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Abstract 17 

Regulated deficit irrigation (RDI) has been proposed as one of the most promising irrigation 18 

strategies for hedgerow fruit orchards with high plant densities. Scheduling a RDI strategy, however, 19 

is highly demanding, since the targeted water savings must be achieved at the same time that 20 

episodes of excessive water stress are avoided when the crop is most sensitive to drought. Here we 21 

tested an approach to schedule a RDI strategy supplying 45% of the crop irrigation needs, specially 22 

designed for hedgerow olive orchards. Our approach is based on the use of a water stress indicator 23 

derived from the shape of the daily curves recorded with ZIM sensors, which are related to the leaf 24 

turgor pressure. We worked in a mature, fully productive ‘Arbequina’ olive orchard with 1667 trees 25 

ha-1, under both a daily irrigated (FI) treatment and the mentioned RDI strategy. We found that the 26 

relation between the shape of the curves and the tree water stress levels holds for olive trees of 27 

different age under a wide range of growing conditions. We were able to schedule irrigation just 28 

from the visual analysis of the curves derived from the ZIM outputs, without any further data 29 

processing. A comparison with the crop coefficient approach showed that, with our approach, we 30 

achieved greater water savings without affecting neither the trees water status nor the crop 31 

performance. Still, further studies are required to confirm whether empirical aspects of our 32 

approach are limiting and, if so, to derive suitable alternatives.  33 

 34 
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1. Introduction 35 

In most olive orchards irrigation is required to achieve an acceptable profitability (Gucci et al., 2012). 36 

When the purpose of supplying water is not only to increase yield, but also to raise water 37 

productivity, to control vigour and to improve fruit and oil quality, irrigation scheduling becomes a 38 

challenge. In addition to a deep knowledge of the crop physiology related to water use, precise 39 

irrigation requires effective tools for monitoring water stress. Our understanding of both the olive 40 

adaptation to water stress and its response to irrigation has improved substantially in the last 41 

decades, as summarized in reviews such as those by Connor and Fereres (2005), Sanzani et al. (2012) 42 

and Fernández (2014a). In parallel, advances on electronics and data transmission have allowed a 43 

development of systems for the automatic and continuous monitoring of water stress in fruit tree 44 

orchards, including olive (Zimmermann et al., 2008; Fernández et al., 2008; Ortuño et al., 2010). 45 

Combined with remote imagery of the whole orchard (Zarco-Tejada et al., 2009; Gonzalez-Dugo et 46 

al., 2013), some of these systems have proven to possess a high potential for scheduling irrigation in 47 

commercial orchards (Fernández 2014b). 48 

 Olive orchards with plant densities over 1500 trees ha-1, also called super-high-density (SHD) 49 

olive orchards (Vossen et al., 2004), are especially sensitive to irrigation supplies. If those are too 50 

low, not only crop performance but also the productive life of the orchard can be reduced. If 51 

irrigation supplies are too high, tree vigour can be excessive, making mechanical harvesting difficult 52 

(León et al., 2007) and decreasing the long-term crop performance from heterogeneous light 53 

distribution around the canopy (Connor et al., 2009; Gómez-del-Campo et al., 2009). In addition, 54 

both fruit and oil quality are affected by irrigation management (Morales-Sillero et al., 2008; Gomez-55 

Rico et al., 2009; García et al., 2013). Current knowledge shows that a regulated deficit irrigation 56 

(RDI) strategy together with an effective system to monitor the tree water stress could be the best 57 

approach for an effective irrigation management in SHD olive orchards (Gómez-del-Campo, 2013; 58 

Fernández et al., 2013).  59 

  The suitability of different irrigation strategies for olive orchards, including RDI, has been 60 

addressed by various authors (Grattan et al., 2006; Pastor et al., 2007; Proietti et al., 2012; Fernández 61 

et al., 2013). For the monitoring of water stress, recent efforts have focused mainly on plant-based 62 

sensors with data transmission systems that allow automatic and continuous recording of main 63 

physiological variables related to the tree water status. This is the case for sap flow (Fernández et al., 64 

2008; Ramos and Santos, 2009; Rousseaux et al., 2009), trunk diameter (Pérez-López et al., 2008; 65 

Moriana et al., 2010; Cuevas et al., 2010) and leaf turgor (Zimmermann et al., 2008; Ache et al., 2010; 66 

Fernández et al., 2011). Details on the required characteristics of any plant-based sensor to schedule 67 

irrigation are given in Fernández and Cuevas (2010). Recently, Fernández (2014b) assessed the 68 



applicability of systems based on sap flow, trunk diameter and leaf turgor related measurements to 69 

monitor water stress and to schedule irrigation in commercial orchards. They concluded that the 70 

success of any of these methods relies, among other things, on the possibility of deriving a user-71 

friendly water stress index from the collected records. 72 

 In the assessment by Fernández (2014b), the ZIM system (YARA ZIM Plant Technology, 73 

Hennigsdorf, Germany), which provides information on the leaf turgor pressure (Pc), was considered 74 

as one of the most promising systems to schedule irrigation in commercial olive orchards. In addition 75 

to being sensitive and reliable, as well as robust enough for working under field conditions for long 76 

periods, the ZIM system provides a user friendly water stress index, suitable for deriving irrigation 77 

decisions just from the visual analysis of the raw outputs. The potential of the index to schedule 78 

irrigation in a SHD olive orchard was first tested by Fernández et al. (2011). Basically, the ZIM system 79 

uses the leaf patch clamp pressure probe, or ZIM probe (Zimmermann et al., 2008), together with 80 

transmission data systems for the user to access to the collected information through any computer, 81 

tablet or smartphone connected to the Internet. 82 

 The ZIM probe measures the leaf patch output pressure (Pp), which is inversely coupled with 83 

Pc. For trees with abundant water supply, daily Pp curves show maximum values during the day, 84 

when Pc decreases because of transpiration, and minimum values at night, during leaf rehydration 85 

after stomatal closure. For trees under water stress conditions, however, the shape of the curve 86 

changes. Fernández et al. (2011) observed, in ‘Arbequina’ olive trees, half-inversed and completely 87 

inversed diurnal Pp curves when values of midday stem water potential (Ψstem) dropped below ca. 88 

−1.7 MPa. The shape of the curves became back to normal a few days after rewatering, the number 89 

depending on the level of water stress previously reached. Fernández et al. (2011) made 90 

concomitant measurements of Pp and leaf and stem water potential (Ψstem) recorded with a 91 

Scholander-type pressure chamber, and mentioned three States, 1 to 3, according to the shape of 92 

the diurnal Pp curve recorded in olive trees under increasing water stress. In a joint work between 93 

the research groups of Zimmermann and Fernández, the three States were further defined for olive 94 

(Ehrenberger et al., 2012). In State 1 (low stress) the Pp curve showed maximum values during the 95 

day and minimum values at night. This was typical of leaves close to maximum turgor (Pc >> 50 kPa), 96 

in trees with Ψstem > −1.2 MPa. In State 2 (moderate water stress, Pc ≈ 50 kPa, −1.2 MPa > Ψstem > −1.7 97 

MPa) Pp values started to increase from early morning, decreased for some time on the central hours 98 

of the day and recovered in the afternoon. In State 3 (severe water stress, Pc << 50 kPa, Ψstem < −1.7 99 

