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Abstract  23 

Sustainability is a feature that most companies adopt in order to improve their profits, 24 

even when their activity is not sustainable or the definition in their sector is not clear. 25 

This concept actually relates to the management of natural resources. Agriculture, and 26 

particularly irrigation scheduling, is strongly linked to a sustainable management; 27 

however, it is not clear what defines a sustainable management. Several efforts have 28 

been made to improve the conservation of water resources, but most of them have not 29 

involved growers at the orchard level; and consequently, they have lost their 30 

opportunity to create a real improvement in terms of sustainability. The aim of this work 31 

was to design a “hydroSOStainable index” (or “hydroSOS index”) that evaluates 32 

different aspects at orchard level to improve the sustainability of the water resources. 33 

The hydroSOS index considers 16 indicators grouped in 4 areas: (i) hydraulic 34 

indicators, (ii) horticultural indicators not related to irrigation scheduling, (iii) 35 

horticultural indicators related to the moment when deficit irrigation is applied (when?), 36 

and (iv) horticultural indicators related to the way deficit irrigation is applied (how?). 37 

Each indicator provides different marks or scores, and their sum allows classifying 38 

orchard management into four labels. The weight of each indicator and each group is 39 

not in itself enough to obtain a maximum label. Groups allow to easily identify the main 40 

limitations for the orchard to achieve a sustainable irrigation management. This index 41 

was used to evaluate water management of two cases of study.   42 

 43 

Keyword: hydroSOS products, irrigation, RDI, water saving.  44 
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INTRODUCTION 45 

The concept of sustainability has been used since the second half of the 20th century. 46 

Initially, it was related to natural resources, but in the last years it has been associated 47 

with a wide range of economic activities. "Sustainability" is probably one of the most 48 

common words in the advertisement of different products. But these products do not 49 

involve a sustainable process or, at least, the process is not clearly defined (i.e. Dow 50 

Jones sustainability index (Foweler and Hope, 2007)). The consequence is that these 51 

strategies limit real and demonstrable uses of the concept and then the possible 52 

economic benefits. The United Nations (UN) defined sustainability as a development 53 

that covers present needs without compromising future generations’ needs (UN, 1987). 54 

Such definition does not necessarily mean that the quantity and quality of natural 55 

resources should be maintained. In agriculture, the meaning commonly accepted is that 56 

of conserving the amount of natural resources in the long term to maintain a certain 57 

level of production indefinitely (Villalobos and Fereres, 2016). Although more recently, 58 

the definition of sustainable agriculture has included management styles that are viable 59 

from an economic point of view and acceptable from a social point of view (Villalobos 60 

and Fereres, 2016).  61 

Sustainable irrigation is not clearly defined either. Gleick et al. (1995) 62 

considered that sustainable irrigation means that the hydrologic cycle and ecological 63 

systems are not being damaged. A more precise definition included concepts such as 64 

quantity and quality of water resources in the long term (i.e. Wichelns and Oster, 2006; 65 

Khan et al. 2004) and water productivity (Khan et al. 2004). According to Khan et al. 66 

(2004), the target to improve irrigation sustainability in an agricultural area could be 67 

associated with the increase of water productivity. Such increase in water productivity 68 

has been commonly supported with public policies that focused on improving water 69 
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drainage or water conduction before farm level. However, these great investments did 70 

not involve growers and the water saving before farm level was lower than the water 71 

waste at farm level (Van Schilfgaarde, 1994; Wichelns and Oster, 2006). In fact, farm 72 

level is the most important part in the definition of the water productivity in a 73 

hydrological basin because crops (Azad et al. 2015) and the growers’ water 74 

management (Herald et al. 2013) are the main sources of variation.  75 

In addition, drought-resistant fruit species, such as olive trees, could improve 76 

water sustainability within a basin if an accurate irrigation management was applied. 77 

However, deficit irrigation, even for these species, is not definitely linked to a 78 

sustainable management. The reduction in water availability could turn into poor 79 

economic profits (even null) or an unclear yield response (i.e. in very low density 80 

orchards (Moriana et al. 2007)). Additionally, adequate water management at farm level 81 

means an increase of costs, but not necessarily of profits. In these conditions, growers 82 

will not support a sustainable irrigation approach at farm level. Noguera-Artiaga et al. 83 

(2016) suggested the definition of "hydroSOStainable products" as fruits and vegetables 84 

cultivated under regulated deficit irrigation. These authors reported that Spanish 85 

consumers were willing to pay an extra amount of €1.0kg
-1

 for pistachio with such trade 86 

name (Noguera-Artiaga et al., 2016). The implication is that, if a price increase can be 87 

obtained, changes in the water management will be easily promoted. Then, the question 88 

turns into how this effort of improving the sustainability of irrigation at farm level could 89 

be evaluated. There are a few approaches to assess water management at orchard level. 90 

Sustainable wine growing in New Zealand presented a protocol in which the topic of 91 

irrigation only considered a few management options (irrigation scheduling, water 92 

productivity and amount of water applied) (SWNZ, 2013). The water footprint is an 93 

approach that considers the entire production process until the product reaches the end 94 
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consumer. Although the farm level is the most variable component in the cycle, this 95 

approach only considers the amount and type of water used, and not the real effort of 96 

growers to improve their management in their particular environmental and water 97 

availability conditions. An orchard receiving a high amount of rain and with low water 98 

needs could have a low-water footprint, even if the water management was very 99 

inefficient (some vineyards in New Zealand, Herath et al. (2013)). The aim of this work 100 

is to suggest an approach for olive trees that quantify the grower's effort to save water in 101 

olive orchards. in a way that could improve the sustainability of the system. This index 102 

would be based on scientific knowledge about deficit irrigation and other management 103 

techniques, 104 

 105 

MATERIAL AND METHODS 106 

Main concepts to consider for the hydroSOS index. 107 

The evaluation of the orchard management is very difficult because there are many 108 

factors that could affect the final results. Although the present work will focus only on 109 

the irrigation management, there are several factors more that could be involved in the 110 

sustainability of irrigation at orchard level. The present approach will describe and rate 111 

each factor in order to evaluate water management. This approach will have a similar 112 

structure to the "Seattle Green Factor" (Seattle Department of Construction and 113 

inspections, 2018). Briefly, the "Seattle Green Factor" was designed to evaluate green 114 

urban zones. This approach describes elements that could be evaluated, such as surface 115 

covered with plants, type of plants, how they are growing and so on. Each element is 116 

rated according to their importance and a final score is obtained for the evaluated zone. 117 

