissions of greenhouse 160 

gases (GHG) forcing. A range of assumptions about the magnitude and pace of future GHG 161 



9 
 

emissions are formulated in a set of scenarios entitled Representative Concentration 162 

Pathways (RCPs) (IPCC, 2014). We used an intermediate and a very high GHG 163 

concentration scenarios, RCP4.5 and RCP8.5 respectively. RCP4.5 is a stabilization 164 

scenario where CO2 emissions are projected to increase until the mid-21st century, soothing 165 

afterwards. In contrast, RCP8.5 is characterized by a continuous increase in CO2 emissions 166 

until the end of the 21st century (IPCC, 2014). The outputs of GUF-CCLM4 Regional 167 

Circulation Models (RCM, 0.44°x0.44°) for RCP4.5 and RCP8.5 were statistically 168 

downscaled using a Delta change approach over observed daily data which were obtained 169 

starting from an EOBS gridded dataset (Moreno and Hasenauer, 2015) for the period 1980-170 

2010 according the procedure described in Mairech et al. (2020). Basically, the original 171 

dataset, consisting of 5700 grid points (10Km x 10Km) over the Mediterranean basin 172 

including daily minimum and maximum temperatures (Tmin and Tmax, °C), global 173 

radiation (Rad, MJm-2), cumulated rainfall (R, mm), wind speed (WS, ms-1) and relative 174 

humidity (RH, %) was clustered by aggregating each grid point according to the relevant 175 

affinity to a set of climatological indexes. This process identified 22 homogeneous climatic 176 

regions across the basin, within which daily data were obtained by averaging the weather 177 

variable of the respective grid points according to Mairech et al. (2020). 178 

According to Delta change approach procedure, the biases or random model errors of 179 

RCMs are removed by calculating the monthly differences of the considered 180 

meteorological variables between a baseline and future time slices (delta change). This 181 

difference is then added to the relevant observed data to produce an unbiased dataset 182 

describing future climate. In our specific case, the monthly differences in Tmin and Tmax 183 

(absolute difference), R (ratio), RAD (ratio), WS (ratio) and RH (ratio) between the 184 
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baseline (1980-2010) and two future time slices (2041-2070, 2071-2100) of GUF-CCLM4 185 

were calculated for each RCM grid point over the basin and then averaged over the relevant 186 

22 clustered regions. Finally, these deltas were applied, month by month, over the 187 

respective daily dataset, where Tmin and Tmax were summed up and the remaining 188 

parameters were multiplied. The resulting datasets were then used for feeding the 189 

simulation of OliveCan for future periods. 190 

2.2. OliveCan description 191 

A detailed description of the model is given by López-Bernal et al. (2018). In brief, 192 

OliveCan is a process-based model of olive trees. The model simulates the main 193 

components of the water and carbon balances of olive orchards and enables the user to 194 

assess the impacts of environmental conditions and management operations on tree growth, 195 

development and yield, both under potential and water-limiting conditions. 196 

The water balance module in OliveCan is derived from a previously developed approach 197 

that considers the soil heterogeneity due to localized irrigation: a fraction of the soil surface 198 

is kept wet while the remaining part is dependent on rainfall (Testi et al., 2006). Water 199 

balance is simulated for the two soil compartments. Each soil zone is subdivided in a 200 

number of layer defined by the user.  Fluxes of effective precipitation, runoff, drainage, 201 

water redistribution, and root water uptake are computed for each soil zone and layer. Soil 202 

evaporation and direct evaporation of rain water intercepted by the canopy are also 203 

considered. The model considers the canopy divided in two fractions: sunlit and shaded. 204 

For each fraction, gross assimilation, stomatal conductance, intercellular CO2 concentration 205 

and leaf water potential are computed. The model is therefore able to couple water and 206 
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carbon balances through leaf water potential and stomatal conductance. The model requires 207 

explicitly the environmental CO2 concentration and computes the intercepted 208 

photosynthetically active radiation according to the canopy geometrical structure, leaf 209 

density and size. 210 

The carbon balance module simulates the growth and development of the tree and the 211 

carbon exchange of the orchard by computing the different fluxes of C assimilation and 212 

respiration in the tree and soil. The model allocates assimilates, at organs level (leaves, 213 

shoots, branches, coarse roots, fine roots and fruits), which are routed to organs growth and 214 

respiration (maintenance respiration and growth respiration). Photosynthesis is calculated 215 

with a combination of Farquar (1980) and Leuning and Tuzet (2003) models that makes it 216 

correctly responsive to atmospheric CO2 concentration and to the stomatal behaviour 217 

induced by water stress. Flowering date is simulated according to the model of Melo-Abreu 218 

et al. (2004) that takes into account  two stages which duration depend on temperature. The 219 

first stage corresponds to the accumulation of chilling units (CU) enabling the tree buds to 220 

overcome dormancy while the second stage requires a given thermal time to reach 221 

flowering. Fruit photosynthesis and remobilization of CO2 assimilates are also taken into 222 

account.  The balance of C in the soil is computed by adding the inputs (i.e. senescence of 223 

fine roots, fall of leaves due to frost damage and senescence and incorporation of pruning 224 

residues) and subtracting the outputs (heterotrophic respiration) of C to/from the system. 225 

Finally, after computing all fluxes of assimilation and respiration between the orchard and 226 

the atmosphere, OliveCan provides net ecosystem productivity (NEP). 227 

The model requires weather, soil, environmental and orchard management inputs. 228 

Maximum and minimum air temperatures, average vapour pressure, solar radiation, average 229 
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wind speed, and precipitation are input at daily time step. The CO2 atmospheric 230 

concentration is also specified by the user: it can be either a fixed concentration or a 231 

variable calculated by the model as a function of the year. A fit to Mauna Loa Observatory 232 