MPa) the Pp curve was fully inversed, with minimum values during the day and maximum values at 100 

night. The work of Fernández et al. (2011) refers, however, to a single year, and measurements were 101 

made on young trees (4 years old) only. That by Ehrenberger et al. (2012) was also made with young 102 



olive plants, in this case potted plants. Our first hypothesis is that the relation between the State 103 

shown by Pp curves and the ranges of tree water stress established according to Ψstem values also 104 

holds for mature, fully productive olive trees. Taking into account that the water stress levels at 105 

which the Pp curve changes from State 1 to Sate 2 (-1.2 MPa) and from State 2 to State 3 (-1.7 MPa) 106 

are close to reference threshold levels of water stress in olive (Moriana et al., 2010; 2012), and that 107 

the change in State is a visual indicator, easy to use by farmers without specific training, our second 108 

hypothesis is that such indicator can be used to schedule regulated deficit irrigation in commercial 109 

SHD olive orchards.  110 

 The aims of this work were (i) to prove whether the correspondence between States 1, 2 and 111 

3 of the Pp curves and the Ψstem threshold levels reported by Fernández et al. (2011) and Ehrenberger 112 

et al. (2012) holds for mature, fully productive olive trees, and (ii) to evaluate the suitability of an 113 

irrigation scheduling approach based on changes among States 1 and 3 to schedule regulated deficit 114 

irrigation in a super-high-density olive orchard.  115 

 116 

2. Materials and methods 117 

2.1. Orchard characteristics and irrigation management  118 

The experiments were made in 2013 and 2014, in the same super-high-density olive (Olea europaea 119 

L., cv Arbequina) orchard where Fernández et al. (2011, 2013) made their experiments. The orchard, 120 

located at 25 km to the east of Seville (37° 15’ N, −5° 48’ W), had trees at the top of 0.4 m high 121 

ridges, planted at 4 m × 1.5 m (1,667 trees ha-1), with tree rows oriented N-NE to S-SW. Climate in 122 

the area is Mediterranean with mild, wet winters and hot, dry summers. The rainy period is between 123 

September and May, being dry for the rest of the year. Average values of precipitation (P) and 124 

potential evapotranspiration (ETo) in the area are 540 mm and 1,528 mm, respectively (period 2002-125 

2014). In the hottest months, July and August, maximum values of air temperature were over 40 °C 126 

and rarely over 45 °C. In the coldest months, December and January, minimum values of air 127 

temperature were seldom below 0 °C and very rarely below −5 °C. Additional details on the trees, 128 

environmental characteristics and orchard management are given by Fernández et al. (2011, 2013). 129 

 In 2013, when the trees were 7 years old, we had a full irrigation (FI) treatment in which 130 

trees were daily irrigated for the whole irrigation season to replace 100% of the irrigation needs (IN), 131 

and a regulated deficit irrigation treatment (45RDI) for which the total water supplied along the 132 

season was aimed to replace 45% of IN. The irrigation strategy for this 45RDI treatment is shown in 133 

Fig. 1. Basically, the irrigation amounts (IA) must be equal or close to IN in three periods of the year 134 

when the crop is most sensitive to water stress (Fernández 2014a). For the rest of the year just one 135 

or two irrigation events per week are applied. In our area, period 1 (around bloom) falls into the 136 



rainy season, so irrigation is usually required in periods 2 and 3 only. In 2013 we used the crop 137 

coefficient approach (Allen et al., 1998) to schedule irrigation. This is why we named 45RDIcc the 138 

45RDI treatment applied this year. Every Monday of the irrigation season the irrigation needs were 139 

calculated as IN = ETc – Pe, being ETc the crop evapotranspiration estimated by the crop coefficient 140 

approach and Pe the effective precipitation, assumed to be 75% of the precipitation recorded by the 141 

weather station in the orchard. The calculated IN values were applied daily to the FI trees. For the 142 

45RDICC trees irrigation was reduced according to Fig. 1. Thus, the 45RDICC trees were irrigated daily 143 

in periods 2 and 3, but for the rest of the irrigation season water was supplied just once or twice per 144 

week. The crop coefficient (Kc) values were adjusted for the orchard conditions from measurements 145 

made from 2010 to 2012 by Fernández et al. (2013). The resulting Kc values were 0.60 in May, 0.63 in 146 

June, 0.57 in July and August, 0.65 in September and 0.69 in October. The calculated irrigation doses 147 

were input in an irrigation controller (Agronic 2000, Sistemes Electrònics PROGRÉS, S.A., Lleida, 148 

Spain) and water was applied through a pipe per tree row with three 2 L hour-1 drippers per tree, 0.5 149 

m apart. Fertilizers were injected into the irrigation system once a week during the whole irrigation 150 

season, to match the tree requirements (Fernández et al., 2013). All treatments received the same 151 

amounts of fertilizers. We used a randomized block design with four 12 m × 6 m plots per treatment. 152 

Each plot contained 24 trees, and measurements were made in the central 8 trees.  153 

 In 2014 we had the FI and the 45RDICC treatments, both scheduled with the crop coefficient 154 

approach. In addition, we had a 45RDITP treatment, for which we also used the 45RDI strategy 155 

depicted in Fig. 1 but scheduled from outputs of the ZIM system. As detailed in Section 2.2, we 156 

instrumented with ZIM probes one tree per plot, in three plots out of the four 45RDITP plots. At the 157 

beginning of both period 2 and period 3, all RDI trees showed moderate to severe levels of water 158 

stress, because of the lack of water in the soil caused by the reduced irrigation applied on the weeks 159 

before. We then supplied daily IA values amounting to 120% IN on the first three days of both period 160 

2 and 3. This was enough for the daily Pp curves recorded in those trees to change from State 2 or 3 161 

to State 1. For the rest of the period, every morning we visualized the three Pp curves recorded the 162 

day before, one from each of the three trees instrumented with ZIM sensors, and adjusted irrigation 163 

to the 45RDITP trees according to the State of the Pp curves and the 3-day weather forecast given 164 

through Internet. Thus, when one out of the three Pp curves changes from State 1 to State 2 and the 165 

weather forecast announced increasing atmospheric demand, the IA value for the 45RDITP treatment 166 

was increased by 15%. If atmospheric demand was expected to decrease, or the most sensitive 167 

instrumented 45RDITP tree did not show a change from State 2 to State 3, IA was not modified. In 168 

case of a change from State 2 to State 3, or a second tree changing from State 1 to State 2, IA was 169 

increased by 15%. When the State shown by the Pp curves indicated a recovery of the tree water 170 



status, IA was decreased, again by 15%. Outside of periods 2 and 3, when irrigation is applied just 171 

once or twice per week, IA values were applied according to Fig. 1. In our case, and because we were 172 

using the crop coefficient approach to schedule irrigation both in the FI and 45RDICC treatments, we 173 

used the calculated IN values to derived the IA values for the 45RDITP trees on the weeks before, in 174 

between, and after periods 2 and 3.    175 

 176 

2.2. Soil, plant and weather measurements 177 

Soil water status was monitored as detailed in Fernández et al. (2013). Basically, a Profile probe 178 

(Delta-T Devices Ltd, Cambridge, UK) was used to record volumetric soil water content (ϴv) values in 179 

the root zones of three trees per treatment, and the values used to calculate changes on the relative 180 

extractable water (REW) along the two irrigation seasons, for all treatments. Previous work in the 181 

orchard showed that records in three trees per treatment were enough to derive reliable REW values 182 

