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ARTICLE INFO ABSTRACT

Handling Editor - Dr. Brent Clothier Water productivity (WP) in olive orchards is crucial for sustainable agriculture, particularly in water-scarce
Mediterranean regions affected by climate change. This review examines strategies to improve WP, including
deficit irrigation (DI), sensor-based precision irrigation, orchard management, and climate adaptation. Regulated
(RDI) and sustained (SDI) deficit irrigation optimize water use without major yield or oil quality losses. RDI
applied during less sensitive drought stages (e.g., pit hardening) can improve WP by up to 20 %, while also
enhancing the phenolic content of the olive oil. However, long-term impacts on plant vegetative response,
longevity and soil health require further study. Irrigation application thresholds were identified, beyond which
gains in WP decline. However, these thresholds should be regarded as indicative benchmarks of irrigation ef-
ficiency rather than explicit management targets, as WP alone does not necessarily reflect maximum yield or oil
quality. Physiological indicators, such as stem water potential, are proving valuable for fine-tuning irrigation
decisions, though threshold values vary according to cultivar and environmental conditions. Plant-based sen-
sors—including trunk dendrometers, microtensiometers, leaf patch clamp pressure probes, and sap flow sen-
sors—show promise for monitoring plant water status, but cost, calibration, and data interpretation challenges
currently limit widespread implementation. These measurements also depend on environmental conditions,
cultivar, and water status. Orchard management practices, such as increased planting density and the use of
mulches or cover crops, could contribute to WP improvements by reducing evaporation and optimizing resource
partitioning, but further research is needed on the subject. Climate change projections suggest an overall
decrease in WP due to increased temperatures, reduced precipitation and water stress, though there is regional
variability. To ensure sustainable olive production under water-limited and changing climatic conditions, a
holistic approach combining irrigation strategies, technological innovation and adaptive management is
essential.
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1. Introduction

Olive (Olea europaea L.) is one of the oldest cultivated tree species,
with domestication tracing back to approximately 4000 BC in the
eastern Mediterranean. From this region, olive cultivation expanded
across North Africa, the Iberian Peninsula, and Southern Europe,
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facilitated by the migration of populations and civilizations (Connor and
Fereres, 2004; Connor, 2005) Crossbreeding between early eastern va-
rieties and wild olive trees around the Mediterranean Basin gave rise to
the modern varieties, which now number over 2000 worldwide
(Arenas-Castro et al., 2020).

Olive trees are particularly well-suited to the Mediterranean climate,
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which is characterized by long, hot, and dry summers, alongside cool
and rainy winters. The morphology, anatomy, and physiology of the
olive tree reflect its adaptation to these environmental conditions. Trees
can tolerate and recover from leaf water potential values as low as
—8 MPa, although these extreme values are far below the threshold that
can be accepted for cultivation (Connor, 2005; Fernandes-Silva et al.,
2010; Gucci et al., 2012a; Gucci and Sebastiani, 2023). The root system
can extend to 2-3 m deep in alluvial soils (Fereres et al., 2012), but it is
more commonly confined within 1 m depth. Olive leaves are small,
sclerophyllous, and exhibit high reflectivity, which reduces the radia-
tion load (Mariscal et al., 2000). Olive tree transpiration is strongly
influenced by variations in leaf stomatal conductance (gs) (Villalobos
et al., 2000). The combination of tall, dense canopies with small leaves
enhances aerodynamic roughness, creating conditions where aero-
dynamic conductance becomes so dominant that the canopy is consid-
ered "coupled" to the air. Under these conditions, gs serves as the
primary driver of transpiration (Villalobos et al., 2000). Consequently,
factors that affect g5 such as vapor pressure deficit (VPD, calculated as
the difference between saturated and actual vapor pressure in the at-
mosphere) or water stress results in proportional changes in olive
transpiration rates (Fernandes-Silva et al., 2016; Jarvis and McNaugh-
ton, 1986; Villalobos et al., 2012).

Olive cultivation is predominantly concentrated in water-scarce re-
gions (Connor, 2005). In the leading producing countries, water allo-
cations typically fall below maximum irrigation needs. This water deficit
is expected to worsen due to climate change, with olive irrigation de-
mand projected to increase by 5-27 % in Southern Europe (Mairech
et al., 2021). This rise in demand will coincide with expected reductions
in precipitation across key production areas and growing competition
for water from other sectors (IPCC, 2023). In such water-limited envi-
ronments, improving water resource management is essential—shifting
the focus from maximizing yield per unit area to maximizing yield per
unit of water consumed, i.e., water productivity (WP) (Fereres and
Evans, 2006)

The WP is commonly used to assess the efficiency of water use in
agriculture (Fereres et al., 2014; Fernandez et al., 2020). However, in-
consistencies in the definition and application of WP have led to
confusion in the literature (Fernandez et al., 2020). For clarity, in this
review we will differentiate between Crop Water Productivity (WP,),
defined as the ratio of yield (Y) to the water consumed by the crop or
actual crop evapotranspiration (ET,), and Irrigation Water Productivity
WP}, defined as the ratio of Y to the amount of irrigation applied (I)
(Fernandez et al., 2020).

Environmental factors and cultural practices exert the greatest in-
fluence on WP, in olives, while the olive genotype plays a comparatively
minor role. Differences in WP, among genotypes are mainly attributed to
variations in photosynthetic pathways (Fereres et al., 2014; Fischer and
Turner, 1978). Among environmental drivers, VPD plays a particularly
significant role (Tanner and Sinclair, 1983). In olive trees, daily fluc-
tuations in transpiration efficiency (TE)—the ratio of leaf photosyn-
thesis to transpiration—closely follow diurnal changes in VPD. TE peaks
in the morning when VPD is low and canopy conductance is not limited
by radiation but declines as VPD rises throughout the day (Villalobos
et al., 2012).

Management practices play a vital role in enhancing both yield and
WP, (Fereres et al., 2014). In olives, irrigation management is a critical
factor in determining WP,.. Under water-limited conditions, deficit irri-
gation (DI) strategies can effectively optimize both yield and WP (Gucci
et al., 2012a). The success of DI in improving WP, is explained by the
characteristics of the production function, which describes the rela-
tionship between Y and ET,. In olives, as in other tree crops and vines,
yield increases linearly with ET, up to a threshold, after which the
relationship flattens (Fereres et al., 2012; Moriana et al., 2003). Such
plateau is more prominent for oil production compared to fruit pro-
duction (Moriana et al., 2003). As a result, DI can maintain or improve
WP, with minimal or no impact on yield, if the imposed water stress does
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not lower ET, below the threshold where the yield-ET, relationship
begins to flatten (Fereres et al., 2012). Additionally, DI strategies can
significantly enhance olive oil quality, particularly its biophenolic con-
tent in both fruit and oil (Fernandes-Silva et al., 2013; Machado et al.,
2013; Servili et al., 2007). This improvement in oil quality introduces an
economic advantage to DI, as higher market revenues from
premium-quality oil can potentially offset reductions in yield.