CO2 measurement (Keeling et al., 1976; Thoning et al., 1989) or CO2 concentration 233 

projections of the Representative Concentration Pathways (RCP4.5 and RCP8.5) spanning 234 

the range of year 2100 (Moss et al. 2010) are used. Soil characteristics include the water 235 

contents at field capacity, wilting point and saturation and hydrological condition (an 236 

indicator of the capacity of infiltration of the soil when it is wet) according to the method of 237 

Soil Conservation Service (US-SCS)), bulk density and pH. Besides, the initial values of 238 

water and carbon contents for each soil compartment and soil layer are to be defined. 239 

Planting density, row orientation, latitude and initial values of age, ground cover and leaf 240 

area density are set for each orchard typology.   241 

The management operations considered by the model are irrigation, tillage, harvesting and 242 

pruning. Different pruning intensities can be simulated through a customizable parameter 243 

representing the fraction of Leaf Area Index removed in each operation. The user is also 244 

required to decide whether the residues are exported from the field or chipped and 245 

incorporated into the top soil layer. Irrigation may be input by the user or calculated by the 246 

model as a fraction of the evapotranspiration (ET) lost since the last irrigation event. 247 

The model is capable to function at different user-defined time steps (from minutes to 1 248 

day). All the simulations performed in this work were set at daily time step.  249 

2.3. Soil characteristics  250 

We used a single soil type in all clusters as a representative of the soil existing in traditional 251 

most common olive groves within the Mediterranean basin. We chose a medium texture 252 
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soil of 1 m depth. Soil water content at the permanent wilting point, field capacity and 253 

saturation were set to 0.10, 0.21 and 0.31 cm3 cm-3 respectively. pH was set at 8.5 and bulk 254 

density at 1.5 g cm-3. Soil organic carbon was initialized at 0.7%.  255 

2.4. Orchard types and management 256 

Three main olive groves types were considered for the simulations: low density LD (100 257 

trees ha-1), high density HD (400 trees ha-1) and super high density SHD (1650 trees ha-1) 258 

under no tillage and no cover crop. For each level of intensification, we assigned the 259 

orchard characteristics and management parameters shown in Table 1. Initial state of the 260 

canopy dimension (fraction of ground cover) is set for each orchard typology. Simulations 261 

are performed without re-initialization following a dynamic approach reflecting evolution 262 

of vegetative growth and hence changes in canopy dimension. In terms of water supply, 263 

rainfed, deficit and full irrigation were simulated. For each orchard type and for each 264 

climate cluster, irrigation requirements were calculated by the model. Irrigation was 265 

scheduled every two days during an irrigation season lasting from May 15th to October 10th. 266 

Harvesting was set on December 11th for actual climate. A preliminary simulation under 267 

future climate conditions showed that an advance in the flowering date is expected. This 268 

implies an increase in the length of the fruit filling period. To avoid any resulting bias in 269 

potential yield between reference and future simulations, we advanced the date of 270 

harvesting by the same number of days of anticipation in flowering for each cluster and for 271 

each future simulation. Pruning was simulated by removing a fixed fraction of the canopy 272 

biomass 10 days after harvest. The fraction of pruning and the pruning intervals were pre-273 

defined for each orchard type (Table 1).  274 
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2.5. Simulation experiments 275 

The simulation experiments were performed with OliveCan for recent past and for future 276 

climates. We considered the reference period 1980-2010 as a baseline for our analysis. 277 

Knowing the heterogeneity of environmental conditions existing in our study area we 278 

adopted some assumptions (i.e. use of a single soil type and clustering climate data) in 279 

order to reduce the complexity of our methodology and highlight the impact of only climate 280 

and agricultural management on olive orchard dynamics. Thus, the goal of our analysis was 281 

not a precise prediction of olive yield across the Mediterranean Basin but rather an 282 

estimation of the relative magnitude and direction of yield and water need changes for olive 283 

under projected climate conditions across the Basin. Therefore, all impacts of future climate 284 

change on olive orchards were evaluated as deviations between the baseline case (1980-285 

2010) and two future periods (2041-2070 and 2071-2100) across all clusters. 286 

HD and SHD orchard typologies were simulated under deficit irrigation while LD orchard 287 

was simulated under both rainfed and deficit irrigation. Full irrigation requirements were 288 

determined by exploratory simulations forcing the model to irrigate automatically with the 289 

exact amount of water depleted from the soil - thus avoiding stomatal closure at all times. 290 

Deficit irrigation was set to 30% of full irrigation requirements so that amounts of water 291 

applied (ranging between 50mm and 200mm) consider, regarding the purposes of our 292 

analysis, the actual limitations in water allocated for irrigation and the potential future 293 

decrease in water resources. The atmospheric CO2 concentration was set according to the 294 

measurements of the Mauna Loa Observatory for the reference period.  295 

Future simulations were conducted using bias corrected data of GUF-CCLM4 model 296 

according to RCP4.5 and RCP8.5 scenarios as inputs for OliveCan for 2041-2070 and 297 
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2071-2100 horizons.. The atmospheric CO2 concentration in the future was set according to 298 

RCP scenarios. Table 2 summarizes all simulations conducted.  299 

Throughout this work yields are always expressed as dry matter of fruits (kg ha-1); NEP as 300 

tons of CO2 per ha and year and water supply (or requirements) in mm per year. Results for 301 

near future horizon (2041-2070) are only shown in the supplementary material while the 302 

main paper focus on the far future ones (2071-2100). 303 

2.5.1. Experiment I: How will olive productivity change under CC? 304 

We assessed the responses of HD orchards yield to climate change. Impact response 305 

surfaces of yield to variation in water inputs (irrigation + total rainfall) and atmospheric 306 

demand (represented here by the reference evapotranspiration or ET0 - Allen et al, 1998) 307 

were analysed. Local polynomial regression fitting (loess), (R Core Team, 2020), was used 308 

to fit yield response to a polynomial surface determined by water inputs and ET0 as 309 

predictors. Outputs of increasing irrigation amounts applied (30%, 50%, 70% and 100% of 310 

irrigation requirement) were used as observed points.  311 

2.5.2. Experiment II: Are olive irrigation requirements going to increase in the 312 

future? 313 

We used the full irrigation simulations to quantify the future irrigation requirements (mm 314 

year-1) for the different orchard typologies (LD, HD and SHD orchards), climate clusters 315 

and climate change scenarios. 316 

2.5.3. Experiment III: How will olive orchards perform under actual irrigation supply 317 

in the future? 318 
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We simulated rainfed and irrigated olive orchards in all climate clusters over Southern 319 