(Fernández et al., 2011, 2013). 183 

 Both in the FI and 45RDI treatments, and before the beginning of the 2013 and 2014 184 

irrigation seasons, one central tree per plot was instrumented, in three of the four plots, with ZIM 185 

probes (YARA ZIM Plant Technology, Hennigsdorf, Germany). The instrumented trees were 186 

representative of those in the treatment, in terms of size, leaf area, water status and gas exchange. 187 

As for the REW values, records from three trees per treatment were enough to monitor the tree 188 

water status variability within each treatment, according to the findings by Fernández et al. (2011). 189 

In each instrumented tree, a ZIM probe was clamped on a leaf of the east side of the canopy, at ca. 190 

1.5 m above ground. Once every 5 min the output of the probe was sent via radio to a datalogger 191 

with a GPRS modem for data transfer to a server own by ZIM Plant Technology GmbH, to which we 192 

accessed via Internet. The ZIM probes were left working until the end of the irrigation seasons. 193 

 Measurements of both predawn (Ψpd) and midday stem water potential (Ψstem) were made 194 

with a Scholander-type pressure chamber (PMS Instrument Company, Albany, Oregon, USA). Once 195 

every other week during the entire irrigation seasons, one leaf per tree from two representative 196 

trees per plot (n = 8) were sampled. For Ψstem we selected leaves close to a main branch and wrap 197 

them in aluminium foil ca. 2 h before measurements. These leaves were sampled from 11.30 GMT to 198 

12.30 GMT. Both for Ψpd and Ψstem, the sampled leaves were put into an aluminium canister with wet 199 

filter paper inside and taken to the pressure chamber within a maximum of 3 min after sampling. 200 

Sampled leaves were taken from trees next to those instrumented with ZIM probes, such that leaf 201 

sampling did not affect Pp outputs. 202 



 Main weather conditions in the orchard were recorded every 30 min with a Campbell 203 

weather station (Campbell Scientific Ltd., Shepshed, UK). In addition, weather records required to 204 

calculate ETo for the crop coefficient approach were collected from a standard weather station of 205 

public access through the Internet, belonging to the local government (Fernández et al., 2013). 206 

 Harvesting was made on October 29th 2013, day of year (DOY) 302 and on November 21st 207 

2014 (DOY 325). The trees were manually harvested and total fruits per plot were weighted 208 

separately. From the recorded fruit yields and the total IA per treatment we calculated the irrigation 209 

water productivity (WP) as the amount of marketable product per hectare and unit of supplied 210 

water. 211 

 212 

2.3. Statistical analysis 213 

Data shown are mean ± standard error. For the statistical analysis we used linear mixed models 214 

(LMM) with Tukey's all-pair comparisons to analyse the differences between irrigation treatments 215 

(fixed factor) statistically significant at p < 0.05. These analyses were performed by R software (R 216 

Core Team, 2012) with R packages 'nlme R' (Pinheiro et al., 2011) and 'multcomp R' (Hothorn et al., 217 

2008). 218 

 219 

3. Results 220 

Total IA applied in 2013 to the FI treatment was lower than expected because of malfunctioning of 221 

the irrigation pump at the beginning of the irrigation season. This explains the lack of irrigation until 222 

June 18th, DOY 169 (Fig. 2A) and the decrease on REW values on those days (Fig. 2C). For the rest of 223 

the 2013 irrigation season, and also for the 2014 irrigation season, IA ≈ IN in the FI treatment and 224 

REW values were close to 1, suggesting non-limiting soil water conditions (Figs. 2C,D). In the 45RDI 225 

treatments, however, the REW dynamics agreed with changes on IA established by the applied RDI 226 

strategy. Thus, in periods 2 (June) and 3 (late August – mid September), REW values of ca. 0.8, were 227 

recorded, while in between periods 2 and 3 (July-August) and after period 3 (from mid September), 228 

REW values were lower, due to the low IA applied on those weeks to the 45RDI trees. Data of 2014 229 

shows that in period 2 (DOY 154-185), IA values amounted to 72.2 mm in 45RDICC and to 61.5 mm in 230 

45RDITP. In period 3 (DOY 238-259) these values were 66.8 mm in 45RDICC and 67.1 mm in 45RDITP. 231 

For the FI treatment, IA values were 93.1 mm in period 2 and 69.7 mm in period 3. Differences in IA 232 

between treatments had little impact on REW values in those two periods (Fig. 2D). Consequently, 233 

similar water stress levels were found in trees of all treatments, for both period 2 and 3, as Ψpd (Figs. 234 



3A,C) and Ψstem (Figs. 3B,D) values show. In between those periods the trees’ water stress increased 235 

considerably in the 45RDI treatments, as expected. After period 3 the autumn rainfall (Figs. 2A,B) 236 

contributed to keeping low values of water stress (Fig. 3). 237 

 Since our irrigation scheduling approach was based on outputs of the ZIM probe, we wanted 238 

to compare those outputs with measurements with the Scholander-type pressure chamber, a widely 239 

used instrument to monitor olive water stress (Moriana et al., 2012; Naor et al., 2013). In Fig. 4 we 240 

show data from both methods, collected in May and September, i.e. before and after the highly 241 

demanding mid-summer period. The shown Pp curves correspond to a 45RDCC tree (Fig. 4A) and a FI 242 

tree (Fig. 4B). All the other instrumented trees showed a similar behaviour. Values of Ψpd and Ψstem 243 

showed that trees of both treatments had similar water stress levels in May and in September. 244 

Values of Pp, however, were greater in September than in May, for both the 45RDICC and the FI trees. 245 

Results in Fig. 4, therefore, suggest that water stress monitoring should not rely on absolute Pp 246 

values, at least for our orchard conditions. 247 

 Our irrigation scheduling approach, however, relies on the State shown by the Pp curves, and 248 

not on absolute values. As mentioned in the Introduction, Fernández et al. (2011) and Ehrenberger et 249 

al. (2012) found that State 1 was observed in olive trees with Ψstem > −1.2 MPa, Sate 2 in trees with 250 

−1.2 MPa < Ψstem < −1.7 MPa and State 3 in trees with Ψstem < −1.7 MPa. But they both worked with 251 

young trees only. To test the suitability of our irrigation scheduling approach for olive trees of any 252 

age, from young to fully mature, highly productive trees, we made Fig. 5. In this figure Ψstem values 253 

measured in trees of all treatments are plotted against the State shown by the Pp curves collected on 254 

the same days. The figure shows the data we collected in 2013 and 2014, and also data collected by 255 

our team from 2010 in the same orchard, when we began this set of studies on scheduling regulated 256 

deficit irrigation in super-high-density olive orchards. Including data from our previous work allows 257 

for a more robust assessment on the relation between Ψstem values and the State shown by Pp 258 

curves. Measurement details for the 2010-2013 period can be seen in Fernández et al. (2011, 2013) 259 

and Diaz-Espejo et al. (2012). Figure 5 shows data collected in 4 to 8-year-old trees, under a wide 260 

range of both soil water conditions and atmospheric demand. In the 68.3% of the cases in which Pp 261 

curves were in State 1 we found Ψstem values to be > −1.2 MPa, and in the 81.8% of the cases in 262 

which Pp curves were in State 3, Ψstem < −1.7 MPa. Thus, both for States 1 and 3 we got similar 263 

results, in most cases, than those reported by Fernández et al. (2011) and Ehrenberger et al. (2012). 264 