Despite the growing interest in enhancing WP, a significant knowl-
edge gap remains concerning the relationships among irrigation strate-
gies, technological innovations, orchard management practices, and
their influence on WP. A bibliometric analysis using VOSviewer (Fig. 1)
reveals that most existing reviews on olive cultivation focus on topics
such as ’irrigation,” *water stress,” and ’irrigation scheduling,” while
water productivity’ is absent as a recurring theme. This highlights a
literature gap which needs to be addressed. The present article reviews
practices that have been shown to enhance WP in olive cultivation, with
particular emphasis on irrigation strategies tested in olive orchards and
the critical role of advanced sensors in optimizing these approaches. We
also explore how modern orchard design and management strategies
contribute to improved WP. Furthermore, we assess potential avenues
for progress in light of the challenges posed by climate change. Finally,
we identify key knowledge gaps in the current research and propose
future directions to foster sustainable improvements in olive production.

2. Methodology of literature selection
2.1. Literature search strategy

A systematic literature search was performed to identify scientific
studies addressing irrigation practices, water use efficiency, climate
change and orchard management in olive (Olea europaea L.) production
systems. Searches were carried out in Scopus and Web of Science
covering the period 2000-2025.

The search strategy used Boolean combinations of specific keywords
adapted to each database. Keywords targeted studies related to irriga-
tion performance, water productivity, deficit irrigation strategies, plant-
based sensing, climate change, and soil and orchard management. The
following terms were applied:

Olive, Olea europaea, Irrigation, Water productivity, Water use effi-
ciency, Deficit irrigation, Yield, Crop productivity, Yield efficiency, Olive oil,
Remote sensing, Irrigation management, RDI, SDI, Irrigation scheduling,
Sensors, Plant-based, Sap flow, Dendrometers, Microdendrometers, Trunk
diameter, Leaf patch clamp pressure probe, Orchard management, Mulches,
Cover crops, Soil management, Climate change.

Search filters restricted results to peer-reviewed articles and reviews
published in English. Studies unrelated to olive cultivation or lacking
methodological relevance to irrigation management and water use ef-
ficiency were excluded.

This review only includes field-based studies that quantify water
productivity using in-situ physiological, agronomic, and soil-based
measurements. Remote-sensing-based studies and large-scale moni-
toring platforms (e.g., FAO WaPOR) were not considered, as they
operate at different spatial and methodological scales and therefore fell
outside the predefined scope of this systematic search. Nevertheless,
these tools represent a complementary and emerging approach for water
productivity assessment at regional and basin scales, and their role is
discussed in the perspectives section (vd. 7) as an important research
frontier.

2.2. Screening and eligibility
A total of 570 records were retrieved. After removing duplicates and

screening titles and abstracts, 270 full text articles were assessed for
eligibility, resulting in 148 studies included in the final review.
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Fig. 1. Co-occurrence map of terms related to olive tree and water management in scientific review articles. The size of each term reflects its frequency of occurrence,
while the lines represent co-occurrence relationships within the same documents. The color gradient indicates the average publication year, from purple (older

topics) to yellow (more recent topics).

2.3. Geographic distribution of reviewed studies

To contextualize the scientific basis of this review, the spatial dis-

experimental evidence is needed, particularly in developing olive
growing regions and under diverse climate and water-availability

conditions.

tribution of the selected studies was mapped (Fig. 2). Most experimental

research on deficit irrigation and water productivity in olive orchards

was carried out in the Mediterranean basin, particularly in Spain, Italy,

Portugal, and Greece. Additional studies originated from the Middle East
(e.g., Israel, Turkey, Iran) and, to a lesser extent, from emerging olive
producing regions in the Southern Hemisphere (Argentina, Chile,

Uruguay) and the USA

This distribution reflects both the global relevance of olive cultiva-
tion and the predominance of Mediterranean climates in shaping irri-

3. Irrigation management for improving water use

Irrigation in olive orchards has expanded across major producing
regions (Michalopoulos et al., 2020; Morgado et al., 2022). However,
the volumes of water available typically remain below the crop’s

evapotranspiration (ET.) requirements, forcing farmers to optimize

gation research priorities. It also highlights areas where further

irrigation management. Several management approaches have been
developed to minimize the risk of yield penalties.
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Fig. 2. Geographic distribution of reviewed studies on deficit irrigation and water productivity in olive orchards.
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3.1. Deficit irrigation and olive irrigation strategies

Deficit irrigation (DI) is defined as an irrigation strategy that applies
water below the crop evapotranspiration requirements (Fereres and
Soriano, 2007). The main goal when implementing a DI strategy is to
ensure economically viable yields while reducing water applied through
irrigation.

Research indicates that DI can enhance WP in mature plantations
without significantly compromising fruit yield or quality, especially
when applied during specific phenological phases that are less sensitive
to water stress (Abd El-All et al., 2016; Fernandez et al., 2013a; Ibba
et al., 2023; Iniesta et al., 2009). However, DI is generally not recom-
mended during early development of young olive trees, because the
primary objective at this stage is to maximize vegetative growth and
enable trees to reach their final ground cover as soon as possible.

Different DI strategies have been tested in olive orchards
(Arbizu-Milagro et al., 2022; Ben-Gal, 2021; Fernandes-Silva et al.,
2010; Fernandez et al., 2013a; Gucci et al., 2012b). The main ones are
sustained deficit irrigation (SDI) and regulated deficit irrigation (RDI).
SDI entails maintaining a continuous reduced level of irrigation
throughout the growing season, which can lead to more consistent fruit
development but may require more careful management to avoid
excessive stress during critical growth phases (Abd EI-All et al., 2016;
Ibba et al., 2023). On the other hand, RDI involves concentrating the
water deficit during non-critical periods, such as the pit hardening stage,
which is known to be the phenological stage less sensitive to water stress
(Ben-Gal et al., 2023; Fernandez et al., 2013a; Garcia-Garvi et al., 2022),
while providing full irrigation during drought-sensitive growth stages.

Both methods allow water savings while minimizing impacts on yield
and fruit quality. There is no evidence demonstrating the superiority of
one strategy over the other, as both appear to yield favorable results. The
beneficial effects of RDI compared to SDI are likely to depend on pre-
cipitation patterns and the soil’s water holding capacity (Gucci et al.,
2012b). For example, some studies (Corell et al., 2022; Gucci et al.,
2019; Iniesta et al., 2009; Siakou et al., 2021) reported no differences
between SDI and RDI, while others found RDI more productive than SDI
(Ibba et al., 2024; Trentacoste et al., 2012). It seems that the response is
cultivar-dependent and influenced by the level of water stress imposed
during the pit hardening period.