Europe. In irrigated simulations (LD, HD and SHD orchards), the same amounts of deficit 320 

irrigation (30% of full irrigation requirements) applied during reference period 1980-2010 321 

for each climate cluster were applied for the future simulations. 322 

Dry matter yield and Net Ecosystem Productivity (NEP) (𝑁𝐸𝑃 = 𝐺𝑃𝑃 − 𝑅𝑒𝑐𝑜, where GPP 323 

is the Gross Primary Productivity and Reco the Total Ecosystem Respiration) were 324 

evaluated. 325 

 2.5.4. Experiment IV: Will irrigation of new intensive orchards become unsustainable 326 

under CC?  327 

To better evaluate the performance of different orchards considered, we fixed the same 328 

amount of water available for irrigation for all orchards types (LD, HD and SHD). 329 

Irrigation was set to cover approximately the full irrigation requirements found for the LD 330 

orchard type for each climate cluster in the reference period 1980-2010. This amount 331 

ranged between 130 mm year-1 and 200 mm year-1 depending on the local rainfall and ET0 332 

regimes.  333 

2.5.5. Experiment V: Should olive varieties be changed? 334 

This section was focused on flowering, one of the most sensitive and critical stages of olive 335 

phenology. Specifically, we compared the potential for chilling accumulation and the 336 

expected flowering date among clusters and climate scenarios. The simulation of these 337 

processes in OliveCan is based on the sequential model by De Melo-Abreu et al. (2004). 338 

Chilling potential was determined as the maximum amount  339 
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of chilling units (CU) that can be accumulated over each winter. Estimates of the chilling 340 

potential were compared with the chilling requirements of five olive cultivars, namely, 341 

‘Arbequina’, ‘Picual’, ‘Leccino’, ‘Frantoio’ and ‘Moraiolo’. Variability in the flowering 342 

date across clusters and climatic scenarios was evaluated for ‘Arbequina’, an early 343 

flowering cultivar, and ‘Moraiolo’, a late flowering cultivar. The cultivar specific 344 

parameters required to run the simulations were taken from De Melo-Abreu et al. (2004) 345 

and Aybar et al. (2015). 346 

3. Results  347 

3.1. Climate trends in the future  348 

Projected climate is warmer and drier over the Mediterranean by 2071-2100. Both future 349 

scenarios foresee an increase in temperature reaching by the end of the century, according 350 

to RCP4.5 and RCP8.5 respectively, 1.6 °C and 3.4 °C for minimum temperature and 2°C 351 

and 4 °C for maximum temperature. A decrease in total annual precipitation is expected. 352 

Regional distribution of annual rainfall presents a high gradient between the centre of the 353 

Mediterranean (wet region) and the western part especially the centre and south of the 354 

Iberian Peninsula (dry region). Decrease in annual precipitation is higher than 15% mainly 355 

over the centre and eastern coastlines of Spain according to RCP4.5. The decrease exceeds 356 

30% according to RCP8.5 scenario. High seasonal variability in rainfall is also expected. 357 

Future scenarios foresee an increase in ET0 reaching maxima mainly over the Iberian 358 

Peninsula. A detailed description of climate future conditions is given in Supplementary 359 

Material. 360 

3.2. Experiment I:  How will olive productivity change under CC? 361 
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Figure 1 shows the response of yield to combined effect of ET0 and water inputs for HD 362 

orchards under the reference period, RCP4.5 and RCP8.5 future scenarios. The plot 363 

corresponding to the reference scenario shows that yield isolines are rather flat at low 364 

values of ET0, reflecting the high weight of water inputs on yield response. However, at 365 

very high ET0 yield isolines become more diagonal indicating that such high ET0 acts as an 366 

additional limiting factor for yield. The future scenarios made the yield isolines to be closer 367 

(specially the RCP8.5), implying a higher yield sensitivity to water inputs and ET0 in 368 

relation to the baseline. For the same levels of ET0, providing that the climatic variables 369 

remain under the predicted range of respective RCP, the potential yields resulted higher in 370 

both future scenarios. Contour plots for LD and SHD typologies have similar pattern of 371 

yield response change between the three scenarios (data not shown). 372 

3.3. Experiment II:  Are olive irrigation requirements going to increase in the future? 373 

Estimates of irrigation requirements varied among clusters and climate scenarios. In the 374 

reference period (Supplementary Fig. 7), the highest irrigation requirements are found over 375 

the centre and south of the Iberian Peninsula, the south of Italy, Greece and west of Turkey; 376 

this regional distribution is maintained in the future scenarios. In terms of the expected 377 

changes as compared to the reference period, the general pattern is quite similar in all 378 

orchard types and scenarios (Fig. 2). In terms of relative changes, the north east of Spain, 379 

south of France, centre and eastern coastlines of Italy and eastern regions of Greece present 380 

higher increase in irrigation than the east of Turkey, the centre and southern region of the 381 

Iberian Peninsula. In general, the absolute values of irrigation increase were lower than 382 

20mm year-1, 50mm year-1 and 100mm year-1 for LD, HD and SHD respectively 383 

(Supplementary Fig. 18). For RCP4.5, all orchards types present similar variation in IR 384 
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reaching a maximum increase of 10%, 13% and 15% for LD, HD and SHD respectively. 385 