However, about one third only of the trees in which Pp records showed State 2 had Ψstem values in 265 

between −1.2 and −1.7 MPa, as previously reported by those authors. This lack of agreement can be 266 

explained, at least in part, by State 2 being not always easy to identify. Both States 1 and 3 can be 267 

clearly identified from the shape of the Pp curves. However, at moderate levels of water stress typical 268 



of State 2, decreases in the Pp values collected at the central hours of the day were highly variable, 269 

being not always easy to identify whether the shape of the Pp curve suggested State 2 or it was just 270 

noise caused by changing atmospheric conditions.  271 

 Changes among States observed in 2014 in each of the trees instruments with ZIM probes, as 272 

well as the average Ψstem values for each treatment, are shown in Fig. 6. This figure illustrates, in fact, 273 

the tree-to-tree variability of the State shown by the Pp curves collected in our orchard. Trees of the 274 

FI treatment always showed State 1, except for days of sudden increase in ETo, such as DOY 242-244. 275 

The 45RDITP trees showed State 1 for most days of periods 2 and 3. An exception was at the 276 

beginning of period 3, when the available water in the soil was very low after the mid-summer period 277 

of reduced irrigation. State 2 was also observed on some days of Period 2, likely because of the 278 

reduced IA, which amounted to 0.68% of IN only (Fig. 7). In between periods 2 and 3, all 45RDITP 279 

trees showed State 2 or 3, as expected. In the autumn irrigation was also reduced, but the total 280 

water supplied by irrigation and precipitation (Fig. 2B) was enough to avoid severe water stress, as 281 

commented when reporting findings shown in Fig. 3. The 45RDICC trees showed a similar behaviour 282 

than the 45RDITP trees, with the difference of a lower recovery from water stress after the beginning 283 

of both periods 2 and 3. This can be explained by the fact that 45RDITP trees were irrigated with IA = 284 

120% IN on the first three days of each period, as explained in Section 2.1. 285 

 Figure 7 shows the results from applying our irrigation approach to schedule the 45RDITP 286 

treatment. Figures 7A and 7C show the Pp curves collected in a 45RDITP tree, for periods 2 and 3, 287 

respectively. We chose the tree in which State 2 appeared earlier. The other two trees showed 288 

similar behaviour, although signs of water stress appear one or two days later than in the tree used 289 

for Fig. 7. A certain tree-to-tree variability in fruit tree orchards can be expected, due to spatio-290 

temporal variations of soil and plant conditions (Fernández and Cuevas, 2010). Arrows in Fig. 7 show 291 

the days on which we increased or decreased irrigation according to the State shown by the Pp curve. 292 

Figures 7B (period 2) and 7D (period 3) show differences in the daily IA values when estimated with 293 

the crop coefficient approach (45RDICC) as compared to our irrigation scheduling approach based on 294 

the ZIM system (45RDITP). Also shown are the total IA applied for both treatments in each period, 295 

expressed as a percentage of the IN calculated for the period. These data show that in period 2 the 296 

amount of water supplied by irrigation was lower in 45RDITP than in 45RDICC (Fig. 7B). In period 3, 297 

when irrigation demands were lower, IA values in 45RDITP and in 45RDICC were similar (Fig. 7D). 298 

 The crop response to the irrigation treatments in terms of fruit yield and irrigation water 299 

productivity (WP) is shown in Table 2. The trees were already fully productive in 2013 and 2014, as 300 

expected for their age (7 and 8 years old, respectively). Considering data of both years, and 301 

averaging results from the 45RDICC and 45RDITP treatments, the 45RDI trees, which received 53.9% of 302 



the total IA supplied to the FI trees (Table 1), had a fruit yield of 72.4% of that in FI (Table 2). Values 303 

of WP increased with RDI in 30.2%, on average. For 2013, however, WP data are not reliable, 304 

because of the problem with the irrigation pump we had at the beginning of the 2013 irrigation 305 

season (Section 3). Data from 2014 show that differences in fruit yield between 45RDITP and 45RDICC 306 

were not significant (p = 0.54 and p = 0.22, respectively). Still, data of one year only is not enough to 307 

evaluate the impact of the irrigation treatment on production. 308 

 309 

4. Discussion 310 

As mentioned above, our group began in 2010 a set of studies to identify both a suitable RDI strategy 311 

for hedgerow olive orchards with high tree densities (SHD olive orchards) and a reliable, user-friendly 312 

water stress indicator to schedule irrigation. In a first set of experiments made from 2010 to 2102, 313 

Fernández et al. (2013) evaluated the impact on crop performance of an earlier version of the RDI 314 

strategy, with two irrigation levels (30% and 60% of IN). Experiments were run in parallel to assess 315 

the performance of different water stress indicators, from the conventional leaf and stem water 316 

potential, and stomatal conductance, to new plant-based methods for automatic and continuous 317 

monitoring of water stress. These experiments with concomitant measurements of a wide range of 318 

variables related to the water status in the soil, plant and surrounding atmosphere, provided insight 319 

into the links between physiological processes in olive trees under water stress and outputs from sap 320 

flow, trunk diameter variations and leaf turgor related measurements (Fernández et al., 2011; Diaz-321 

Espejo et al., 2012; Rodriguez-Dominguez et al., 2012; Cuevas et al., 2013). Those findings, together 322 

with contributions from other authors on the usefulness of those plant-based sensors to monitor 323 

water stress in fruit trees, allowed for detailed assessments on the potential of each method for 324 

monitoring water stress and schedule irrigation. The work by Fernández et al. (2008), Ramos and 325 

Santos (2009) and Rousseaux et al. (2009) show, to a good extent, the advantages and disadvantages 326 

of sap flow measurements to improve water management in olive and other fruit trees. The same 327 

can be said for trunk diameter variations on the work by Pérez-López et al. (2008), Moriana et al. 328 

(2010) and Cuevas et al. (2010). And the potential of using leaf turgor related measurements with 329 

that purpose was evaluated by Ben-Gal et al. (2010), Rüger et al. (2010) and Zimmermann et al. 330 

(2010, 2013). Knowledge from these and other publications was collected by Fernández (2014b) in a 331 

review on the applicability of those methods to schedule irrigation in commercial orchards. He 332 

concluded that the ZIM system was one of the most promising systems for commercial olive 333 

orchards. The system is easier to install and use than those of sap flow and trunk diameter variation, 334 

and as robust as those two when working under field conditions for the long irrigation seasons 335 

common in most olive growing areas. On the outputs, Fernández (2014b) showed that both sap flow 336 



and trunk diameter related measurements require high training both to process the collected data 337 

and to understand their physiological meaning. For the leaf turgor related measurements, he stated 338 

that, although we are still far from fully understanding the physiological meaning of the ZIM probe 339 

readings, there was a potential for scheduling irrigation based just on the visual analysis of the Pp 340 

daily curves. This is crucial for the acceptance of any method to schedule irrigation by farmers and 341 

orchardists without specific training, as previously stated by Naor (2006 and Fernández and Cuevas 342 

(2010), among others.  343 

 Our results suggest that we cannot expect a robust correlation between the tree water 344 

status and Pp values for the whole irrigation season (Fig. 4). This is not surprising, since aging induces 345 

structural and mechanical changes in the olive leaf that could easily affect the outputs of the ZIM 346 

probes. Thus, the water stress history of the leaf can affect the palisade parenchyma (Chartzoulakis 347 

et al., 1999; Bacelar et al., 2004), as well as the density and thickness of the leaf (Centritto, 2002). 348 

The seasonal course of the Ψstem vs. Pp relationship can also be affected by changes in the elastic 349 

modulus (ε) of the leaf cells. It has been observed that, in olive, ε tends to increase with leaf age 350 