The approach followed in this document (hereinafter, the “hydroSOS index”) will 118 

identify, describe and rate different indicators which improve irrigation sustainability in 119 
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the orchard. The quantification of these indicators will allow identifying weakness and 120 

strengths of the orchard.  121 

The key concept in the hydroSOS index is the irrigation scheduling based on 122 

regulated deficit irrigation. According to Goldhamer (1999), the irrigation reduction 123 

during pit hardening in olive trees allows saving water with no effect on the yield. Such 124 

results have been confirmed in other works using different cultivars (i.e. Moriana et al. 125 

2003; Iniesta et al., 2009). Although there are a few works with different 126 

recommendations (i.e. Lavee et al., 2007), such differences could be explained by the 127 

level of water stress reached in comparison with the Goldhamer paper (Girón et al., 128 

2015a). Fernández et al. (2018) in a recent review suggested more accurate periods of 129 

water restriction for olive trees than those traditionally considered. However, in order to 130 

simplify the orchard evaluation, we will use the original suggestion in Goldhamer's 131 

work. Therefore, the highest marks will be obtained when this irrigation strategy (water 132 

stress during pit hardening period) is applied to the orchard. The hydroSOS index 133 

includes different indicators that allow applying the strategy and improve water saving. 134 

These indicators are grouped into hydraulic and horticultural. Hydraulic indicators are 135 

related to the irrigation design. Horticultural indicators are the most important in the 136 

evaluation and include all different orchard managements which could be involved in 137 

the increase of irrigation sustainability. The aim of the index is not to improve water 138 

productivity or even water saving, because in arid climates, the available water could be 139 

very limited and both criteria would not be associated with a good water management.  140 

 141 

Indicators definition for hydroSOS index. Hydraulic Indicators 142 

The irrigation design is the key point in the orchard for an efficient water management. 143 

But the correct design implies a great investment. Then, sometimes, no adequate 144 
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hydraulic design are installed to reduce the costs. Efficient hydraulic designs are very 145 

important for deficit irrigation management because fast recoveries are typically 146 

necessary at the end of the water stress period. Low amounts of water applied during 147 

rehydration reduce the recovery of midday stem water potential (i.e. Moriana et al., 148 

2007) and have been associated with a slow recovery of gas exchange in olive trees 149 

(Pérez-López et al., 2008). Hydraulic indicators include the type of irrigation, number 150 

and flow of the drips, irrigation interval and uniformity of the water distribution (Table 151 

1).  152 

 Type of irrigation. All irrigation types could be efficient in an olive 153 

orchard if an accurate management is applied. However, drip and micro-154 

sprinkler irrigation will provide more uniformity in the water distribution 155 

and a better control of the water applied. Moreover, the reduction of 156 

humidity at crown level will improve the health of the crops. Therefore, 157 

only these two irrigation types will be assigned a top mark (Table 1). In 158 

this case, as several types were present at the orchard, marks will be 159 

given to the ones installed over a greater surface. 160 

 Number and flow of drips/micro sprinklers.  The distribution of olive 161 

tree roots in irrigated orchards takes place on the surface and near the 162 

water source (Fernández et al., 2001), so maximum water uptakes are 163 

measured in the first 60cm (Girón et al., 2015a). The amount of humid 164 

soil volume affects the water relations in olive trees (Torres-Ruiz et al., 165 

2013). Therefore, the number of water points in the orchard is very 166 

important for the management of the irrigation water. In addition, a low 167 

number of drips per tree would increase the irrigation time and it could 168 

even hinder the application of the maximum rates during the recovery 169 
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period. In order to evaluate these indicators, a minimum of humid soil 170 

surface of around 35-40% in the crown surface should be considered 171 

(Gispert Folch, 2003). According to the daily crop evapotranspiration 172 

commonly reported in mature olive orchards (between 4-5mm day
-1

), a 173 

hydraulic system which provided around 1mm h
-1

 (between 0.8 to 1.2mm 174 

h
-1

), would be acceptable. Other types of irrigation with different drip or 175 

micro-sprinkler will not be considered for this indicator. 176 

  Irrigation frequency. Only a high-frequency system will be considered. 177 

Therefore, only 1 to 3 days will be the correct values. That is the 178 

frequency that the hydraulic system could use according to the orchard/ 179 

irrigation community organization. This is not the current frequency in 180 

the orchard; instead, it could be lower according to the current water 181 

management. 182 

 Water distribution uniformity in the orchard. Design and 183 

maintenance of irrigation system are related to distribution uniformity. A 184 

great heterogeneity in the way water is applied in an orchard means that 185 

some areas could be overirrigated in order to provide an adequate 186 

irrigation scheduling for others receiving a smaller amount of water. 187 

According to the type of irrigation considered (drip or micro sprinkler), 188 

the current approach considers only values higher than 95% or between 189 

90-95% as adequate.     190 

 191 

Horticultural Indicators 192 

These indicators include all types of horticultural management related to water 193 

management at the orchard level. This group is the most important in the hydroSOS 194 
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approach and growers could change easily most of the components in their orchards. 195 