For RCP8.5, the increase in IR is higher: LD, HD, and SHD orchards will need as 386 

maximum 14%, 20% and 27% more water, respectively, to reach their potential yield.  387 

3.4. Experiment III: How will olive orchards perform under actual irrigation supply 388 

in the future? 389 

Figure 3 presents the changes in yield between the reference and future period for RCP4.5 390 

(Fig. 3a) and RCP8.5 for rainfed LD orchards, i.e. the still prevalent typology of olive 391 

orchard in Mediterranean landscapes (Fig. 3b). We notice a high gradient between the yield 392 

changes over the centre of the Mediterranean and the Iberian Peninsula. In fact, according 393 

to RCP4.5, it is predicted that rainfed conditions will result in a decrease in yield up to 18% 394 

over the Iberian Peninsula with an increase in inter-annual coefficient of variation over the 395 

region of 12%. Over the rest of the Mediterranean, an increase is predicted ranging between 396 

12% and 20% with no significant changes in inter-annual variability. This gradient is even 397 

stronger for RCP8.5. Increase in yield around 25% is expected in the centre of the 398 

Mediterranean while over the Iberian Peninsula yields are expected to decrease more than 399 

20%, with an increase in inter-annual variability (CV) of 20%. The remaining region 400 

covering the south of Italy, the east of Greece and Turkey did not present significant 401 

changes in the yield compared to the reference period.  402 

Figure 4 presents the performance of LD, HD and SHD olive orchards in the future 403 

according to RCP4.5 and RCP8.5. Irrigation applied for these simulations correspond to the 404 

30% of maximum irrigation requirements of each typology during reference period 1980-405 

2010.  406 
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When analysing the productivity of different orchards typologies according to each RCP 407 

scenario, we notice that the increase in the level of intensification is accompanied with an 408 

improvement of the yield (Fig. 4). According to RCP4.5, yield for deficit irrigated LD 409 

orchard (Fig. 4a) decreases in the Iberian Peninsula up to 10% with an increase in inter-410 

annual variability of 11% while in all remaining regions an increase is predicted with no 411 

significant change in the inter-annual variability. Contrastingly, in the western coastlines of 412 

Italy, Greece and Turkey, an increase of 15% is predicted. For HD (Fig. 4b), the same 413 

pattern as for LD is predicted in the future, with only a slight tendency for higher yield. On 414 

the contrary, for SHD (Fig. 4c), yield increases are predicted in all climate clusters with no 415 

significant change in the inter-annual variability. Increases in yield are more relevant in the 416 

centre and the eastern part of the Mediterranean and exceed 30%. Changes in yield 417 

observed for RCP4.5 simulations are intensified under RCP8.5 conditions. In fact, lower 418 

yields of 21% less for LD and 15% for HD are expected over the Iberian Peninsula. For 419 

SHD, the yield increase is even higher under RCP8.5 exceeding 45%. Olive 420 

evapotranspiration changed in parallel with yield, having the highest decrease over the 421 

Iberian Peninsula. The decrease in the consumptive average ET reached a maximum of 422 

27% for LD, 25% for HD and 23% for SHD according to RCP8.5 (Supplementary Fig. 21). 423 

The sustainability of olive groves as ecosystem services in future climate conditions was 424 

analysed by means of NEP trends (Table 3). Over the Iberian Peninsula, future changes 425 

estimated a neutral condition in LD rainfed orchard, reaching a decrease pinpointed over 426 

the centre and south east of Spain (Supplementary Fig. 19). According to RCP4.5, this 427 

decrease is slightly higher reaching a maximum of 18% while according to RCP8.5 it is 428 

around 14%. Over the remaining region of the study area, an increase is estimated. This 429 
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increase is of 15-23% according to RCP4.5 and is higher than 18% according to RCP8.5 430 

exceeding 30% in the centre of the Mediterranean. 431 

Under deficit irrigation (Supplementary Fig. 20), NEP tends to increase along with 432 

intensification. According to RCP4.5, the centre and eastern coastlines of Spain were the 433 

only regions presenting a small change in NEP, with lower values for LD and HD (<10% 434 

and <5%, respectively) and a slight increase for SHD (<12%). On the remaining regions, 435 

NEP is projected to increase. SHD orchards show the highest increase in NEP reaching 436 

values of 36%. According to RCP8.5, the Iberian Peninsula presents the lowest increase of 437 

NEP, close to neutrality over the southeast of Spain for LD. NEP is estimated to increase in 438 

all remaining regions and for all orchard types. This increase reaches the highest values for 439 

SHD with values exceeding 50%. 440 

3.5. Experiment IV: Will irrigation of new intensive orchards become unsustainable 441 

under CC? 442 

Figure 5 shows the yield for different orchard types under present and future climate 443 

conditions when the same amounts of irrigation (full irrigation requirement for LD in each 444 

location) are applied for all types. The regional distribution of yield is quite similar for all 445 

typologies. Yields always increase with the level of intensification both in actual and future 446 

climatic conditions (Fig. 5). For reference period (Fig. 5a, b, c), the lowest increase in 447 

productivity (25-40% for HD and SHD orchard with respect to the productivity of LD 448 

orchards) is estimated in the centre and south-east of the Iberian Peninsula. The highest 449 

increase (around 55% for HD and higher than 60% for SHD) is mainly located in the centre 450 

of the Mediterranean covering Italy and Greece. Scenarios RCP4.5 (Fig. 5d, e, f) and 451 

RCP8.5 (Fig. 5g, h, i), show similar distributions of yield but the increase is higher and as 452 
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compared to the reference period is highest for SHD in RCP8.5 (mean increase of 45% over 453 

all study area).   454 

3.6. Experiment V: Should olive varieties be changed? 455 

Figure 6 presents the impact of climate change on the accumulation of chilling requirement 456 

during the winter in each climate cluster. When comparing between reference period and 457 

future scenarios, we notice that chilling units accumulated are decreasing in the future 458 

while presenting larger interannual variability. This tendency is observed in all climate 459 

clusters. RCP8.5 showed the highest decrease. According to this scenario, chilling units 460 

accumulated will not reach every year the minimum chilling requirement for Moraiolo, 461 