(Bongi and Palliotti, 1994) and drought (Dichio et al., 2003). All these changes, together with others 351 

on leaf response to environmental stimuli (Marchi et al., 2008) can affect the Ψstem vs. Pp relationship 352 

along the season. The fact that, at least for olive, the Ψstem vs. Pp relationship changes with time must 353 

be taken into account when Pp values are used to derive water stress indices requiring normalization, 354 

as for the case described by Bramley et al. (2013). Figure 4, in fact, suggests that establishing an 355 

effective normalization procedure of the Pp records is not straightforward.  356 

 Our irrigation approach (Section 2.1), however, does not rely on absolute Pp values, but on 357 

changes between States, which it does not require normalization. Our hypothesis was that findings 358 

by Fernández et al. (2011) and Ehrenberger et al. (2012) reported for young trees, also holds for 359 

mature, fully productive trees. This is, in fact, supported by Fig. 5, which shows that the relation 360 

between the State of the Pp curve and the ranges of tree water status defined by Fernández et al. 361 

(2011) and Ehrenberger et al. (2012) holds reasonably well for olive trees of different age growing 362 

under a wide range of environmental variables. This supports the potential of the change in the State 363 

of the daily Pp curve as a user-friendly, visual indicator for irrigation scheduling. Such potential was 364 

confirmed in 2014, when we used our irrigation approach to schedule irrigation of treatment 365 

45RDITP. In period 2 the IA values derived from our approach were lower than those calculated from 366 

the crop coefficient approach, i.e. those of the 45RDICC treatment (Figs. 7A,B). For that period, the 367 

reduced irrigation in 45RDITP as compared to that in 45RDICC did not lead to differences in plant 368 

water status (Fig. 3), despite of the greater water savings achieved with our irrigation approach. In 369 

period 3 differences between our approach and that of the crop coefficient were less evident (Figs. 370 



7C,D). Results from a single year, however, might not be enough to reliably state differences 371 

between both approaches.  372 

 With our irrigation approach we managed to keep similar stress levels in the 45RDITP trees 373 

than in the FI trees, during the sensitive periods 2 and 3 (Fig. 3). As compared to the 45RDICC 374 

treatment, our irrigation approach showed similar results in terms of tree water stress level, and 375 

greater water savings. In addition to that, yield and irrigation water productivity values were similar 376 

in 45RDITP than in 45RDICC. Although more years are required to evaluate the impact of these two 377 

approaches on crop performance and water productivity, these results suggest that our irrigation 378 

scheduling approach leads to similar values of both variables, if not better, than the crop coefficient 379 

approach .  380 

 The reported advantages of 45RDITP as compared to 45RDICC might not be enough to 381 

recommend adopting our irrigation approach in all cases. If both reliable Kc values and a nearby 382 

weather station are available, the crop coefficient approach can be a good option to apply the 45RDI 383 

strategy (Fig. 1) in hedgerow olive orchards with high plant densities. Those conditions, however, are 384 

not accomplished in most olive orchards. Then, our irrigation scheduling approach based on the ZIM 385 

system can be used with confidence to schedule irrigation. Still, there are empirical aspects in our 386 

approach that must be further addressed. These refer to increasing or decreasing IA by 15% in 387 

periods 2 and 3, and to using IA = 120% IN on the first three days of those periods. Such values are 388 

purely empirical and require further attention. In addition, our irrigation scheduling approach based 389 

on the ZIM system does not provide information to estimate IA in between periods 1 and 2, 2 and 3, 390 

and after period 3. On those days IA must be based on whatever knowledge the farmer has on the 391 

orchard water needs, which may led to imprecise results. Still, the advantage of our irrigation 392 

scheduling approach, as compared to the crop coefficient approach, can be especially remarkable in 393 

large orchards where soil, plant and atmospheric conditions are highly variable. In those cases the 394 

crop coefficient approach can led to large errors, at least for certain parts of the orchard where the 395 

used Kc values fit worst. In those orchards is where the use of ZIM sensors, combined with remote 396 

infrared images for selecting the trees to instrument (Zarco-Tejada et al., 2009; Gonzalez-Dugo et al., 397 

2013), could show a better performance. 398 

 399 

5. Conclusions 400 

Our irrigation scheduling approach, based on the use of the ZIM system, allowed for an effective 401 

application of regulated deficit irrigation in a hedgerow olive orchard with high plant density. Our 402 

irrigation scheduling approach can be used by farmers without specific training, since it is based on 403 



the State shown by the outputs from the ZIM sensors. The State can be easily identified, just by 404 

visualising the daily curves derived from the raw outputs collected by ZIM sensors, without any 405 

further data processing. Our results proved a robust enough relation between States 1 to 3 shown by 406 

the Pp curves and water stress levels in olive trees. This relation, previously established for young 407 

trees by our group and by the group that developed the ZIM system, also holds for mature, fully 408 

productive olive trees growing under a wide range of environmental conditions. Our irrigation 409 

scheduling approach showed a performance as good as that of the crop coefficient approach, and 410 

can led to a more precise irrigation scheduling in large, highly variable orchards. There is still room, 411 

however, for further elucidating aspects of our approach that, in its current state, are purely 412 

empirical. 413 

 414 

6. Acknowledgements 415 

This work was funded by the Spanish Ministry of Economy and Competitiveness (research project 416 

AGL2012-34544; predoctoral contract grant BES-2013-065380) and by the Junta de Andalucía 417 

(research project AGR-6456). Antonio Montero helped us with the field and laboratory work. Thanks 418 

to the owners of Internacional Olivarera, S.A.U. (Interoliva), for allowing us to make the experiments 419 

in the Sanabria orchard. We also thank Silvia Seller, agronomist, and Juan Francisco Bernabé, 420 

foreman, for their technical assistance. 421 

  422 

7. References 423 

Ache, P., Baueer, H., Kollist, H., Al-Rasheid, K.A.S., Lautner, S., Hartung, W., Hedrich, R., 2010. 424 

Stomatal action directly feeds back on leaf turgor: new insights into the regulation of the 425 

plant water status from non-invasive pressure probe measurements. Plant J. 62, 1072–1082. 426 

 427 

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration. Guidelines for 428 

computing crop water requirements. Irrigation and drainage paper 56. FAO, Rome, Italy 429 

 430 

Bacelar, E.A., Correia, C.M., Moutinho-Pereira, J.M., Gonçalves, B.C., Lopes, J.I., Torres-Pereira, 431 

J.M.G., 2004. Sclerophylly and leaf anatomical traits of five field-grown olive cultivars 432 

growing under drought conditions. Tree Physiol. 24, 233–239. 433 

 434 

Ben-Gal, A., Kool, D., Agam, N., van Halsema, G.E., Yermiyahu, U., Yafe, A., Presnov, E., Erel, R., 435 

Majdop, A., Zipori, I., Segal, E., Rüger, S., Zimmermann, U., Cohen, Y., Alchanatis, V., Dag, A., 436 



2010. Whole-tree water balance and indicators for short-term drought stress in non-bearing 437 

’Barnea’ olives. Agric- Water Manage. 98, 124–133. 438 

 439 

Bongi, G., Palliotti, A., 1994. Olive. In: Schaffer, B., Andersen, P.C. (Eds.), Handbook of Environmental 440 

Physiology of Fruit Crops. Volume I: Temperate Crops. CRC Press, Inc., Boca Raton, Florida, 441 