These indicators are grouped in three: indicators not directly related with irrigation 196 

scheduling, indicators of the moment when the water stress occurs and indicators of the 197 

level of water stress. 198 

 199 

Indicators not directly related with irrigation scheduling 200 

These indicators will contribute to save water but they are not involved in the irrigation 201 

scheduling of the olive orchard (Table 2). Therefore, growers could obtain top marks in 202 

these indicators without a regulated deficit irrigation strategy. 203 

 Source of irrigation water. Irrigation with re-used water (i.e. from urban uses) 204 

or desalinated water could improve the hydrologic budget at a basin level 205 

because less ground water will be consumed. The use of a structure to store 206 

rainfall and use in the orchard irrigation also improves the sustainability of the 207 

system. This indicator considers 4 levels based on the irrigated surface of the 208 

orchard that uses only re-used or desalinated water (100%, 75-100%, 50-75%, 209 

25-50%). In addition, positive marks are given if the farm includes damns to 210 

store rainfall water (Table 2).   211 

 Soil management. Soil management could reduce evaporation and runoff in 212 

olive orchards, thus improving the hydrologic budget. Covering the soil with 213 

crops or weeds during the rainfall period reduces runoff in olive orchards 214 

(Pastor et al., 2001). In addition, a lack of tillage management increases 215 

infiltration and reduces evaporation (Pastor, 1989). Therefore, only living 216 

covers (with top marks) or no tillage will be considered as positive in this topic 217 

(Table 2). 218 
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 Water quality. Water quality could affect sustainability in two ways. First, 219 

some works considered sustainable irrigation when the water quality did not 220 

decrease with the agricultural use (Khan et al., 2004; Wichelns and Oster, 221 

2006). On the other hand, a low-quality water means an increase of the leaching 222 

requirements, hence an increase of water consumption. The hydroSOS approach 223 

will mark positively the annual analysis of salinity in the irrigation water (Table 224 

2). In addition, the leaching requirements (LR) will also be considered in the 225 

evaluation. First, LR are estimated according to Rhoades (1974) for low-226 

frequency irrigation (Eq. 1) and according to van Schilfgaarde (1974) for high-227 

frequency irrigation (Eq. 2)    228 

 229 

                                  
    

         
          (1) 230 

                                  
    

  
                  (2) 231 

 232 

Where: 233 

LR is the leaching requirements 234 

ECiw is the electrical conductivity of irrigation water 235 

Values of threshold electrical conductivity (2.7dS/m; Eq 1) and electrical conductivity 236 

for zero yield (14 dS/m; Eq 2) for olive trees have been included in the formulas 237 

according to Villalobos et al. (2002).  238 

The seasonal rainfall excess was calculated for the period when rainfall is greater than 239 

ETc, as the difference between rainfall and the sum of crop evapotranspiration and 240 

water soil stored capacity. When the seasonal rainfall excess was lower than LR, this 241 

meant that irrigation should include additional water to maintain the soil salinity within 242 
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adequate values. Therefore, these additional requirements should not penalize the 243 

evaluation and they will be deducted from the seasonal water applied.  244 

 Water use efficiency (WUE). Water saving increases the irrigation 245 

sustainability but improving the water productivity is the target of several 246 

definitions of sustainable irrigation (Khan et al., 2004). Water productivity can 247 

be estimated as the ratio between yield and applied water (hereinafter water use 248 

efficiency, WUE). Although this definition is not widely accepted (Fernández et 249 

al., 2018), it is the easiest way to evaluate the irrigation productivity at orchard 250 

level. The WUE is related to irrigation scheduling, but in the case of olives trees 251 

it is mainly related to yield because this fruit tree is very efficient in its water 252 

use. For this reason, the indicator is included in this group. The influence of 253 

cultivars in WUE has not been reported in olive trees (Goldhamer, 1999; 254 

Moriana et al., 2003; Lavee et al., 2007; Moriana et al., 2007; Iniesta et al., 255 

2009; Gomez del Campo, 2011; Moriana et al., 2013; Fernández et al., 2013; 256 

Girón et al., 2015a). HydroSOS index will consider: values higher than 6kg m
-3

  257 

and values between 3 and 6kg m
-3

 (Table 2). In general, values below 3kg m
-3

 258 

will not be considered. However, the alternate bearing pattern could 259 

dramatically reduce the WUE. Almost zero yields have been reported in olive 260 

orchards (i.e. Moriana et al., 2013) and such values are not necessarily 261 

associated to an unsuccessful irrigation management. In order to include this 262 

possibility, the annual relative irrigation supply (ARIS) is calculated using Eq. 3 263 

(Lorite et al., 2012): 264 

                                    265 

                                                    
          

       
        (3) 266 

Where: 267 
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ARIS: annual relative irrigation supply 268 

Irrigation: seasonal amount of irrigation  269 

ETc: evapotranspiration during irrigation period 270 

R: rainfall during irrigation period 271 

 272 

ARIS values lower than 1 mean deficit irrigation. In these conditions, low values of 273 