Frantoio and Leccino cultivars over clusters covering the south of the Iberian Peninsula.  462 

Figure 7 shows the impact of climate change on the date of flowering for ‘Arbequina’ 463 

(early flowering) (Fig. 7a, b), and ‘Moraiolo’ (late flowering) (Fig. 7c, d). An advance of 464 

flowering date is predicted in all regions. According to RCP4.5, anticipation is lower than 465 

15 days for both cultivars. For RCP8.5, flowering date anticipation ranges from 12 to 30 466 

days for Moraiolo while for ‘Arbequina’ the advance is higher than 20 days. The southeast 467 

of Spain, the centre of Italy, Greece and the west of Turkey are the more affected regions 468 

with values higher than 25 days for ‘Moraiolo’ and 30 days for ‘Arbequina’. 469 

DISCUSSION 470 

As transpirable water is the main limit to olive productivity, in the assessment of climate 471 

change impacts on olive orchard dynamics, we focused first on the analysis of olive 472 

orchards water production function variation under reference, RCP4.5 and RCP8.5 473 

scenarios. We analysed HD orchard yield in response to variations in water inputs 474 
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(irrigation + rainfall) and ET0 as a proxy of the atmospheric water demand (Fig. 1). Results 475 

shows that yield is not dependent on water inputs only but also on evaporative demand. At 476 

high ET0, impact surface responses show a noteworthy increase in ET0 impact on yield 477 

variation with respect to water inputs, reflecting a low water use efficiency (WUE), which 478 

was somewhat expected. This effect is even higher according to RCP8.5. Under these 479 

conditions, atmospheric vapour pressure deficit (VPD) is the main driver for the regulation 480 

of the tree water balance. In fact, at high VPD, for a given amount of CO2 entering the 481 

stomata, a larger amount of water vapour is lost (Testi et al., 2008). These outcomes 482 

reaffirm that water is the main limiting factor of olive productivity in the Mediterranean, 483 

and VPD (or its proxy ET0) is always modulating the productivity even under unrestricted 484 

irrigation. Yield surface responses can serve as a summary model to estimate olive 485 

productivity for a specific case study. For a given CO2 concentration pathway and 486 

estimated annual evaporative demand, the summary model of Fig.1 can approximate 487 

theoretical olive productivity in response to water inputs for actual and future conditions. 488 

Comparing the three climatic scenarios under the same water conditions (ET0 and water 489 

inputs), yield reaches the highest values under RCP8.5 scenario. Olive orchard productivity 490 

is therefore increasing with the increase of CO2 concentration as, for the same stomatal 491 

conductance, it would enhance photosynthesis increasing both radiation use and water use 492 

efficiencies (Tognetti et al., 2001; Tubiello and Ewert, 2002). Olive trees may thus be able 493 

to partially, totally or even over compensate for the negative consequences of increased 494 

temperature and reduced rainfall that can be expected over the course of the current 495 

century. Nonetheless, the increased possibility of extreme events occurrence in the future is 496 

a factor that may adversely affect future yield production due to the high uncertainty in its 497 

prediction. 498 
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The seasonal amount of water available for transpiration is the main driver for the 499 

productivity of any olive grove (Connor and Fereres, 2010); the maximum (optimal) 500 

irrigation requirements are thus an important descriptor of the dependence on external 501 

water supply to match high productivities in future climate. In spite of -generally speaking- 502 

the higher CO2 availability will require lower stomatal conductance to attain a given 503 

photosynthesis rate, future irrigation requirements will be generally higher. At the actual 504 

state of RCP forecasting, regions with the highest irrigation requirement are the most 505 

affected by the predicted decrease in annual rainfall and the increase in ET0. Compared to 506 

the reference period, an increase in irrigation requirements for all orchard types is expected 507 

and is higher under RCP8.5 (Fig. 2). Our results agree partly with previous studies that 508 

estimated higher water requirements in the future (Rodríguez Díaz et al., 2007; Tanasijevic 509 

et al. 2014; Fraga et al. 2019, although only the last seems to have taken into account the 510 

future reduced conductance). Even though the distribution of future relative changes shows 511 

that dry regions (centre and south of the Iberian Peninsula) are having lower predicted 512 

increases in irrigation requirements compared to the wet regions (mainly centre of the 513 

Mediterranean), the absolute increases in irrigation amounts (in mm year-1 in 514 

Supplementary Fig.18) differ little between clusters. In fact, coefficient of variation 515 

between clusters for each orchard typology is around 40% for RCP4.5 and is lower than 516 

20% for RCP8.5. The increase in irrigation requirements was proportional to the level of 517 

intensification and distinctly under RCP8.5. In fact, the improvement of photosynthesis in 518 

response to the increase in CO2 concentration resulted in an increase in growth and hence a 519 

larger canopy and leaf area. This effect was stronger in wet than in dry regions and resulted 520 

in a higher evapotranspiration level. This dynamic aspect of vegetative growth was not 521 

addressed in previous studies. The expected future changes in irrigation requirements can 522 
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be, in this case, modulated by changing the pruning frequency or intensity to better control 523 

the changes in trees size in the future. 524 

In this research, we focused also on the sustainability of current agricultural management; 525 

in particular, irrigation gives rise to concerns, as water resources available to irrigation of 526 

crops seems to have already peaked in the Mediterranean area (Gerten et al. 2011). We 527 

simulated the dynamics of olive orchards while keeping the same actual irrigation 528 

management under future climate scenarios RCP4.5 and RCP8.5. The traditional rainfed 529 

orchards (Fig. 3), will undergo a decrease in yield over the Iberian Peninsula in the future, 530 

along with an increase in inter-annual variability whereas an increase in productivity of 531 

these orchards is predicted over the centre of the Mediterranean, mainly Italy and Greece. 532 