USA, pp. 165–187. 442 

 443 

Bramley, H., Ehrenberger, W., Zimmermann, U., Palta, J.A., Rüger, S., Siddique, K.H.M., 2013. Non-444 

invasive pressure probes magnetically clamped to leaves to monitor the water status of 445 

wheat. Plant Soil 369:257–268 446 

 447 

Centritto, M., 2002. Interactive effects of elevated [CO2] and drought on peach seedlings. Plant 448 

Biosystems 5, 177–188. 449 

 450 

Chartzoulakis, K., Patakas, A., Bosabalidis, A.M., 1999. Changes in water relations, photosynthesis 451 

and leaf anatomy induced by intermittent drought in two olive cultivars. Environ. Exp. Bot. 452 

42, 113–120. 453 

 454 

Connor, D.J., Centeno, A., Gómez-del-Campo, M., 2009. Yield determination in olive hedgerow 455 

orchards. II. Analysis of radiation and fruting profiles. Crop Pasture Sci. 60, 443–452. 456 

 457 

Connor, D.J., Fereres, E., 2005. The physisology of adaptation and yield expression in olive. Hort Rev 458 

34, 155–229. 459 

 460 

Cuevas, M.V., Martín-Palomo, M.J., Diaz-Espejo, A., Torres-Ruiz, J.M., Rodriguez-Dominguez, C.M., 461 

Perez-Martin, A., Pino-Mejías, R, Fernández, J.E., 2013. Assessing water stress in a hedgerow 462 

olive orchard from sap flow and trunk diameter measurements. Irrig. Sci. 31, 729–746. 463 

 464 

Cuevas, M.V., Torres-Ruiz, J.M., Álvarez, R., Jiménez, M.D., Cuerva, J., Fernández, J.E., 2010. 465 

Assessment of trunk diameter variation derived indices as water stress indicators in mature 466 

olive trees. Agric. Water Manage. 97, 1293–1302. 467 

 468 

Diaz-Espejo, A., Buckley, T.N., Sperry, J.S., Cuevas, M.V., de Cires, A., Elsayed-Farag, S., Martin-469 

Palomo, M.J., Muriel, J.L., Perez-Martin, A., Rodriguez-Dominguez, C.M., Rubio-Casal, A. E., 470 



Torres-Ruiz, J.M., Fernández, J.E., 2012. Steps toward an improvement in process-based 471 

models of water use by fruit trees: A case study in olive. Agric. Water Manage. 114, 37–49. 472 

 473 

Dichio, B., Xiloyannis, C., Angelopoulos, K., Nuzzo, V., Bufo, S.A., Celano, G., 2003. Drought-induced 474 

variations of water relations parameters in Olea europea. Plant Soil 257, 381–389. 475 

 476 

Ehrenberger, W., Rüger, S., Rodríguez-Domínguez, C.M., Díaz-Espejo, A., Fernández, J.E., Moreno, J., 477 

Zimmermann, D., Sukhorukov, V.L., Zimmermann, U., 2012. Leaf patch clamp pressure probe 478 

measurements on olive leaves in a nearly turgorless State. Plant Biol. 14(4), 666–674. 479 

 480 

Fernández, .JE., 2014a. Understanding olive adaptation to abiotic stresses as a tool to increase crop 481 

performance. Environ. Exp. Bot. 103: 158-179. 482 

 483 

Fernández, J.E., 2014b. Plant-based sensing to monitor water stress: Applicability to commercial 484 

orchards. Agric. Water Manage. 142: 99-109.  485 

 486 

Fernández, J.E., Cuevas, M.V., 2010. Irrigation scheduling from stem diameter variations: a review. 487 

Agric. For. Meteorol. 150, 135–151. 488 

 489 

Fernández, J.E., Green, S.R., Caspari, H.W., Diaz-Espejo, A., Cuevas, M.V., 2008. The use of sap flow 490 

measurements for scheduling irrigation in olive, apple and Asian pear trees and in 491 

grapevines. Plant Soil 305, 91–104. 492 

 493 

Fernández, J.E., Perez-Martin, A., Torres-Ruiz, J.M., Cuevas, M.V., Rodriguez-Dominguez, C.M., 494 

Elsayed-Farag, S., Morales-Sillero, A., García, J.M., Hernandez-Santana, V., Diaz-Espejo, A., 495 

2013. A regulated deficit irrigation strategy for hedgerow olive orchards with high plant 496 

density. Plant Soil 372:279-295. 497 

 498 

Fernández, J.E., Rodriguez-Dominguez, C.M., Perez-Martin, A., Zimmermann, U., Rüger, S., Martín-499 

Palomo, M.J., Torres-Ruiz, J.M., Cuevas, M.V., Sann, C., Ehrenberger, W., Diaz-Espejo, A., 500 

2011. Online-monitoring of tree water stress in a hedgerow olive orchard using the leaf 501 

patch clamp pressure probe. Agric. Water Manage. 100, 25–35. 502 

 503 



García, J.M., Cuevas, M.V., Fernández, J.E. 2013. Production and oil quality in ‘Arbequina’ olive (Olea 504 

eurpoaea, L.) trees under two deficit irrigation strategies. Irrig. Sci. 31(3), 359–370. 505 

 506 

Gómez-del-Campo, M., 2013. Summer deficit-irrigation strategies in a hedgerow olive orchard cv. 507 

‘Arbequina’: effect on fruit characteristics and yield. Irrigation Science 31 (3), 259–269. 508 

 509 

Gómez-del-Campo, M., Centeno, A., Connor, D.J., 2009. Yield determination in olive hedgerow 510 

orchards. I. Yield and profiles of yield components in north-south and east-west oriented 511 

hedgerows. Crop Pasture Sci. 60, 434–442. 512 

 513 

Gomez-Rico, A., Salvador, M.D., Fregapane, G., 2009. Virgin olive oil and olive fruit minor 514 

constituents as affected by irrigation management based on SWP and TDF as compared to 515 

ETc in medium-density young olive orchards (Olea europaea L. cv. Cornicabra and Morisca). 516 

Food Res. Int. 42 (8), 1067–1076 517 

 518 

Gonzalez-Dugo, V., Zarco-Tejada, P., Nicolás, E., Nortes, P.A., Alarcón, J.J., Intrigliolo, D.S., Fereres, E., 519 

2013. Using high resolution UAV thermal imagery to assess the variability in the water status 520 

of five fruit tree species withihn a commercial orchard. Precis. Agric. 14, 660–678. 521 

 522 

Grattan, S.R., Berenguer, M.J., Connell, J.H., Polito, V.S., Vossen, P.M., 2006. Olive oil production as 523 

influenced by different quantities of applied water. Agric. Water Manag. 85, 133–140. 524 

 525 

Gucci, R., Goldhamer, D.A., Fereres, E., 2012. Olive. In: Steduto, P., Hsiao, T.C., Fereres, E., Raes, D. 526 

(Eds.), Crop Yield Response to Water. Irrigation & Drainage Paper No. 66, FAO, Rome, Italy, 527 

pp. 298–313. 528 

 529 

Hothorn T., Bretz F., Westfall P., 2008. Simultaneous Inference in General Parametric Models. Biom. 530 

J. 50(3), 346—363. 531 

 532 

Leon, L., de la Rosa, R., Rallo, L., Guerrero, N., Barranco, D., 2007. Influence of sapcing on the initial 533 

production of hedgerow ‘Arbequina’ olive orchards. Span. J. Agric. Res. 5(4), 554–558. 534 