3.2. Deficit irrigation and water productivity

Many authors have reported WP increases under DI regimes for olive
oil production (Table 1), although the degree of improvement varies
depending on factors such as crop load, irrigation management, and soil
evaporation rates. These variations highlight the complex interactions
between plant physiology and environmental conditions in determining
WP outcomes.

Furthermore, WP for olive oil production has been found to be
closely related to stem water potential (¥stery) under different DI stra-
tegies, suggesting that Wsie, may serve as a useful physiological indi-
cator to guide irrigation decisions and optimize water use efficiency
(Ben-Gal, 2021). Vita Serman et al. (2021) analyzed the yield response
of high-density hedgerow orchard of the "Arbequina" cultivar under
different SDI irrigation treatments in northwestern Argentina, a region
with very limited water resources. Their findings showed a strong
relationship between WP and Wgr, and maximization of olive yields and
net profits at high irrigation levels of over 700 mm. The water deficit
treatment, with values of Wge, below —2.5 MPa, resulted in a significant
reduction of WP (Table 1).

For the same cultivar and orchard density and in a similar environ-
ment, Ahumada-Orellana et al. (2017) studied the effect of three RDI
strategies on yield and WP. The irrigation cut-off was performed 20 days
after full bloom until reaching a pre-defined Wster threshold (Table 1).
Over four growing seasons, yields were not affected when irrigation
cut-off was applied from fruit set until reaching a Wste threshold level of
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—3.5 MPa (coincident with pit hardening). The proposed —3.5 MPa
threshold allowed 20 % water savings compared to the control treat-
ment and was suggested as a suitable irrigation strategy in arid climates
for high-density olive orchards to improve WP.

For the same cultivar but with a different orchard density, Iniesta
et al. (2009) reported improvements in WP without significant differ-
ences between SDI and RDI strategies in Andalusia, Spain. They
concluded that both irrigation strategies could be applied to save a
significant amount of water with a moderate reduction (around 15 %) in
oil yield. A similar performance between moderate SDI and RDI was also
reported for the “Madural” cultivar in Portugal (Fernandes-Silva et al.,
2021). Ben-Gal et al. (2021) reported a general trend of increased WP as
a function of reduced irrigation in “Barnea” and “Askal” cultivars, with
similar results as Iniesta et al. (2009) when comparing RDI and SDI.
Interestingly, these studies reported that water stress led to a greater
decrease in fresh fruit yield compared to oil yield, as deficit-irrigated
trees had a higher oil concentration (Arbizu-Milagro et al., 2023;
Fernandes-Silva et al., 2010; Gongalves et al., 2020; Iniesta et al., 2009).
Although DI improves WP, care should be taken with the level of water
stress. Apparently, reductions equal or below 25 % of water applied in
the irrigation cut-off period seem to have negative impacts in oil accu-
mulation, particularly in soils with low water holding capacity
(Arbizu-Milagro et al., 2023; Fernandes-Silva et al., 2021, 2023).

Higher WP for olive oil production therefore appears to be related to
somewhat low values of Wgen, in the range of —3.0 to —5.0 MPa
(Ahumada-Orellana et al., 2017; Iniesta et al., 2009; Vita Serman et al.,
2021), although differences between cultivars and environmental con-
ditions can significantly influence plant responses, which must be
carefully considered when comparing results across different studies or
production systems.

To explore the general trends observed across studies, we applied
segmented regression to the aggregate dataset used in Fig. 3 to identify
irrigation thresholds associated with maximum WP. WP for oil increased
with irrigation up to ~200 mm, after which it declined slightly; WP for
fruit increased up to ~290 mm, followed by an apparent plateau. The
segmented model performed significantly better than a simple linear fit,
with broad 95 % confidence intervals around the breakpoints
(~130-295 mm and ~140-290 mm, respectively). These results align
with the literature in suggesting that moderate DI improves WP, whereas
additional irrigation yields diminishing benefits.

When expressed in WP units, the breakpoints correspond to
~5.1 kg m™ for fruit and ~1.8 kg m™3 for oil, with bootstrap confidence
intervals of ~ 4.2-6.0 and ~ 1.3-2.4 kg m™3, respectively. These values
serve as indicative benchmarks for upper water use efficiency, although
not as prescriptive thresholds.

The heterogeneity in WP responses reported across studies can be
attributed to multiple interacting factors. These include cultivar specific
traits that determine vigor, oil accumulation, and stomatal regulation;
orchard design and planting density, which affect light interception and
transpiration; and soil water holding capacity, which influences the
buffering effect of irrigation

Climatic variability influences evaporative demand, so similar irri-
gation volumes can result in different levels of water stress. Differences
in the timing and severity of DI also contribute: early-season stress (pre-
pit hardening) may reduce fruit growth more strongly than oil accu-
mulation, while late season DI tends to preserve oil yield. In addition,
alternate bearing creates inter-annual variability, as OFF-years may
inflate WP due to low crop load. Increased oil concentration under water
stress further explains why oil WP may improve even when fruit yield
declines. Long-term studies show that irrigation level remains the pri-
mary determinant of WP differences among treatments, while alternate
bearing and seasonal yield fluctuations modulate but do not obscure
irrigation responses. This underscores the importance of multi-year
evaluation to capture irrigation effects and yield variability and these
sources of variation support the development of site and cultivar specific
irrigation guidelines.
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Table 1
Water productivity (WP) mean values of fruit and oil for different irrigation strategies for different field-grown olive cultivars.
Irrigation Cultivar Plant Study 1A Wstem WPtrit/ WP, WPtrit/ETa WP,i1 /Eta Reference
strategy density duration (mm) (MPa) 1A 1A (kg m~3) (kg m—3)
(trees ha™ 1) (years) (kg (kg
m~3) m~3)
FI Arbequina 1333 4 —2.2 5.21 Ahumada-Orellana
230 1.06 et al. (2017)
RDI; Arbequina -3.5 5.92
185 1.19
RDI, Arbequina -5.0 4.91
163 0.96
RDI3 Arbequina —6.0 5.04
145 0.99
FI Cobrangosa 278 2 —2.75*% 0.56 Fernandes-Silva et al.
200 0.19 (2010)
SDI4o Cobrangosa —4.30% 0.43
79 0.16
FI Arbequina 408 3 -1.7 2.55 1.71 Iniesta et al. (2009)
464 0.37 0.23
SDI Arbequina -2.9 3.35 1.77  0.29
125 0.55
RDI Arbequina -3.6 3.62 195 031
123 0.59
FI Coratina 156 2 1.06 1.31 Taha and Khalifa
848 0.17 0.21 (2024)
SDIgo Coratina 1.14 1.46  0.25
697 0.20
SDIeo Coratina 1.17 1.56 0.28
584 0.21
FI Arbequina 555 3 -2.1 2.62 Vita Serman et al.
633 0.43 (2021)
SDIgo Arbequina —-2.5 2.68
570 0.44
SDIgo Arbequina -3.2 2.79
507 0.57
SDIo Arbequina 3.2 2.72
443 0.46
SDIgo Arbequina -3.8 2.83
380 0.49
SDI4o Arbequina —4.8 3.25
253 0.52
FIL Madural 205 1 —2.2% 3.46 Fernandes-Silva et al.
479 1.17 (2021)
SDIgo Madural —2.9% 4.24
287 1.45
SDI3q Madural —3.8* 8.1
144 2.47
RDI (sp100; Madural —3.3* 4.88
NP1S % 264 1.46
ETc)
RDI (speo; Madural —3.2% 5.88
NPO % ETc) 257 1.69
FI Arbequina 1666 3 1.29 1.06 Arbizu-Milagro et al.
449 0.09 0.08 (2023)
MRDI Arbequina 1.48 0.99 0.07
(SP100; 364 0.11
NP50 %
ETc)
SRDI (sp100; Arbequin 1.29 0.76 0.06
NP25 % 322 0.11
ETc)
SDIso Arbequina 1.81 0.74 0.06
224 0.15