WUE could be related to very low yield and the orchard will received the same mark 274 

than when WUE is in the interval 3-6 kgm
-3

 (Table 2). Irrigation amount is this equation 275 

will be reduced with the leaching requirements when the excess rainfall was not higher 276 

than the leaching requirements. Moreover, an additional point will be given when 277 

orchards have several water meters delimiting irrigation zones (Table 2).   278 

 279 

Indicators related to irrigation scheduling. When. 280 

Water saving or high water productivity is not equivalent to a correct irrigation 281 

scheduling. The RDI involves including the description of the olive phenology and the 282 

control of water stress in the scheduling. In this regard, the hydroSOS index will 283 

evaluate the water restriction period considering the duration and the effect on the water 284 

consumption (Table 3). According to the olive RDI works, the massive pit hardening is 285 

the drought-resistant phenological stage (Goldhamer, 1999; Moriana et al., 2003; Iniesta 286 

et al., 2009; Fernandez et al., 2014; Giron et al., 2015a among others). This period is 287 

broad and the beginning can be estimated according to Rapoport et al., (2103), which is 288 

actually the earliest methodology. In short, this latter work reported that the changes in 289 

the longitudinal dimensions of olive fruits modify the growth slope, and this change is 290 

coincident with the fast increase of endocarp hardening. From our knowledge, there is 291 

no phenological indicator of the end of this period. Therefore, according to the irrigation 292 
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works (for example, Moriana et al., 2003; Fernández et al., 2018), the deficit period will 293 

last until the last week of August (Northern hemisphere) or February (Southern 294 

hemisphere). Maximum marks will be obtained when the period is estimated according 295 

to Rapoport et al. (2013) and ends in the last week of August/February (Table 3).  296 

However, some orchards could be strongly limited in the water availability or the 297 

amount of water. Then, they should reduce this period of water stress. In this case, mark 298 

will be lower when recovery is in the second week of August/February or in the last 299 

week of July/January. 300 

Water saving during this pit hardening period will be also considered. Irrigation 301 

needs will be estimated with the water budget during this period of restriction. 302 

Maximum marks will be obtained when the applied water in this period represents more 303 

than 50% water saving in comparison to the water needs, but also water saving 304 

percentage of 30-50% and 10-20% will be considered (Table 3).     305 

 306 

Indicators related to irrigation scheduling. How. 307 

Water saving or high water productivity during the season or a particular deficit period 308 

does not mean that growers control the water applied in an accurate way. Real deficit 309 

irrigation scheduling involves olive trees being in water stress conditions at the 310 

adequate moment and growers monitoring the changes in the water status of the 311 

soil/tree. There are several indicators which could be used. HydroSOS approach will 312 

consider all of them adequate because these indicators represent a clear effort by 313 

growers to improve the irrigation sustainability. Crop models will receive the lowest 314 

mark because they are considered less accurate than sensors installed in the orchard. 315 

Several works reported that during pit hardening, water stress levels between -2 to -316 

3.5MPa of midday stem water potential are successful if the recovery period is efficient 317 
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(Dell’Amico et al., 2012; Girón et al., 2015 a and b). Therefore, the hydroSOS approach 318 

evaluates this indicator, the management of the irrigation scheduling and the water 319 

stress level (Table 3).  320 

 Indicators used. All measurements at the orchard that describe the soil-plant 321 

water status conditions will receive the maximum marks. Using the crop model 322 

will be evaluated positively, but with lower marks than the indicators used at 323 

orchard level. Climatic measurements will only be considered if they are 324 

included in crop models (Table 3).     325 

 Measurement frequency. Continuous measurements (frequency lower than 2 326 

hours) received maximum marks. Discrete measurements will be considered 327 

only if the frequency is lower than 15 days during at least the massive pit 328 

hardening period, frequencies between 15-30 days will be acceptable during the 329 

rest of the irrigation season (Table 3). 330 

 Sampling. These measurements are useful when most of the orchard surface is 331 

monitored. Therefore, the surface considered and the number of measurements 332 

are key factors for an accurate sampling. Orchards will be divided in sampling 333 

zones with a maximum surface of 20ha (Shackel, 2018). The percentage 334 

sampling division of the orchard will be evaluated positively from 25-50% 335 

orchard surface, 50-75% and 75-100%. In addition, these zones will be 336 

characterized by the measured trees. Maximum marks will be obtained with 337 

methodologies that cover 100% of each zone. Positive marks will be also given 338 

to measurements covering 80-100% of the surface or using at least 10 measured 339 

trees per zone for methodologies applied to individual trees (Table 3).   340 

 Water stress level. Pressure bomb techniques will be the benchmark to check 341 

the water stress level of the orchard. The midday stem water potential will be 342 
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measured in 5 to 10 trees that represent the average fruit load in the orchard. 343 

When the orchard surface is higher than 50ha or the fruit load is very different, 344 

only high fruit load zones will be considered. The orchard management will be 345 

evaluated positively if the average is between -2 to -3.9MPa. Only for young 346 

orchards, midday stem water potential values higher than -2MPa will be 347 

acceptable.  348 

 349 

HydroSOS Labels 350 

The sum of all the indicators considered classifies the orchard in 1 of 4 labels according 351 

to the potential sustainability of water management (Table 4). The hydroSOS index 352 

does not quantify the sustainability of the system in terms of amount of water resources 353 

or economic profits, which would be very difficult, and it is not clearly presented in the 354 

bibliography. This index evaluates the growers’ efforts to optimize the water available 355 

to them and, also, can help the consumer identify the companies which are objectively 356 

more involved in the preservation of water resources. In addition, this index could 357 

highlight the main issues to improve irrigation management. The sum of all the 358 

indicators is 105 points, the highest label (A, HYDROSOS) will require obtaining more 359 

than 85 marks (Table 4). Label A means that the hydraulic indicators (25 total points) 360 

and the irrigation scheduling indicators (when 20 points and how 40 points) must be 361 

near the maximum mark, even if indicators that are not directly related to irrigation 362 

scheduling (20 points) are at maximum levels. Label B indicates an orchard where the 363 

growers’ efforts are important because the marks are between 65 and 85 points. 364 