 535 

Marchi, S., Tognetti, R., Minocci, A., Borghi, M., Sebastiani, L., 2008. Variation in mesophyll anatomy 536 

and photosynthetic capacity during leaf development in a deciduous mesophyte fruit tree 537 



(Prunus persica) and an evergreem sclerophyllous Mediterranean shrub (Olea europaea). 538 

Trees-Struct. Funct.  22, 559–571. 539 

 540 

Morales-Sillero, A., Jiménez, R., Fernández, J.E., Troncoso, G., Rejano, L., 2008. Effect of fertigation 541 

on the ‘Manzanilla de Sevilla’ table olive quality before and after “Spanish-style” green 542 

processing. Hortscience 43(1), 153–158.  543 

 544 

Moriana, A., Girón, I.F., Martín-Palomo, M.J., Conejero, W., Ortuño, M.F., Torrecillas, A., Moreno, F., 545 

2010. New approach for olive trees irrigation scheduling using trunk diameter sensors. Agric. 546 

Water Manage.  97, 1822–1828. 547 

 548 

Moriana, A., Pérez-López, D., Prieto, M.H., Ramírez-Santa-Pau, M., Pérez-Rodríguez, J.M., 2012. 549 

Midday stem water potential as a useful tool for estimating irriagtion requirements in olive 550 

trees. Agric. Water Manage. 112, 43–54. 551 

 552 

Naor, A., 2006. Irrigation scheduling and evaluation of tree water status in deciduous orchards. Hort 553 

Rev 32, 111–165. 554 

 555 

Naor, A., Schneider, D., Ben-Gal, A., Zipori, I., Dag, A., Kerem, Z., Birger, R., Peres, M., Gal., Y., 2013. 556 

The effects of crop load and irrigation rate in the oil accumulation stage on oil yield and 557 

water relations of ‘Koroneiki’ olives. Irrig. Sci. 31, 781–791. 558 

 559 

Ortuño, M.F., Conejero, W., Moreno, F., Moriana, A., Intrigliolo, D.S., Biel, C.A., Mellisho, C.A.D., 560 

Pérez-Pastor, A., Domingo, R., Ruiz-Sánchez, M.C.A., Casadesus, J., Bonany, J., Torrecillas, A., 561 

2010. Could trunk diameter sensors be used in woody crops for irrigation scheduling? A 562 

review of current knowledge and future perspectives. Agric. Water Manage. 97, 1–11. 563 

 564 

Pastor, M., García-Vila, M., Soriano, M.A., Vega, V., Fereres, E., 2007-. Productivity of olive orchards 565 

in response to tree density. J. Hortic. Sci. Biotechnol. 82(4), 555–562. 566 

 567 

Pérez-López, D., Moriana, A., Rapoport, H., Olmedilla, N., Ribas, F., 2008. New approach for using 568 

trunk growth rate and endocarp development in the irrigation scheduling of young olive 569 

orchards. Sci. Hortic. 115, 244–251. 570 

 571 



Pinheiro J., Bates D., DebRoy S., Sarkar D., Team R.D.C., 2011. nlme: linear and nonlinear mixed 572 

effects models. R pack- age version 3.1–102. R Foundation for Statistical Computing, Vienna. 573 

 574 

Proietti, P., Nasini, L., Ilarioni, L., 2012. Photosynthetic behavior of Spanish Arbequina and Italian 575 

Maurino olive (Olea europaea L.) cultivars under super–intensive grove conditions. 576 

Photosynthetica 50(2), 239–246. 577 

 578 

R Core Team, 2012. R: A language and environment for statistical computing. R Foundation for 579 

Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/. 580 

 581 

Ramos, A.F., Santos, F.L., 2009. Water use, transpiration, and crop coefficients for olives (cv. 582 

Cordovil), grown in orchards in Southern Portugal. Biosyst. Eng. 102, 321–333. 583 

 584 

Rodriguez-Dominguez, C.M., Ehrenberger, W., Sann, C., Rüger, S., Sukhorukov, V., Martín-Palomo, 585 

M.J., Diaz-Espejo, A., Cuevas, M.V., Torres-Ruiz, J.M., Perez-Martin, A., Zimmermann, U., 586 

Fernández, J.E., 2012. Concomitant measurements of stem sap flow and leaf turgor pressure 587 

in olive trees using the leaf patch pressure probe. Agric. Water Manage. 114, 50–58. 588 

 589 

Rousseaux, M.C., Figuerola, P.I., Correa-Tedesco, G., Searles, P.S., 2009. Seasonal variations in sap 590 

flow and soil evaporation in an olive (Olea europaea L.) grove under two irrigation regimes in 591 

an arid region of Argentina. Agric. Water Manage. 96, 1037–1044. 592 

 593 

Sanzani, S.M., Schena, L., Nigro, F., Sergeeva, V., Ippolito, A., Salerno, M.G., 2012. Abiotic diseases of 594 

olive. J. Plant Pathol. 94(3), 469–491. 595 

 596 

Rüger, S., Ehrenberger, W., Arend, M., Geßner, P., Zimmermann, G., Zimmermann, D., Bentrup, F.W., 597 

Nadler, A., Raveh, E., Sukhorukov, V.L., Zimmermann, U., 2010. Comparative monitoring of 598 

temporal and spatial changes in tree water status using the non-invasive leaf patch clamp 599 

pressure probe and the pressure bomb. Agric. Water Manage. 98, 232–290. 600 

 601 

Vossen, P.M., Connell, J.H., Klonsky, K.M., Livingston, P., 2004. Sample costs to establish a super-602 

high- density olive orchard and productive olive oil – Sacramento Valley. University of 603 

California, Cooperative extension. Department of Agricultural and Resource Economics. 604 

Davis, CA 605 



 606 

Zarco-Tejada, P.J., Berni, J.A.J., Suárez, L., Sepulcre-Cantó, G., Morales, F., Miller, J.R., 2009. Imaging 607 

chlorophyll fluorescence with an airborne narrow-band multispectral camera for vegetation 608 

stress detection. Remote Sens. Environ. 113, 1262–1275. 609 

 610 

Zimmermann, U., Bitter, R., Ribeiro Marchiori, P.E., Rüger. S., Ehrenberger, W., Sukhorukov, V.L., 611 

Schüttler, A., Ribeiro, R.F., 2013. A non-invasive plant-based probe for continuous monitoring 612 

of water stress in real time: a new tool for irrigation scheduling and deeper insight into 613 

drought and salinity stress physiology. Theor. Exper. Plant Physiol. 25, 3–12. 614 

 615 

Zimmerman, D., Reuss, R., Westhoff, M., Geßner, P., Bauer, W., Bamberg, E., Bentrup, F-W., 616 

Zimmermann, U., 2008. A novel, non-invasive, online-monitoring, versatile and easy plant-617 

based probe for measuring leaf water status. J. Exp. Bot. 59, 3157–3167. 618 

 619 

  620 



Fig. 1. Regulated deficit irrigation strategy applied in the orchard for the 45RDI treatments. In the 621 

three periods of high crop sensitivity to water stress (periods 1 to 3), irrigation is applied daily. For 622 

the rest of the year just one or two irrigation events per week (i.e./w.) are applied, replacing 10% or 623 