(continued on next page)
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Table 1 (continued)
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Irrigation Cultivar Plant 1A Wstem WPrit/ WP,/ WPtruit/ETa WPy /Eta Reference
strategy density (mm) (MPa) 1A 1A (kg m~3) (kg m3)
(trees ha™1) (kg (kg
m~3) m~3)
PI Arbequina 1.89 1.06  0.08
309 0.14
FI Menara 156 6.12 Ibba et al. (2023)
261 1.78
RDI (sp100; Menara 6.55
NP70 % 232 1.79
ETc)
RDI sp 100- Menara 6.35
NP 60 % 223 1.69
ETc
RDI (sp g0- Menara 7.13
NP 70 % 199 2.01
ETc)
RDI (spgo- Menara 6.48
NP 60 % 189 1.93
ETc)
SDI7q Menara 5.86
182 1.78
SDIg0 Menara 6.26
157 1.93
FI Arbequina 1667 1.82 Martinez-Gimeno et al.
444 0.3 (2022)
RDI; Arbequina 2.06
345 0.38
RDI, Arbequina 2.84
236 0.53
RDI; Arbequina 3.33
161 0.62
FI Arbequina 1667 3.77 Padilla-Diaz et al.
523 0.37 (2016)
RDLss Arbequina 5.30
263 0.49
FI Cobrangosa 300 1.19 Santos (2018)
417
SDIo Cobrancgosa 2.97
262
SDIs, Cobrangosa 1.70
189
FI Frantoio 476 -1.5 1.39 Trentacoste et al.
428 0.23 (2015)
DI Frantoio —-25 2.69
83 0.46
FI Frantoio 317 -1.5 0.81
289 0.14
FI Frantoio —2.2 2.43
70 0.46
FI Frantoio 238 -1.5 0.82
219 0.15
DI Frantoio -2.0 0.88
68 0.15
FI Frantoio 513 -1.6 0.91 Caruso et al. (2022)
216 0.36
DI Frantoio —-2.7 0.97
97 0.42
FI Genovesa 408 -2.0 2.10 Pierantozzi el al.
542.4 0.21 (2020)
RDIy5 Genovesa -2.0 2.03
523.9 0.21
RDIso Genovesa —-2.5 2.20
502.4 0.23

(continued on next page)
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Table 1 (continued)
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Irrigation Cultivar Plant Study 1A Wstem WPrit/ WP,/ WPtruit/ETa WPy /Eta Reference
strategy density duration (mm) (MPa) 1A 1A (kg m~3) (kg m3)
(trees ha™1) (years) (kg (kg
m~3) m~3)
RDIy5 Genovesa —4.0 2.36
480.0 0.23
RDI Arbosana 1667 3 —-2.2 1.56 Ferrara et al. (2024)
357
T1 Barnea 350 7 —2.34 Ben-Gal et al. (2021)
447.1 0.75
T2 Barnea —2.55
424.3 0.90
T3 Barnea —2.49
398.6 0.80
T4 Barnea —-2.71
377.1 0.85
T5 Barnea —2.89
344.3 1.35
T1 Askal 350 7 —2.58
395.7 0.70
T2 Askal —-2.77
370 0.75
T3 Askal —2.68
341.4 0.65
T4 Askal —-2.77
321.4 0.70
T5 Askal -3.16
292.9 1.35

Legend: WP- water productivity; WPgi- water productivity for fruit prodution; WP,;- water productivity for olive oil prodution; IA - irrigation applied; ET, — crop
actual evapotranspiration; W.m — mean stem water potential throughout the course of the experiment; *leafy shoot water potential; FI- full irrigation (100 %ET,); SDI-
sustained deficit irrigation; RDI-regulated deficit irrigation; MRDI- moderate RDI; SRDI- severe RDI; PI- precision irrigation management based in trunk growth; SP-
sensitive phase; NP-non sensitive phase (pit hardening). Lowercase number indicates the fraction of irrigation applied relative to FI

T1, a control with sustained regulated irrigation of 80 % calculated potential crop ET (ETp); T2, RDI with irrigation reduced to 50 % ETp during the period leading up
to and into pit hardening (June-July), with no consideration of fruit yield; T3, RDI with treatment identical to T2 in "On" years and the deficit period shifted to pit
hardening and after in "Off" years (July—August); T4 RDI treatment with 40 % supply of ETp in the first half of the irrigation season (beginning of annual irrigation
through July) in "On" years and 40 % supply during pit hardening (July—-August) in "Off" years; and T5, a RDI treatment based on stem water potential thresholds.

Although WP is a useful indicator of irrigation efficiency, it does not
necessarily reflect maximum yield or oil quality. Current evidence in-
dicates that WP cannot be used as a universal prescriptive target for
irrigation scheduling, as it is strongly influenced by cultivar, planting
density, soil properties, and climate, suggests that WP is best interpreted
as a comparative efficiency metric rather than a prescriptive target.
Therefore, irrigation management should integrate physiological in-
dicators (e.g., Ystem), productivity, and oil quality.

From a physiological perspective, the plant’s response to deficit
irrigation—particularly stomatal control, osmotic adjustment, and
maintenance of photosynthetic activity—modulates both yield and WP
under similar irrigation levels. Consequently, irrigation strategies that
preserve metabolic activity during critical phenological stages tend to
sustain oil yield and WP more effectively than strategies inducing abrupt
or severe stress.