Therefore, although hydraulic indicators and indicators not directly related to irrigation 365 

scheduling were great, irrigation scheduling should be performed at least partially. 366 

Label C, between 50 and 65 points, represents an orchard with important deficiencies 367 
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from the point of view of irrigation sustainability but, again, some indicators of 368 

irrigation scheduling have been positively evaluated. Finally, Label D, below 50 points, 369 

indicates an orchard where irrigation scheduling is almost null and probably 370 

management and irrigation maintenance are also very deficient.     371 

 372 

Case studies 373 

The hydroSOS index was applied in two different orchards during the 2017 season 374 

(Table 5). Both orchards were very similar, with the same cultivar, distance between 375 

trees and hydraulic system (drip irrigation, one line of 2.5l h
-1

 and 0.75m between 376 

drips). Orchard-1 is a commercial olive orchard located in Ecija (Seville, Spain, 377 

37.66ºN; -5.10ºW).  This is a super-high-density olive orchard (4x1.5m) with 16-year-378 

old trees (cv Arbequina). Two irrigation sectors of 23.5ha (A) and 15.4ha (B) were 379 

selected. In both sectors, irrigation maintenance was very unsuccessful and irrigation 380 

uniformity was considered lower than 90%.  Sector A was irrigated following a 381 

regulated deficit irrigation strategy (RDI) from the beginning of pit hardening (16
th

 382 

June). Sector B was irrigated following the decision of the growers. The second 383 

commercial orchard, "Orchard-2", is located in Marchena (Seville, Spain, 37.41ºN, -384 

5.47ºW). This is also a super-high-density olive orchard (cv Arbequina) with 3 years-385 

old trees. Two irrigation sectors of 12ha (A) and 29.91ha (B) were used.  In both 386 

sectors, irrigation uniformity was estimated at around 95%. Sector A was irrigated 387 

following a regulated deficit irrigation strategy (RDI) from the beginning of pit 388 

hardening (16
th

 June). Sector B was irrigated following the decision of the growers. In 389 

both orchards, the RDI sectors used the same irrigation scheduling approach with the 390 

pressure bomb technique as irrigation tool, according to the Moriana et al., (2012) and 391 

Girón et al., (2015a) recommendations. The midday shade water potential was measured 392 
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weekly, from pit hardening until the last week of August, and every 10-15 days 393 

thereafter until yield. Mature, healthy, shaded leaves were used for measuring the water 394 

potential using the pressure bomb technique. The target for the midday shade water 395 

potential was -3MPa during the pit hardening period (from 16
th

 June until 24
th

 August) 396 

and -1.4MPa thereafter until harvest. Pit hardening was estimated according to Raporpot 397 

et al., (2013).  On the other hand, the growers’ management was different between 398 

orchards: in Orchard-1, the water applied was almost constant during the season, while 399 

in Orchard-2, the midday shaded water potential and canopy temperature was used, with 400 

drones checking the growers’ decisions. The water stress level in both orchards was 401 

checked at the end of August using measurements of midday stem water potential. 402 

The water budget was calculated with the 10-year average rainfall obtained from 403 

the Andalusian network of agroclimatic stations (SIAR, 2018): Ecija for “Orchard-1”  404 

and Los Molares for “Orchard-2” (Tables 6 and 7). The crop evapotranspiration (ETc) 405 

was calculated according to Steduto et al., (2012) as ETc=EToxKcxKr. The reduction 406 

coefficient (Kr) was estimated according to Steduto et al. (2012) at around 1 for both 407 

orchards. The crop coefficient (Kc) was estimated also according to this latter work, 408 

considering that there was no tillage management in both orchards, with values from 409 

0.65 during winter to 0.5 during midsummer. In order to calculate the soil water stored 410 

in both orchards, the root depth was estimated at around 0.8m, the soil texture was 411 

sandy loam (FC=0.21 and PWP=0.1; Villalobos et al., 2016) and the percentage of 412 

allowable depletion was fixed at 0.75 according to Orgaz and Fereres (1997). Then, the 413 

allowed depletion was estimated at 72mm and the period of irrigation from June to 414 

September, with a total irrigation needs of 354mm (Table 6) and 325mm (Table 7). 415 

Both locations are under Mediterranean conditions, with warm winters and hot and dry 416 

summer (Tables 6 and 7). The differences between ETc and rainfall data were used to 417 
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determine the period of leaching, when rainfall exceeded ETc, from October to 418 

February/March. The amount of rain that could be considered as leaching was 419 

calculated as the difference between total rain in this period and the sum of ETc and soil 420 

water stored. The results were 97.77 and 111.42 mm, respectively.    421 

    422 

RESULTS AND DISCUSSION 423 

The evaluation of hydraulic features in both orchards are presented in Table 8. The 424 

hydraulic design is the same for both locations and the irrigation organization would 425 

allow a daily irrigation. Only the differences in irrigation maintenance lower the marks 426 

in Orchard-1 in comparison with Orchard-2, although both of them obtain great results 427 

(20 or 25 points out of 25 possible points). In this group of indicators, irrigation 428 

scheduling is not considered only hydraulic design. Problems in these indicators could 429 

limit RDI strategy in periods of no water stress condition, mainly during rehydration. 430 

Low uniformity in irrigation, the main differences between both orchards, implies that 431 

part of the orchard could be in more severe water stress conditions during deficit period 432 

or recovery. Severe water stress during pit hardening is related with yield reduction in 433 

olive trees (Goldhamer, 1999; Moriana et al., 2003; Fernández et al., 2013; Ahumada-434 