These results are in agreement with previous studies showing a decrease in yield over the 533 

western part of the Mediterranean and an increase over the eastern part (Ponti et al. 2014; 534 

Fraga et al. 2019). Tanasijevic et al. (2014) showed a decrease in the suitability of rainfed 535 

olive cultivation over Italy and Greece. This may be related to the fact that this study did 536 

not consider the effect of the increase in CO2 concentration and its complex links with plant 537 

stomatal behaviour. By using a single soil type as representatives of the medium soil 538 

quality existing in traditional most common olive groves within the Mediterranean basin, 539 

our analysis removes the impacts of soil quality on olive productivity while it emphasizes 540 

those of climate and management. According to the simulations conducted, results show the 541 

vulnerability of rainfed orchard to future climate conditions over arid/semi-arid regions. 542 

Conversely, the predicted decrease in rainfall and increase in ET0 were not critical for the 543 

productivity over centre and eastern part of the Mediterranean. In fact, over these less water 544 

demanding environments, traditional olive orchards will benefit from the increase of 545 



26 
 

atmospheric CO2 concentration more than they will suffer from water scarcity induced by 546 

the reduced precipitation regime expected. Hence, to overcome predicted dry conditions, 547 

the incorporation of at least a supplementary irrigation management over most vulnerable 548 

regions will likely be indispensable to preserve the productivity and sustain traditional olive 549 

orchards under future climate conditions.  550 

Under deficit irrigation (Fig. 4), the Iberian Peninsula was the region with the largest 551 

decrease in yield, especially for LD. In contrast, SHD showed higher yield in all clusters. 552 

The centre of the Mediterranean had the highest increase in yield for all typologies. These 553 

predicted changes were intensified under RCP8.5. The pattern of changes is highly 554 

correlated to the future variability in annual rainfall and ET0. Deficit irrigation in the 555 

amounts applied during the reference period (1980-2010) does not compensate the 556 

reduction in annual rainfall and the increase in ET0 expected in the future especially over 557 

dry regions (mainly centre and south of the Iberian Peninsula). For example, according to 558 

RCP8.5, over the centre of Italy, orchard evapotranspiration is expected to decrease by 7% 559 

and 8% (average of 30 years) for LD and SHD respectively (Supplementary Fig. 12). Over 560 

the centre of the Iberian Peninsula, the most impacted region, evapotranspiration is 561 

expected to decrease by 23% and 20% for LD and SHD respectively, due to the stomatal 562 

closure caused by the water deficit that these dry regions will face. Soil water deficits will 563 

be, in these cases, more limiting than the effects of VPD on the modulation of water 564 

balance. Deficit irrigation, therefore, should be adjusted at local level for a better 565 

improvement of productivity. In general, except regions that are prone to future dry 566 

conditions, application of deficit irrigation showed positive results as it helps increase 567 

irrigation water use efficiency (Iniesta et al., 2009; Gucci et al., 2019).  568 
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Intensive and super-intensive orchards respond better to climate change than traditional 569 

ones when applying the same irrigation amounts for all types (Fig.5). Even though water 570 

applied covered full requirement of the LD orchard and approximately 30% of irrigation 571 

requirement of SHD, the latter presented the highest productivity compared to LD and HD, 572 

reflecting higher water use efficiency (i.e., the marginal effect of the main driver for the 573 

productivity of olive - which is the available water - is maximized in denser plantations). 574 

The regional variability of productivity is associated to climate. The improvement of yield 575 

with the level of intensification is explained by the increased radiation interception 576 

(Villalobos et al., 2006; Proietti et al., 2015). Under future scenarios and especially 577 

RCP8.5, productivity of all the simulated orchards was higher than in the reference period 578 

and SHD presented the best performance (Fig. 5). In fact, the mean increase in yield over 579 

our study area reached 45% for SHD compared to 25% for traditional orchards (Fig. 5). 580 

Intensive plantations seem to benefit more from the increase in CO2 level. Nevertheless, 581 

these results must be considered a general statement: considering the regional variability 582 

observed in our results, implementation of this management require local assessment for a 583 

better evaluation of its potential performance under specific environmental conditions. 584 

We investigated also the carbon capture capacity of olive orchards under global warming 585 

(Table 3). The centre and south-eastern part of the Iberian Peninsula are the regions 586 

expecting a decrease for rainfed LD orchard, with lower intensity approaching neutrality 587 

for irrigated LD and HD orchard (Supplementary Fig. 19 and 20). On a general view, the 588 

predicted changes in NEP vary along with those in yield. Brilli el al. (2016) showed that 589 

rainfall amounts and timing are the main drivers of carbon sequestration in the rainfed 590 

orchard they simulated in a dry environment and that higher spring rainfall increased both 591 
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spring and summer NEP. In our study, regions expecting a decrease in NEP are those 592 

expecting the largest decrease in spring rainfall: for example, the centre and southern 593 

regions of the Iberian Peninsula had the highest decrease in NEP for rainfed LD orchard 594 

under RCP 4.5 and had the highest decrease in spring rainfall of 30%. Regarding the 595 

different components of NEP, the increase in maintenance respiration - especially on leaves 596 