In addition, although the economic dimension ultimately determines
the optimal irrigation strategy in commercial orchards, the limited and
heterogeneous nature of available studies reporting both WP and prof-
itability prevented a rigorous cross-regional economic trade-off analysis
in this review. Water pricing structures vary widely across olive-growing
regions, reflecting contrasting water availability and supply systems,
which complicates direct comparison. While a few studies (e.g., Vita
Serman et al., 2021; Fernandez et al., 2020) illustrate the value of
integrating WP and economic outcomes, more coordinated research is
needed to establish robust economic, WP thresholds. Consequently, this
review concentrates on agronomic and physiological responses while
recognizing the need for future work to develop integrated frameworks
that combine plant-based indicators, WP, water cost, and product value
at regional and cultivar scales.

3.3. Water management and effects on olive oil quality

DI is a good strategy to enhance oil quality while maintaining fruit
yields (Anderson et al., 2023; Ben-Gal, 2021; Caruso et al., 2014; Fer-
nandes-Silva et al., 2010; Gucci et al., 2012b; 2019). Although irrigation
does not significantly affect the analytical parameters used for European
Union (EU) classification (Fernandes-Silva et al., 2013b; Tovar et al.,
2002), it influences oil composition. Increased irrigation volumes reduce
total polyphenols, oxidative stability, and the oleic-linoleic acid ratio
while increasing polyunsaturated fatty acids (Ben-Gal et al., 2021;
Caruso et al., 2014; Dag et al., 2014; Fernandes-Silva et al., 2013b,
2013a; Gucci et al., 2019; Servili et al., 2007). However, DI can enhance
hydroxytyrosol and tyrosol levels, meeting health claims
(Fernandes-Silva et al., 2023) and adding value to virgin olive o0il (VOO).
In arid climates, water deficit and high temperatures can further influ-
ence oil composition by altering the fatty acid profile in a
cultivar-dependent manner (Garcia-Inza et al., 2014; Nissim et al.,
2020a).

Although DI is often associated with improvements or preservation
of desirable oil attributes, its effects are not universally positive. When
DI is imposed during physiologically sensitive periods, particularly
during the oil-synthesis (lipogenesis) phase, reductions in phenolic
content and changes in fatty-acid composition have been reported,
indicating that the timing and severity of water restriction are critical for
achieving positive quality outcomes (Servili et al., 2007; Garcia et al.,
2020; Monasterio et al., 2021).

Furthermore, while the WP analysis presented in this review iden-
tifies thresholds associated with maximum irrigation efficiency, current
evidence does not support the existence of robust water-productivity
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Fig. 3. Relationship between irrigation applied (IA) and water productivity (WP) for fruit (black symbols and solid line) and oil (grey symbols and dashed line).
Segmented regression identified two contrasting phases: at low irrigation levels, WP increased with increasing water supply, whereas at higher irrigation levels WP
stabilized or declined. Vertical dashed lines indicate the estimated breakpoints separating these phases for fruit and oil production, illustrating that moderate
irrigation maximizes WP while further water application provides limited or negative efficiency gains.

thresholds that reliably correspond to superior oil quality. To date, no
study has identified universal WP values that guarantee improved sen-
sory or compositional attributes, underscoring that WP should be
viewed primarily as an indicator of irrigation efficiency rather than a
prescriptive target for maximizing VOO quality.

These findings reinforce that both cultivar-specific water re-
quirements and the phenological stage during which DI is applied must
be considered to optimize irrigation management and further improve
VOO quality and differentiation.

4. The role of plant-based sensors in fine-tuning deficit
irrigation programs or schedules

The WP improvements associated with DI largely depend on main-
taining a water stress level that is low enough to save water but not too
severe to compromise yield. Aiming at fine-tuning DI strategies,
different sensors have been thoroughly studied in olive orchards, such as
the pressure chamber (Scholander et al., 1965), sap flow
(Hernandez-Santana et al., 2016; 2018), dendrometers (Corell et al.,
2014; Cuevas et al., 2010; Fernandez et al., 2011a; Martin-Palomo et al.,
2021), and leaf patch clamp pressure probe (Ehrenberger et al., 2012;
Fernandez et al., 2011b; Rodriguez-Dominguez et al., 2012). These
sensors do not come without issues or limitations as they typically either
provide accurate measurements but are difficult to automate (pressure
chamber), or are easily automated but with less accurate responses, or
are too expensive for farm-level routine use. The pressure chamber, in its
more portable version, is possibly the only one from these techniques
that is currently adopted by farmers to provide quantitative information,
useful in the context of irrigation scheduling.

This section regards only the use of plant-based sensors for the fine-
tuning of regulated deficit irrigation, as we consider that ET, estimation,
soil water balance calculations and soil water content sensors are
commonly used in commercial orchards or in decision support systems
available.

4.1. Most studied sensors in olive orchard irrigation scheduling

4.1.1. Pressure chamber

The Wsiem is one of the most cited and adopted physiological pa-
rameters for orchard water status monitoring (Marino et al., 2021;
Velazquez-Chavez et al., 2024), being considered the standard measure
of plant water status (Blanco and Kalcsits, 2021; Shackel et al., 2021). It
has also been largely used for the evaluation of olive water status,
namely, related to the definition of deficit irrigation strategies (e.g.,
Fernandez et al., 2013a) and associated with the determination of water
productivity (see Table 1).

The pressure chamber has been widely used to estimate Wsiem. The
main difficulty associated with measuring Wge is that it cannot be
automated, therefore providing only discrete data, requiring the pres-
ence of operators and limiting its usefulness for decision support systems
(DSS). To overcome this, trunk microtensiometers have recently been
developed to obtain real-time, continuous data analogous to Wgem
(Pagay et al., 2014).

4.1.2. Trunk microtensiometer to monitor trunk water potential
Microtensiometers are pressure sensors embedded in the tree’s trunk
that measure water tension in the xylem, providing continuous mea-
surements of trunk water potential (Wyynk). Several studies have
demonstrated that they can provide reliable proximations of Wy, on
woody crops (Blanco and Kalesits, 2021; Lakso et al., 2022) including
olive (Zucchini et al., 2023). Validation has recently been attempted for
olive with promising results (Blanco and Kalcsits, 2021). Zucchini et al.
(2023) used microtensiometers in a commercial olive orchard, with an
irrigation protocol based on the calculation of ETo from historical data
and a Kc equal to 0.7, except during the pit hardening stage, when a
decrease of 50 % was imposed. Comparison of Wk results obtained
from microtensiometers and Wy from a pressure chamber showed
good agreement (R?> = 0.75, slope close to 1), although micro-
tensiometers consistently provided higher midday values. The same
authors, however, expressed some concerns about the effects of point
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installation on the sensor results. Furthermore, these sensors sometimes
cannot be reused after a first installation in a plant, due to the loss in
hydraulic connection to the xylem, when they are removed from the
tree.