Orellana et al., 2017) and will reduce the economic sustainability.   435 

Table 9 shows the features and marks of horticultural indicators which are not 436 

related to irrigation scheduling (Table 2). In addition to the orchard, the irrigation 437 

strategy is also presented because there is an indicator which is affected. For both 438 

locations, the water source is ground water, then the mark is zero points. However, 439 

Orchard-2 has a damn which would partially recover the rainfall water, so it received 3 440 

points. Soil management for both are no tillage and this gives them 2 points. There is no 441 

information in Orchard-1 about the water quality but Orchard-2 presented a water 442 
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analysis (EC 2.12dS m
-1

) which will be also considered later. These three latter 443 

indicators are not affected by irrigation scheduling, so both strategies are evaluated in 444 

equal terms. Finally, the WUE and even water managements were similar for both 445 

orchards (Table 5 and 9). The yield and the water applied resulted in a WUE around 6kg 446 

m
-3

 for all cases. Such results mean a high WUE, slightly higher in RDI scheduling than 447 

in growers’ managements. There were no water meters in the different zones of the 448 

orchard in any of the locations. In this group of indicators, the maximum that can be 449 

achieved is 20 points (Table 2), most cases obtained less than 50% of these (Table 9). 450 

RDI scheduling got maximum marks with 8 points in comparison to growers’ 451 

management at Orchard-1, just 4 points. Therefore, the hydroSOS index rated all cases 452 

with important deficiencies. The hydroSOS index penalised mainly the water source 453 

because no re-use/desalinated water was used. The consumption of ground water would 454 

potentially reduce the sustainability of the orchard, because the hydrological cycle as a 455 

basin label is more difficult to offset than if reused water were consumed, particularly in 456 

semiarid conditions. Siebert et al. (2010) estimated that ground water was consumed at 457 

a greater rate than its recharge across the world. This latter work supports that the 458 

sustainability of the system is clearly endangered, though water productivity is probably 459 

at its highest in irrigated fruit trees.  460 

Table 10 presents the indicators data describing how growers estimate the period 461 

of irrigation restriction (described in Table 3). Irrigation scheduling for RDI, for both 462 

locations, and Orchard-2 growers’ was quite similar. For the three cases, pit hardening 463 

was estimated according to Rapoport et al. (2013) and the water stress period finished at 464 

the end of August. Conversely, the growers’ management at Orchard-1 did not consider 465 

any phenological stage for the irrigation scheduling. As a result, maximum marks were 466 

obtained in the three cases and none in the latter. When estimating the water saving, 467 
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several data should be considered. First, the leaching requirements were estimated for 468 

Orchard-2 using the EC data and the equation 2 as 7.6%. According to the average 469 

irrigation needs (Table 7), the amount of leaching water will be 26mm. On the other 470 

hand, in the average season there will be an excess water of around 111mm (see 471 

material and methods). Therefore, in theory, leaching requirements could be offset 472 

during the rainfall period. Then, leaching water would not be subtracted from the water 473 

applied. There is no EC data in Orchard-1, so all the water applied was considered. 474 

Average irrigation needs during the period of pit hardening (from mid-June until the end 475 

of August) were obtained from Tables 6 and 7, and compared with the irrigation amount 476 

during this period (Table 5. Pit aw). As a result, water saving in the management if the 477 

grower in Orchard-1 was the lowest in comparison with the rest of cases and reached 478 

less than the 10% of the average irrigation needs (Table 10). Water saving in the other 479 

three irrigation schedules were clearly greater (39% and more than 50%). Such results 480 

clearly separated water managements in two groups, one of them clearly no sustainable 481 

in which water saving was likely more related with a mistake in the estimation of water 482 

needs and others with a regulated deficit management. Irrigation works in olive trees 483 

reported different water saving in deficit treatments. Fernández et al (2013) suggested a 484 

great restriction with only 20% irrigation needs but almost no irrigation during deficit 485 

period is also reported (Moriana et al., 2013; Girón et al., 2015a; Ahumada-Orellana et 486 

al., 2017). The percentage of reduction is also associated with the approach used for 487 

estimating water needs. Models such as Orgaz et al (2006) commonly estimated greater 488 

water needs than traditional FAO’s approach (Steduto et al., 2012). The present work 489 

suggests the latter because this is a methodology easier and more widely used around 490 

the world. 491 
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Table 11 presents the results of evaluating the irrigation scheduling methodology 492 

(described in Table 3). As in the previous group, only the case of the Orchard-1 growers 493 

did not use any approach to irrigation scheduling and, consequently, the maximum level 494 

of water stress was -1.6MPa. Conversely, the other three cases used the pressure bomb 495 

technique or drone flying as part of the irrigation scheduling. In these cases, the orchard 496 

surfaces were larger than 20ha in some cases (Orchard-1 RDI, Table 5), which is the 497 

maximum surface recommended. But in these cases they represent more than 75% of 498 

the orchard. Orchard-2 growers used regular drone flying to cover almost 100% of the 499 

surface and weekly pressure bomb measurements. Such management covered maximum 500 

ranges of sampling surface and number of samples (Tables 5 and 11). As a result, in 501 

these three cases, the measured water stress levels could be considered moderate 502 

(between -2.5 and -3.9MPa, Table 5). Such level of water stress has been reported in the 503 

literature as adequate when a good rehydration is provided (Moriana et al., 2003, Iniesta 504 

et al., 2009, Moriana et al., 2012; Fernández et al., 2013). The maximum marks in this 505 

group are 40 points and only the three cases applying the RDI scheduling were near this 506 

value. Only the decrease in the percentage of the total surface representing the sampling 507 

zone lowered the evaluation in Orchard-1 RDI. This issue of the number of zones 508 

needed means that, in big orchards and in non-automatic approaches, a high investment 509 

of time and man-power is required. In fact, obtaining a high score is likely to be costly 510 

and currently not economically efficient because of the sensors price and the fact that 511 

information that they provide is not better than a cheaper, non-automatic approach such 512 

as pressure bomb.  513 

     The hydroSOS index classifies the four case studies with three different 514 

labels (Table 5). The lowest score was reached by Orchard-1 grower (24 points, Label 515 