- due to higher temperatures was larger than that of GPP (data not shown), because of the 597 

inhibition of photosynthesis. In parallel to yields, NEP for irrigated orchards is expected to 598 

increase mainly in the centre and eastern parts of the Mediterranean. This is at odds with 599 

the results of Brilli et al. (2019) showing a substantial decrease in NEP in the future for 600 

traditional olive groves all over the Mediterranean area. This is probably due to the use of 601 

an adapted version of the biogeochemical model DAYCENT that does not take into 602 

account all the specific factor of the plant. In fact, the sub model that simulates the arboreal 603 

part is not very developed which may impact olive photosynthesis estimation and therefore 604 

the increase of CO2 concentration in the future. Our results proved that irrigation and 605 

intensification could compensate the climate impacts and promote the increase in NEP by 606 

improving net photosynthesis. Even though some traditional olive orchards types over dry 607 

regions presented a decrease in NEP in the future (Supplementary Fig. 19), the carbon 608 

capture capacity is still important.  609 

Regarding the projected alterations in the phenological development, we found that chilling 610 

units accumulated during the winter will decrease in the future and will show a higher 611 

interannual variability (Fig. 6). The highest impact is estimated over the Iberian Peninsula 612 

where some cultivars such as Moraiolo, Frantoio and Leccino would not reach the chilling 613 

requirements needed to break winter dormancy. Fraga et al. (2019) also found a 614 
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lower/higher chilling portion for southwestern/eastern Europe particularly under RCP8.5. 615 

The increase in temperature will induce an advance of flowering date reaching 30 days for 616 

RCP8.5 (Fig. 7), which agrees with previous studies (Orlandi et al. 2013; Avolio et al., 617 

2012). These projections of insufficient chilling for some olive varieties may potentially 618 

threaten olive cultivation over the Mediterranean. Nevertheless, among the cultivars we 619 

tested and for which data of chilling requirement exist, none seems at risk of flowering 620 

failure in its traditional or actual cultivation area. Moraiolo, for example, is not cultivated in 621 

the areas where our model forecasts probabilities of flowering failure (central Portugal, 622 

southern Spain, and southern Italy) and no threats are expected in its traditional area of 623 

central Italy even under the worst scenarios of the end of the century. The forecasted 624 

advance in flowering will lead to changes in the timing of the different phenological 625 

phases. The phenological shifting is a consequence of temperature, thus flowering is 626 

expected to occur at approximately the same thermal environment as now (and this is 627 

actually what OliveCan predicts – data not shown). This implies that the frequency of 628 

extreme temperatures during flowering is not expected to increase significantly. Some 629 

studies suggest a gradual northward shift of current olive cultivation areas in the coming 630 

decades (Tanasijevic et al. 2014, Moriondo et al, 2008, Moriondo et al. 2013). Expanding 631 

our analysis beyond the already cultivated areas and existing varieties requires models that 632 

take into account not only cultivar differences but also the complex response of olive 633 

photosynthesis and growth to radiation, temperature and CO2 concentration.  634 

Uncertainty is almost unavoidable in impact modelling due to the input data used and the 635 

set of assumptions adopted in the modelling approach. Uncertainty associated to input data 636 

arises from the cascade of uncertainty from GHG emissions scenarios to regional climate 637 
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model. In fact, GHG scenarios describe plausible but unpredictable conditions in the future 638 

(IPCC, 2014). These scenarios incorporate therefore substantial uncertainties about their 639 

plausibility and robustness. Likewise, climate model uncertainty is the incomplete 640 

knowledge about the climate system. Although the physical processes simulated are the 641 

same, internal variability, boundary conditions and parameterizations may differ between 642 

the various existing climate models (Flato et al. 2013). Owing to uncertainties in climate 643 

models and emission scenarios, any individual simulation represents only one of the 644 

possible pathways the climate system might follow. Therefore, we performed a multi-645 

scenarios assessment using RCP4.5 and RCP8.5 scenarios in order to span the range of 646 

possible projections and highlight the corresponding uncertainties. Even though the use of 647 

relative change and multiyear average data (reference period) enabled a robust estimate of 648 

the relative magnitude and direction of yield and water need change for olive under 649 

projected climate change across the Mediterranean, there is still a need to perform 650 

comprehensive assessments based on multi-model ensembles to derive more robustness to 651 

the predicted relative changes and to provide a measure of its uncertainly under future 652 

climate conditions (Deser et al., 2012). Another class of uncertainties relates to the 653 

assumptions adopted in the modelling approach. In fact, knowing the heterogeneity of 654 

environmental conditions existing in our study area we adopted some assumptions (i.e. use 655 

of a single soil type and clustering climate data) in order to reduce the complexity of our 656 

methodology and highlight only the impact of climate and agricultural management on 657 

olive orchard dynamics. Thus, results of the present analysis on olive dynamics are 658 

intended to be exploratory rather than predictive. Uncertainty in this case can be reduced 659 

via the development of smaller‐scale assessments parameterized and validated with local or 660 
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regional data. Taking into account all sources of uncertainties will improve the evaluation 661 

of impacts related to natural climate variability as well as anthropogenic climate change. 662 

We are confident that the presented analysis is the more complete to date with the 663 

modelling tools available today, but unfortunately is still far to be comprehensive of all the 664 

possible CC effects on olive crop. OliveCan also models explicitly the response to the 665 

increased frequency of extreme meteorological events (heatwaves, frost and extreme 666 

drought). Heat stress in future climates may affect oil concentration and quality (Ayerza 667 

and Sibbett, 2001); advanced submodels of oil accumulation, fatty acids composition and 668 

minor quality components are essential to this appraisal, but unfortunately still to come. 669 

CONCLUSION 670 

The use of OliveCan allowed the evaluation of the productive and environmental 671 

performance of olive orchards under different climate change scenarios and management 672 

strategies, considering explicitly the effect of CO2 concentration over photosynthesis and 673 

all its links and feedbacks from plant water status through the stomatal behavior. Future 674 

climate is expected to show tendencies with large regional variability over the 675 

Mediterranean. Drier and warmer conditions are expected all over the study area, with the 676 

most negative impacts over the Iberian Peninsula. Findings of this research answered the 677 

questions we raised regarding the future sustainability of olive in the context of CC: 678 

I. How will olive productivity change under CC? 679 

The increase in CO2 concentration may offset the negative effects of higher 680 

temperature/VPD, and diminished rainfall, resulting in an increase of productivity. 681 