20% of the total irrigation needs (IN) in the period. AW is the available water in the soil. Both the 624 

double sigmoidal curve for growth and the sigmoidal curve for oil accumulation are observed in 625 

years with very hot and dry summers. In years with less demanding conditions, both variables show a 626 

linear increase along the summer. ETc =  crop evapotranspiration; Pe = effective precipitation, 627 

assumed to be 75% of the precipitation recorded by a weather station in the orchard; WAB = weeks 628 

after bloom. After Fernández et al. (2013). 629 

 630 

Fig. 2. Seasonal courses of both the irrigation amounts (IA) supplied to each treatment and the 631 

precipitation (P) collected in the orchard (A,B), and the values of relative extractable water (REW) 632 

derived from the soil water contents (avg – SE) measured in the plots of each treatment (C,D). 633 

Measurements were made on the irrigation seasons of 2013 and 2014. Different letters indicate 634 

significant differences between treatments, at p < 0.05. Letters are not shown when no differences 635 

were found. DOY = day of year. 636 

 637 

Fig. 3. Seasonal courses of predawn water potential (Ψpd, avg ± SE) and midday stem water potential 638 

(Ψstem, avg ± SE) measured in 2013 (A, B) and 2014 (C, D) in FI, 45RDIcc and 45RDITP trees. Different 639 

letters indicate significant differences between treatments at p < 0.05. Letters are not shown when 640 

no differences were found. DOY = Day of year. 641 

 642 

Fig. 4. Daily curves of the ZIM probe outputs (Pp) installed in a representative tree of the 45RDICC (A) 643 

and FI (B) treatments applied in 2013. The shown curves correspond to days prior (May) and after 644 

(September) the most demanding, in terms of water stress, mid-summer period. Also shown are 645 

predawn (Ψpd, avg ± SE, triangles) and midday stem water potential (Ψstem, avg ± SE, circles) values 646 

measured with a Scholander-type pressure chamber in trees next to the trees instrumented with ZIM 647 

probes, also in May and September. Both for the curves and symbols, the grey and black colours 648 

mean measurements in May and the September, respectively. 649 

 650 

Fig. 5. Midday stem water potential (Ψstem) values measured in representative trees of all the 651 

irrigation treatments at the Sanabria orchard during the irrigation seasons of 2010 to 2014. Each 652 

data point corresponds to a single measurement with a Scholander-type pressure chamber. Dashed 653 

lines represent the  midday stem water potential values values identified by Fernández et al. (2011a) 654 



and Ehrenberger et al. (2012) as typical of State 1 (Ψstem > -1.2 MPa) (A), State 2 (-1.2 MPa > Ψstem > -655 

1.7 MPa) (B) and State 3 (Ψstem < -1.7 MPa) (C). The State is given by the shape of the daily leaf patch 656 

clamp pressure curve, as described by Ehrenberger et al. (2012). DOY = Day of year. 657 

 658 

Fig. 6. Seasonal courses of midday stem water potential (Ψstem, avg. ± SE) measured in FI, 45RDICC and 659 

45RDITP trees of the Sanabria orchard during the whole irrigation season of 2014. Pp curves were 660 

collected by three ZIM probes per treatment and shown here through State 1 (low water stress), 661 

State 2 (moderate stress) and State 3 (severe stress) by horizontal colour bars. Periods 2 and 3 662 

shown in Fig. 1, as observed in this year 2014, are represented. DOY = Day of year. 663 

 664 

Fig. 7. Time courses of the Pp values recorded on a 45RDITP representative tree in period 2 (A) and 665 

period 3 (C) of the 2014 irrigation season (see Fig. 1 to identify the periods). Also shown are the 666 

irrigation amounts (IA) supplied to each treatment in each period (B,D), expressed as a fraction of 667 

the calculated irrigation needs (IN) for the period. IA was increased (arrows up) or decreased (arrows 668 

down) according to changes in the State of the daily Pp curves (see the irrigation approach described 669 

in Section 2.1). DOY = Day of year. 670 

 671 

 672 



Table 1. Water supplies (IA = irrigation amounts; P = precipitation) and potential 

evapotranspiration (ETo) in the experimental orchard for the two irrigation seasons. All 

values are in millimeters. Values of IA are also expressed as percentages of irrigation 

needs (% IN). DOY = day of year. 

 

  2013    2014 

  Whole  Irrigation period   Whole  Irrigation period  

  year  (DOY 133–301)  year  (DOY 116–324) 

ETo  1464.3  1000.3  1437.6  1110.1 

P    476.4    112.5    549.4    317.6 

IA in FI      367.6 (80.0% IN)      462.9 (87.1% IN) 

IA in 45RDICC      197.9 (43.1% IN)      238.2 (44.8% IN) 

IA in 45RDITP          235.9 (44.4% IN) 



Table 2. Fruit yield (n = 4) and water productivity values for each treatment and experimental 

year. Different letters indicate significant differences between treatments at p<0.05.  

Year Treatment Fruit yield (kg ha-1) 
Irrigation water 
productivity (kg ha-1 mm-1) 

2013 FI 22559.8 ± 1453.1 a 61.4* ± 3.9 a 

 

45RDICC 14952.1 ± 873.0 b 75.6* ± 4.4 b 

    2014 FI 19283.0 ± 2708.5 a 41.6 ± 5.9 a 

 

45RDICC 13443.0 ± 2847.9 a 53.4 ± 12.0 a 

 

45RDITP 17025.6 ± 2077.0 a 72.2 ± 8.8 a 

Data with * were affected by reduced water supply at the beginning of the irrigation season 

(see Section 3 for details). 



 
 
 
 
      

SHOOT 

GROWTH 

 March            April               May            June             July             August     September     October      November 

BLOOM 

HARVESTING 

FRUIT GROWTH 

OIL ACCUMULATION 

MATURITY 

FLOWER INDUCTION 

MAXIMUM RATE OF 

   PIT HARDENING 

        (6-10 WAB) 

 February 

FRUIT DROP PIT HARDENING 

45RDI irrigation strategy 

PERIOD 1 

Irrigate to 

100% IN 
if 

AW<70% 

PERIOD 2 

Irrigate to 

80% IN 
if 

AW<70% 

PERIOD 3 

Irrigate to 

100% IN 
Irrigate to 

20% IN 

(2 i.e./w.) 
Irrigate to 

10% IN 

(1 i.e./w.) 

Irrigate to 

20% IN 

(2 i.e./w.) 

if AW<40% 

IN = ETc - Pe 

Fig. 1. Regulated deficit irrigation strategy applied in the orchard for the 45RDI treatments. In the three periods of high crop 

sensitivity to water stress (periods 1 to 3), irrigation is applied daily. For the rest of the year just one or two irrigation events per 

week (i.e./w.) are applied, replacing 10% or 20% of the total irrigation needs (IN) in the period. AW is the available water in the 

soil. Both the double sigmoidal curve for growth and the sigmoidal curve for oil accumulation are observed in years with very hot 

and dry summers. In years with less demanding conditions, both variables show a linear increase along the summer. ETc =  crop 

evapotranspiration; Pe = effective precipitation, assumed to be 75% of the precipitation recorded by a weather station in the 

orchard; WAB = weeks after bloom. After Fernández et al. (2013). 
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Fig. 6. Seasonal courses of midday stem water potential (Ψstem, avg. ± SE) measured in FI, 45RDICC and 45RDITP trees of the 

Sanabria orchard during the whole irrigation season of 2014. Pp curves were collected by three ZIM probes per treatment and shown 

here through State 1 (low water stress), State 2 (moderate stress) and State 3 (severe stress) by horizontal colour bars. Periods 2 and 

3 shown in Fig. 1, as observed in this year 2014, are represented. DOY = Day of year. 

 