D). The current management in this orchard is very deficient because RDI scheduling is 516 
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not applied and the system maintenance is also poor. There is no intention in the farm to 517 

save water, although the WUE is very high, probably related to the high yields of the 518 

system. If this farm considered an RDI strategy, this score would increase (78 points, 519 

Label B). Such improvement could be achieved in one season because it is mainly 520 

related to irrigation scheduling. The change could be even made in two steps, just 521 

considering the phenology for the irrigation scheduling scores, which increase the 522 

evaluation and bring it close to Label C, almost at no cost. Orchard-2, on the contrary, 523 

was much better than Orchard-1. Growers’ management (89 points, Label A) is a 524 

sustainable management and gets an optimum label (more than 85 points). Differences 525 

between grower and RDI management in this location were minimum and only related 526 

with a slightly differences in WUE. This farm is clearly involved in the improvement of 527 

water resources conservation in its basin. Although WUE were similar, slightly better in 528 

Orchard-2 than in Orchard-1, the water management in the former would increase 529 

irrigation sustainability in the basin. Therefore, from a consumer point of view, the 530 

olive oil should reach a higher price in the former than in the latter. These results show 531 

as great WUE are not necessary related with a sustainable water management. Different 532 

indicators are needed in order to an accurate evaluation.    533 

 534 

CONCLUSIONS  535 

The hydroSOS index evaluates objectively the growers’ effort to improve the irrigation 536 

management at orchard level. This index classifies 16 different indicators in four 537 

groups: (i) hydraulic, (ii) horticultural indicators not directly related to irrigation 538 

scheduling, (iii) horticultural indicators, which define when deficit is performed, and, 539 

(iv) horticultural indicators related with how the water stress is managed. Each indicator 540 

has different scores but neither an individual indicator nor a group of indicators have 541 
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enough weight in the final mark to obtain the maximum label. In addition, most of the 542 

indicators could be changed seasonally, to make possible that poor evaluations could 543 

improve fast. From the consumer point of view, the hydroSOS index provides enough 544 

information to be sure that growers work on the way to improve the sustainability of 545 

their orchards. Finally, indicators are selected according to the current knowledge about 546 

olive orchard management. But they could be changed easily and include, for instance, 547 

consideration about the olive oil features. This latter topic is very useful for commercial 548 

companies, but also very difficult to manage due to the great influence of cultivars. 549 
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 685 

Table 1. Hydraulic indicators of the hydroSOS index. Levels and marks. 686 

INDICATOR LEVEL MARK 

Irrigation type Drip o micro-sprinkler 5 

Drips Correct number and flow 10 

Irrigation frequency 1-3 days 5 

Distribution Uniformity >95% 5 

 90-95% 2 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 
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Table 2. Horticultural indicators of the hydroSOS index not related to irrigation 706 

scheduling. Levels and marks. 707 

INDICATOR LEVEL MARK 

Water Source 100% Re-use 5 

 75-100% Re-use 4 

 50-75% Re-use 3 

 25-50% Re-use 1 

Irrigation damn  3 

Soil Management Plant cover 5 

 No tillage 2 

Water quality monitoring Yes 1 

Water Use Efficiency >6kg m
-3

 5 

 3-6 kg m
-3

 2 

 <3kg m
-3

 0 

Water meter at several points  1 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 
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Table 3. Horticultural indicators of the hydroSOS index which evaluate when (grey,) 721 

and how (white) the water stress is performed. Levels and marks 722 

INDICATORS LEVEL MARK 

Approaches to determine pit 

hardening 

Yes 5 

Duration of irrigation restriction Until last week Aug/Feb 5 

 Until second week Aug/Feb 2 

 Until last week July/Jan 1 

Water saving in pit hardening >50% 10 

 30-50% 7 

 30-40% 5 

 10-20% 2 

Approaches for irrigation 

scheduling 

Plant and soil measurements 5 

 Crop models 2 

Measurements frequency Continuous 10 

 Discrete 8 

Sampling 100% surface 10 

 75-100% surface 8 

 50-75% surface 4 

 25-50% surface 2 

Number of data All surface 10 

 10 data for each zone or at 

least 80% surface 

8 

Water stress level Midday stem water potential 

between -2 to -3.9MPa 

5 

 723 

 724 

 725 

 726 

 727 
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 728 

 729 

Table 4. Labels of the hydroSOS index. 730 

LABEL POINTS COMMENTS 

A >85 HYDROSOS 

B 65-84.9 Important effort but not HYDROSOS 

yet 

C 50-64.9 Poor management or important issues 

D 50< Water wasteful orchard. No interest in 

water sustainability. 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 
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 753 

 754 

Table 5. Main features of each orchard and irrigation management. GRW, growers’ 755 

management; RDI, regulated deficit irrigation management. Total Surface, orchard 756 

surface considered. Total AW, water applied per season (m
3
ha

-1
). Pit AW, water applied 757 

during the pit hardening period(m
3
ha

-1
). Yield (kg ha

-1
). EC, electrical conductivity (dS 758 

m
-1

). %Surface, percentage of the total surface that includes a zone of 20ha. Number, 759 

number of measurements. HydroSOS, HydroSOS index final score.   760 

 Orchard-1  Orchard-2  

 GRW RDI GRW RDI 

Total Surface 15.4 23.5 29.9 12.0 

Total AW 3351 2389 2619 2489 

Pit AW 2240 1480 1134 1081 

Yield 18820 16309 15303 16389 

EC Unknown Unknown 2.12 2.12 

% Surface NO 85% Dron 100% 

Number NO 10 10 10 

HydroSOS 24 78 89 92 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 
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 776 