4.1.3. Sap flow sensors

Sap flow is used to continuously assess tree transpiration. There are
many techniques to measure sap flow, with the most common for olive
trees being the compensation heat pulse method (e.g., Hernandez-San-
tana et al., 2018; Lopez-Bernal et al., 2010; Tognetti et al., 2004). The
disadvantage of this sensor is that it depends greatly on installation
conditions, which can lead to over- or under-estimation of sap flow,
given the representativeness of the xylem vessels assessed by the sap
flow probes. The representativeness of the xylem region assessed is a key
point when upscaling sap flux density (cm h™?) to whole tree or stand
water consumption (L day ' or mm, respectively) (Lopez-Bernal et al.,
2010).

Some attempts aimed at estimating leaf stomatal conductance from
sap flux density measurements (Hernandez-Santana et al., 2016) and
further calculation of the cumulative net photosynthesis throughout the
fruit growing season (Hernandez-Santana et al., 2018). According to
these authors, this methodology could be used to manage irrigation.
However, their approach involved individual calibration for each
monitored tree, which is a time-consuming procedure.

To the best of our knowledge, sap flow measurements have not been
used to actually schedule irrigation in olive orchards. In most cases, the
sensors were used for research purposes to assess water stress in olive
trees under different deficit irrigation strategies (e.g., Fernandes-Silva
and Marques, 2024; Fernandez et al., 2011a; Ibba et al., 2025) or to
estimate crop transpiration (e.g., Conceicao et al., 2017). Therefore, the
results regarding WP are not directly related to the use of sap flow
measurements in the fine-tuning of deficit irrigation strategies.

4.1.4. Leaf turgor / Leaf patch clamp pressure probes (LPCP probes)

According to Fernandes et al. (2017) and several previous studies
(Ehrenberger et al.,, 2012; Fernandez et al., 2011b; Rodriguez-Do-
minguez et al., 2012; Padilla-Diaz et al., 2016, 2018), leaf turgor probes
(LPCP) can be effectively used in olive trees under deficit irrigation
conditions, with reliable measurements obtained for stem water poten-
tial values above —3 MPa. Specifically, Ehrenberger et al. (2012)
demonstrated that the inverted diurnal curves of the LPCP output signal,
previously reported by Ben-Gal et al. (2010) and Fernandez et al.
(2011b), were due to the presence of large air-filled areas in the pa-
renchyma tissue rather than a limitation of the method itself.

Padilla-Diaz et al. (2016) compared the yield and WP of three irri-
gation strategies, a fully irrigated (FI) where irrigation was scheduled to
fulfill ET., a RDI which applied 45 % of FI (45RDl,.), and a third irri-
gation strategy where the authors applied 45 % of ET. but fine-tuned the
irrigation amounts through leaf turgor related measurements (45RDIyp).
These authors used pre-established thresholds of Wy, related to the
shape of the daily curves provided by leaf patch clamp pressure probes
(Zimmermann et al., 2008). These thresholds and the characterization of
the three shapes were described by Fernandez et al. (2011b). In the
study by Padilla-Diaz et al. (2016), the irrigation amount was increased
by 15 % when one out of three probes reported a change from state 1 (no
water stress) to state 2 (moderate water stress) and when there was a
forecast indicating increasing atmospheric demand. If the weather
forecast and the sensors did not indicate more severe water stress (state
3), then the irrigation amount was not increased. Using this strategy,
these authors reported an increase in WP, from 4.2 + 0.6-7.2
+0.9kgm™ for the control and 45RDIp treatments, respectively.
Regarding this same approach, Padilla-Diaz et al. (2018) reported fruit
and oil yield and water productivity for the 45RDIyp, 45RDI¢ and full
irrigated (FI) treatments (Table 2).

Egea et al. (2017) analyzed the financial aspects of the irrigation
treatments proposed by Padilla-Diaz et al. (2016). These authors found
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Table 2

Fruit and oil yield, water productivity (WP) of fruit and oil for each treatment
and experimental years (2014 and 2015), in a super-high-density ‘Arbequina’
olive orchard 25 km from Seville, Spain. Values for each treatment are in
average + standard error, n = 4. Different letters indicate significant differences
between treatments at p < 0.05. WP calculated as the ratio of yield to crop
actual evapotranspiration (ET,) (Padilla-Diaz et al., 2018).

Year Treatment  Fruit yield 0il yield WPkryit/ WPoil/ETa
ETa
(kg ha™") (kgha™") (kg (kg
m—31) m—3—1)
2014  FI 19,283.0 1875.8 4.2 0.41
+ 2708.5° + 288.6, + 0.6a + 0.06,
45RDI¢¢ 13,443.0 1195.0 5.3 0.50
+ 2847.9° + 258.0% +0.12 +0.11%
45RDIp 17,025.6 1641.5 7.2 0.7
+ 2077.0° +132.42 +0.9a +0.06°
2015 FI 19,724.8 1957.4 3.4 0.3
+ 1608.3° +183.72 +0.3a +0.03°
45RDIcc 15,073.8 1387.4 5.3 0.5
+ 386.0° + 86.1° +0.1b +0.03°
45RDIyp 13,685.6 1534.5 4.8 0.5
+757.2° + 130.6° +0.3° +0.05"

Legend: FI — full irrigation; RDI — regulated deficit irrigation; Lower cases: CC-
control; p — turgor pressure

that the FI and the 45RDItp were the most profitable approaches.
However, if enough water is available at a low price (<0.30€6m™3), FI
could be the best option, notwithstanding the possible problems of
excessive competence between trees. These authors also point out that
the 45RDI treatment was the most sensitive approach to annual var-
iations in the price of virgin olive oil. They concluded that, under the
studied conditions, the best irrigation management approach for
hedgerow olive orchards would be 45RDIrp.

4.1.5. Trunk dendrometers

Linear variable differential transformer (LVDT) dendrometers have
been used in olive trees to quantify changes in diameter resulting from
diurnal fluctuations of transpiration, either on trunks or fruits (e.g.,
Arbizu-Milagro et al., 2023; Caruso et al., 2023; Cuevas et al., 2010;
Martin-Palomo et al., 2021). Trunk diameter variation (TDV) measure-
ments for the evaluation of tree water stress can be influenced by plant
growth or crop load (e.g., Fernandéz and Cuevas, 2010; Moriana and
Fereres, 2004; Michelakis, 1997) and this may result in a restricted use
for irrigation scheduling. Also, they might not be adequate if the irri-
gation strategy aims to keep soil water content at a near-field capacity
level (Cuevas et al., 2010) and the adequacy of the different indicators
varies with the phenological stage of olive trees (Fernandez and Cuevas,
2010). However, some TDV-based indicators have been reported as
useful when used to avoid olive fruit shriveling and to guarantee good
oil quality (Cuevas et al., 2010). Although dendrometers are frequently
reported in the scientific literature as an effective method for monitoring
plant water status (Velazquez-Chavez et al., 2024), having the potential
to be used as predictors for stem water potential with an error close to
30 %, their use in commercial orchards remains limited because inter-
pretation for deficit-irrigation management is constrained by the
absence of well-defined threshold values. (The use of LVDT den-
drometers for water stress detection or irrigation scheduling may
improve when combined with other techniques (e.g., sap flow or
airborne imagery) (Fernandez and Cuevas, 2010).