II. Are olive irrigation requirements going to increase in the future? 682 
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Maximum water requirements will be higher in the future especially over most affected 683 

regions by the predicted decrease in annual rainfall and the increase in ET0. 684 

III. How will olive orchards perform under actual irrigation supply in the future? 685 

Rainfed low density orchards will be most vulnerable to climate expected changes, in 686 

particular in the driest areas. Deficit irrigation will improve olive orchard productivity and 687 

carbon sequestration capacity. Although the maximum water requirements will be higher in 688 

the future, olive orchards will be able to produce satisfactorily at the end of the century 689 

without requiring more irrigation water resources. 690 

IV. Will irrigation of new intensive orchards become unsustainable under CC? 691 

Intensification will improve olive orchard productivity and benefit more from the increase 692 

in CO2 level than traditional orchards under the same irrigation regime. 693 

V. Should olive varieties be changed? 694 

A decrease in chilling units accumulation is expected with no significant flowering 695 

anomalies or failures in the whole study area assuming the present distribution of cultivars. 696 

The predicted advance of flowering date has limited practical implications.  697 

 698 

Even though this study proved that irrigation and intensification could compensate the 699 

climate impacts and improve olive productivity and carbon sequestration potential, 700 

assessment of management alternatives at local scale will be a must for a better adaptability 701 

of olive orchards.  702 

  703 
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Table 1: Characteristics of olive orchard types. DDX: distance between rows; DDY: 919 

distance between trees in a row 920 

  921 

Orchard 

Density 

Irrigation DDX 

(m) 

DDY 

(m) 

Ground 

Cover 

(fraction) 

Leaf 

Area 

Density  

(m2 m-3) 

Pruning 

Interval 

(years) 

Pruning 

Intensity 

(fraction of 

LAI) 

Low density rainfed 10 10 0.2 0.85 2 0.1 

Low density irrigated 10 10 0.25 0.85 1 0.05 

High density irrigated 7 3.5 0.4 1.2 1 0.05 

Super high 

density 

irrigated 4 1.5 0.4 1.5 1 0.2 
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Table 2:  Summary of simulation experiments  922 

 Simulations Typologies Water supply 

I 

How will olive productivity 

change under CC? 

LD, HD, SHD 

30%, 50%, 70% and 100% of 

irrigation requirement during 

reference and future periods 

II Are olive irrigation 

requirements going to increase 

in the future? 

LD, HD, SHD 

100% of irrigation requirement 

during reference and future periods 

III How will olive orchards 

perform under actual irrigation 

supply in the future? 

LD, HD, SHD 

LD:  rainfed 

LD, HD, SHD: 30% of irrigation 

requirement during reference period 

IV 

Will irrigation of new 

intensive orchards become 

unsustainable under CC? 

LD, HD, SHD 

Irrigation supply equal for the 3 

typologies and equal to 100% of 

irrigation requirement for LD during 

reference period 

V Should olive varieties be 

changed? 

LD 100% of irrigation requirement 

  923 
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Table 3: NEP changes (ranges over study area in %) for LD, HD and SHD during future 924 

period 2071-2100 according to RCP4.5 and RCP8.5 with comparison to reference period 925 

1980-2010. LD-RF are rainfed orchards. LD-IR, HD-IR and SHD-IR are irrigated orchards: 926 

the same amounts of irrigation (30% of irrigation requirements) estimated for each climate 927 

cluster during reference period are applied for future simulations. 928 

 RCP4.5 RCP8.5 

Min Max Min Max 

LD-RF -18% 23% -14% 35% 

LD-IR -8% 22% -2% 34% 

HD-IR -4% 23% 11% 37% 

SHD-IR 9% 36% 26% 70% 

  929 
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 930 

Figure 1: Contour plots of dry yield (kg ha-1) to variation in ET0 (mm year-1) and total 931 

water input (mm year-1) for High Density (HD) during reference period 1980-2010 (a) and 932 

2071-2100 according to RCP4.5 (b) and RCP8.5 (c). Colour gradient from beige to green 933 

refers to the increase of yield. White dots are the outputs of the simulations used.  934 



48 
 

 935 

Figure 2: Changes in maximum irrigation requirement (in %) for LD, HD and SHD during 936 

2071-2100 according to RCP4.5 (a, b, c) and RCP8.5 (d, e, f) as compared to the reference 937 

period 1980-2010 (shown in fig. 7 of supplementary materials).  938 
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 939 

Figure 3: Changes in yield (in %) for rainfed LD orchards for future period 2071-2100 940 

according to RCP4.5 and RCP8.5 compared to reference period 1980-2010  941 
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 942 

Figure 4: Yield changes (in %) for deficit irrigated LD, HD and SHD olive orchards for 943 

2071-2100 according to RCP4.5 (a, b, c) and RCP8.5 (d, e, f) as compared to the reference 944 

period 1980-2010.   945 
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946 
Figure 5: Yield (in kg ha-1) for LD, HD and SHD during reference 1980-2010 (a, b, c) and 947 

2071-2100 period according to RCP4.5 (d, e, f) and RCP8.5 (g, h, i). The same amounts of 948 

irrigation estimated in each climate cluster for full-irrigated LD orchard in the reference 949 

period are applied for all orchard types.  950 
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 951 

Figure 6: Accumulated chilling units during reference period 1980-2010 and future period 952 

2071-2010 according to RCP4.5 and RCP8.5 for each climate cluster. Dashed lines are the 953 

chilling requirement for each cultivar. The box shows the interquartile range (IQR: 25th 954 

percentile (Q1) and 75th percentiles (Q3)). The whiskers extend to Q1-1.5*IQR and 955 

Q3+1.5*IQR.   956 
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 957 

Figure 7: Advance in flowering date (days) for 'Arbequina' (a, b) and 'Moraiolo' (c, d) for 958 

2071-2100 according to scenarios RCP4.5 and RCP8.5 as compared to reference period 959 

(1980-2010). 960 