Table 6. Water budget in Orchard-1. Climatic data (rain (mm) and reference 777 

evapotranspiration (ETo, mm)) are the average for the last 10 years. Crop coefficient 778 

(Kc), crop evapotranspiration (ETc) and irrigation (mm) are estimated according to 779 

Steduto et al. (2012) and Fereres and Orgaz (1997).    780 

Months Rain ETo Kc ETc Irrigation 

January 48.3 33.0 0.65 21.45 0 

February 64.5 47.9 0.65 31.15 0 

March 55.7 82.1 0.65 53.33 0 

April 60.1 110.7 0.6 66.43 0 

May 31.8 153.7 0.55 84.54 0 

June 8.0 188.9 0.55 103.90 84 

July 0.8 215.9 0.5 107.93 106 

August 2.2 193.1 0.5 96.53 95 

September 15.4 130.7 0.55 71.87 56 

October 54.9 81.9 0.6 49.15 0 

November 64.8 41.9 0.65 27.25 0 

December 82.9 29.0 0.65 18.84 0 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 
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 796 

Table 7. Water budget in Orchard-2. Climatic data (rain (mm) and reference 797 

evapotranspiration (ETo, mm)) are the average of the last 10 years. Crop coefficient 798 

(Kc), crop evapotranspiration (ETc) and irrigation (mm) are estimated according to 799 

Steduto et al. (2012) and Fereres and Orgaz (1997).    800 

Months Rain ETo Kc ETc Irrigation 

January 55.3 34.5 0.65 22.45 0 

February 72.8 50.0 0.65 32.49 0 

March 52.0 89.2 0.65 57.98 0 

April 61.2 115.1 0.6 69.06 0 

May 39.5 157.9 0.55 86.87 0 

June 6.5 184.1 0.55 101.27 84 

July 2.3 201.1 0.5 100.57 100 

August 3.1 178.8 0.5 89.40 85 

September 22.1 123.2 0.55 67.75 47 

October 59.7 82.2 0.6 49.34 0 

November 91.1 44.3 0.65 28.81 0 

December 64.5 32.0 0.65 20.78 0 

  801 
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Table 8. Hydraulic indicators for both orchards. 802 

Hydraulic  Features Marks Features Marks 

 Orchard-1  Orchard-2  

Type Drip 5 Drip 5 

Drips 0.8mm h
-1

 10 0.8mm h
-1

 10 

Frequency Daily 5 Daily 5 

Uniformity Lower 90% 0 95% 5 

TOTAL  20  25 
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 813 

 814 

 815 

 816 

 817 

 818 

 819 
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 822 
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 824 

 825 

 826 

 827 
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Table 9. Evaluation of horticultural indicators not related to irrigation scheduling 828 

(described in Table XX+1). Each feature in the orchard is marked in the line before. 829 

Irrig. means Irrigation strategies (GRW, grower; RDI, regulated deficit irrigation). 830 

Source, source of water for irrigation (Ground, ground water). Quality, water quality 831 

monitoring. Productivity, water use efficiency (kg m
-3

) 832 

Orchard  Irrig Source Soil Quality Productivity TOTAL 

Orch-1  Ground No Till NO 5.6  

 GRW 0 2 0 2 4 

  Ground No Till NO 6.8  

 RDI 0 2 0 5 7 

Orch-2  Ground
(1)

 No Till YES 5.8  

 GRW 3 2 1 2 8 

  Ground
(1)

 No Till YES 6.6  

 RDI 3 2 1 5 11 

(1) 
Although the water source is ground water, this orchard has a damn, then 3 points are 833 

included. 834 
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 843 

 844 
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Table 10. Evaluation of horticultural indicators related to irrigation scheduling (When, 852 

described in Table XX+2). Each feature in the orchard is marked in the line before. 853 

Irrig. Irrigation strategies (GRW, growers; RDI, regulated deficit irrigation). Pit, 854 

approaches for determining the beginning of pit hardening. Duration, duration of the 855 

irrigation restriction period. Saving, percentage of water saving during the restriction 856 

period. 857 

Orchard Irrig Pit Duration Saving TOTAL 

Orchard-1  NO NO 7.8%  

 GRW 0 0 0 0 

  YES END AUG 39.1%  

 RDI 5 5 7 17 

Orchard-2  YES END AUG 50.0%  

 GRW 5 5 10 20 

  YES END AUG 52.4%  

 RDI 5 5 10 20 

 858 

 859 
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 866 

 867 
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 875 
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 876 

Table 11. Evaluation of horticultural indicators related to irrigation scheduling (How, 877 

described in Table XX+2). Each feature in the orchard is marked in the line before. 878 

Irrig. Irrigation strategies (GRW, growers; RDI, regulated deficit irrigation). App, 879 

approaches used in irrigation scheduling. Freq, frequency of measurement of these 880 

approaches. Surface, surface of the sampling zones considered. Num, number of 881 

measurements of % of sampling zones measured. Check, midday stem water potential at 882 

the end of August (MPa). 883 

Orchard Irrig App Freq Surface Num Check TOTAL 

Orch-1  NO NO NO NO -1.6  

 GRW 0 0 0 0 0 0 

  Plant Discrete 85% 10 data -3.2  

 RDI 5 8 8 8 5 34 

Orch-2  Plant Discrete Dron 10 data -2.5  

 GRW 5 8 10 8 5 36 

  Plant Discrete 100% 10 data -3.9  

 RDI 5 8 10 8 5 36 

 884 