Daily trunk growth was used to assess water productivity in the
Arbequina cultivar by Arbizu-Milagro et al. (2022), who concluded that
a precision irrigation (PI) strategy, based on the use of dendrometers and
its information to irrigate after two consecutive days of trunk shrinking
during vegetative growth, showed the best performance. These authors
compared the PI treatment with: 1) two regulated deficit irrigation
treatments, being one moderate and one severe, providing 50 and 25 %
of ET. during summer period (respectively, MRDI and SRDI); 2) one
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sustained deficit irrigation treatment (SDI) that provided 50 % of ET,
throughout the irrigation season; and 3) a full irrigation treatment (FI).
They reported that the PI treatment resulted in water savings above
30 %, when compared to FI and MRDI irrigation treatments, with no
negative effect on oil yield and resulting in WPI improvements.

4.2. Difficulties in the practical adoption of sensors to fine-tune irrigation
scheduling

Maximizing WP requires maintaining plant water stress within a
narrow, optimal range—a balance that relies heavily on timely and ac-
curate data. Although a wide array of sensors is available to monitor
plant and soil water status, their adoption in olive cultivation remains
limited. This raises a critical question: if these technologies are avail-
able, why are they not more widely implemented?

As discussed above, some plant-based methods require a well-
watered reference tree, thereby increasing the number of monitored
plants. However, as the season progresses, leaf area and groundcover in
the reference tree may diverge significantly from those water-stressed
trees. This raises concerns about the continued validity of the refer-
ence throughout the growing season. Additionally, many sensor-based
approaches remain confined to the scientific domain due to high costs
or the technical expertise required to interpret sensor data (Lopez-Bernal
et al., 2024). The main barriers connected to the use of sensors to
fine-tune DI scheduling can be summarized as follows:

i) the most reliable indicators are not easy to automate;

ii) the establishment of water stress thresholds for irrigation sched-
uling is still under development and is likely environment, cultivar, and
fruit load specific;

iii) there remains a lack of indicators that are at the same time reli-
able, automated and affordable.

An example of novel approaches for the utilization of sensors for
promoting WP of olives is monitoring water dynamics at multiple points
in the plant, including leaves, fruits, and stems. Such a comprehensive
approach can help detect optimal water stress levels earlier and more
effectively compared to relying on a single indicator of water stress
(Marino et al., 2021). However, a DSS based on several indicators
instead of a single one will likely add complexity and expense.

The integration of IoT and artificial intelligence (AI) with plant-
based sensors offers promising opportunities to further refine irriga-
tion scheduling; however, its practical application will depend on the
definition of robust and crop-specific thresholds for early water stress
detection. Moreover, the use of remote and proximal sensing technolo-
gies can complement plant-based monitoring by providing spatially
explicit information to support irrigation and orchard management.

5. Olive orchard design and management

WP, can be improved through two primary approaches, either
increasing Y or reducing ET,. In previous sections, we reviewed the
impact that DI has had on WP, through reduction in ET,. Examples of
additional orchard-scale actions that can benefit olive WP, will be pro-
vided in the following sections.

5.1. Tree density and WP,

Intensification has been widely employed to increase yields in crops,
and olive cultivation is not an exception. Traditional rainfed orchards
with approximately 100 trees ha™ have gradually been replaced by
more intensive planting systems that incorporate irrigation, fertiliza-
tion, and mechanical harvesting (Connor et al., 2014). Currently, four
distinct planting densities can be identified: traditional (T, < 200 trees
ha™!), medium-density (MD, 201-400 trees ha™'), high-density (HD,
401-800 trees ha™') and super-high-density orchards (SHD> 1500 trees
ha 1) systems (Connor, 2005; Pastor et al., 2007; Sobreiro et al., 2023).

Oil and fruit yield responds positively to increases in the fraction of
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intercepted radiation, regardless of water stress conditions (Guerfel
et al., 2010; Pastor et al., 2007; Villalobos et al., 2006). Guerfel et al.
(2010) observed a proportional increase in yield with tree density in
traditional rainfed orchards from the cultivar “Chemlali”, despite lower
water potential measured at higher densities. Similar results were re-
ported by Pastor et al. (2007) in well-watered “Arbequina” trees, where
higher tree densities also led to yield increases (with some exceptions for
the SHD). From a WP, perspective, however, the ultimate outcome de-
pends on how increasing tree density affects ETj.

Literature on the interaction between tree density and WP in olive
orchards is scarce. To the best of our knowledge, Trentacoste et al.
(2015) is the only study that has explicitly addressed this question on a
field experiment. In their work, they examined how tree density, irri-
gation regime, and WP interacted in the "Frantoio’ cultivar, finding that
WP; increased with higher planting density under both well-watered and
DI conditions. This gap in research likely stems from the considerable
time and resources needed to establish and monitor the large experi-
mental plots required. Crop simulation models offer a lower-cost com-
plementary approach. For example, Mairech et al. (2020) used the
OliveCan model (Lopez-Bernal et al., 2018) to compare traditional and
high-density orchards, reporting WP, gains with intensification, even
when applying only 30 % of ET.. These simulation results align with
experimental evidence from Chalmers et al. (1981) in peach, which
showed improved yield through combining DI and increased density
while saving water. Additionally, analysis of Guerfel et al. (2010) data
suggests WP gains with higher density under rainfed conditions.
Nevertheless, further research is needed, particularly regarding the
long-term carryover effects on canopy growth and yield and its possible
impacts on WP.

5.2. Pruning

Pruning affects both components of WP... By reducing the leaf area
index, it leads to lower ET, (Fernandez and Moreno, 2000;
Ahumada-Orellana et al., 2017). However, these reductions may be
partially offset by compensatory increases in leaf-level transpiration and
changes in growth dynamics. For instance, Albarracin et al. (2017) re-
ported that light pruning in hedgerow olive orchards increased leaf
transpiration rates. This response is likely associated with an improved
root-to-shoot ratio following pruning, which enhances tree water status
(Garcia-Tejera et al., 2021). The effect of pruning on yield, however,
depends on its intensity, timing, and method. In a long-term study, Dias
et al. (2012) observed that mechanical pruning using circular disc-saw
bars resulted in significantly higher yields than manual pruning with
chainsaws in traditional orchards.

Most studies examining pruning effects on yield have focused on SHD
systems, where pruning is essential to maintain proper light distribution
within the canopy and ensure a balance between vegetative and repro-
ductive growth (Connor et al., 2014). Although vegetative responses to
pruning are also influenced by other factors such as irrigation and
fertilization (Connor et al., 2014; Trentacoste et al., 2019), consistent
patterns have emerged. Excessive pruning—especially during sensitive
developmental stages like early spring or summer—may trigger
vigorous vegetative regrowth, which does not necessarily result in
increased fruit production (Lodolini et al., 2011; Albarracin et al., 2017).
In contrast, light to moderate pruning that preserves a larger portion of
the productive canopy can limit excessive vegetative growth, improve
light penetration, and promote a favorable source-sink balance. These
outcomes are generally associated with stable or modestly improved
yields (Cherbiy-Hoffmann et al., 2012; Connor et al., 2014; Albarracin
et al., 2017).

The overall effect of pruning on WP, will strongly depends on its
timing, intensity, and method, as well as its interaction with other
management practices such as irrigation and fertilization. Favorable
outcomes are more likely when pruning reduces ET, without negatively
affecting yield—conditions that seem more attainable with light pruning
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conducted during the winter season.
5.3. Management practices to reduce evaporation

Testi et al. (2006) found that soil evaporation can account for up to
35 % of annual ET, in a 300-tree ha™! drip-irrigated orchard in Cérdoba,
Spain. Therefore, one of the key strategies to improve WP, should rely
on limiting evaporation losses to maximize the proportion of water
partitioned to transpiration. In fact, limiting evaporation has been
shown to significantly enhance WP, (Bouman, 2007).

5.3.1. Subsurface drip irrigation

Subsurface drip irrigation involves installing drip lines below the soil
surface. The main goal is to deliver water directly into the root zone,
thereby reducing evaporation losses and limiting weed growth (Ayars
et al., 2015; Martinez and Reca, 2014). A key advantage of subsurface
drip irrigation is its ability to reduce soil evaporation. In a review of
commercial orchards in California using subsurface drip irrigation,
Ayars etal. (2015) reported a steady increase in WP over two decades in
a French prune farm, achieved through both higher yields and lower
water consumption. However, Martinez and Reca (2014) found no sig-
nificant differences in an olive orchard, which suggests that the benefits
may depend on the context

Although this irrigation system was previously considered to involve
higher installation costs, recent evidence indicates that its investment
cost is generally comparable to that of surface drip irrigation (Romero
et al., 2006), with only a modest additional expense associated with
placing the emitters at shallow depth (=20-25 cm). Moreover, this
irrigation system offers practical advantages, including reduced damage
from rabbits and other small mammals, and minimal clogging due to
improvements in dripper design.

Despite its potential benefits, widespread adoption of subsurface drip
irrigation remains limited.

Filtration plays a critical role in preventing emitter clogging; how-
ever, once clogging occurs, it is difficult to ascertain whether emission
rates are fully restored, since the buried emitters cannot be directly
inspected, thereby adding complexity to system operation and reliability
(Ayars et al., 2015).

5.3.2. Mulching and recycling of pruning residues

The application of mulch and the pruning recycling by shredding and
distributing them through the field have proven effective practices to
reduce evaporation. For example, a study on the olive cultivar “Zard”
investigated the effects of different types of mulch under drought stress
conditions. The results showed that organic mulches, particularly olive
pomace and animal manure, were especially effective in promoting the
growth and yield of water limited olive trees (Gholami et al., 2023).
Similarly, Camposeo and Vivaldi (2011), reported an improvement in
the WP of SHD olive orchards when different mulch types were applied.
In rainfed, steep olive orchards in southern Spain, the integration of
organic mulches, such as pruning residues and straw, is becoming
increasingly widespread. Research has demonstrated the efficacy of
these mulch types in reducing runoff and mitigating soil erosion, thereby
contributing to better soil conservation (Bombino et al., 2021; Parra-
s-Alcantara et al., 2016).

5.4. The use of cover crops

The adoption of cover crops in the EU is supported by incentives
under the Common Agricultural Policy (CAP), which links subsidies to
environmentally sustainable practices, including cover cropping
(Calatrava and Franco, 2011). From a WP, perspective, managing cover
crops in Mediterranean environments requires balancing their bene-
fits—such as reducing runoff and improving soil water infiltration dur-
ing winter rains—against the risk of excessive water competition with
olive trees during summer. Field studies in southern Spain have shown
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reductions in runoff and evaporation when cover crops are integrated
into commercial orchards (Espejo-Pérez et al., 2013). However, simu-
lation studies have emphasized the importance of proper management
to avoid penalties on transpiration and yield. Lopez-Bernal et al. (2023)
modelled optimal mowing dates and cover crop widths, demonstrating
that wider cover crops combined with late spring mowing resulted in
yield penalties and reduced WP,.. As adoption continues to grow in major
olive-producing regions, further research is needed to develop tailored
management strategies that maximize the benefits of cover crops while
minimizing potential trade-offs in WP,.

Importantly, most negative effects of cover crops on WPc arise from
inadequate management rather than from their intrinsic use. Initial
experience in commercial orchards indicates that cover crops should be
reduced or eliminated before budburst to prevent competition for water
with olive trees, unless irrigation supply is increased to satisfy the water
demands of both the cover crop and the trees. As adoption continues to
grow in major olive-producing regions, further research is needed to
develop tailored management strategies that maximize the benefits of
cover crops while minimizing potential trade-offs in WP,.

6. Climate change and water productivity

Climate change effects on both water consumption and crop pro-
duction, and therefore on WP, are complicated by interactions including
feedback between growth responses and water requirements, as well as
how changes in climate change variables including temperature, rain-
fall, and CO3, may influence water production relationships. Climate
change-driven effects on olive trees may include extended duration of
the growing and irrigation seasons, detrimental changes in timings of
phenological stages (e.g. flowering), yield and yield quality, accelerated
fruit ripening, and decreased chilling conditions (Fraga et al., 2020a;
Mairech et al., 2021; Ponti et al., 2014). The major findings regarding
effects on olive water consumption and production as a function of
predicted changes in climate variables, and associated (either reported
or inferred) effects on WP are summarized in Table 3. Most studies use
climate models to feed crop models to forecast climate change impact on
WP. Climate models can include changes in temperature, humidity, ra-
diation, rainfall, and CO,, and their combined effects and likely complex
potential crop responses, particularly regarding WP, (Deryng et al.,
2016). In general, studies either directly reporting WP or with data
enabling its calculation predict decreases in both WP, and WP; due to
combinations of reduced yields and increased water requirements for
olive trees. That said, there are also studies that predict increased yields
and similar irrigation needs as a function of climate change, therefore
leading to increased WP;.

6.1. Abandonment of rainfed orchards and shifts to areas suitable for
olive cultivation

The Mediterranean region is considered a climate change and
biodiversity "hot spot" with predictions of continued future warming and
drying trends (Fraga et al., 2020a, 2020b). The overall effect of climate
change on olive production is therefore not clear because of the in-
teractions between the changing environmental factors and all possible
human responses to them (Orlandi et al., 2020). While reduced pro-
ductivity may be obviously expected, some areas under some of the
scenarios alternatively show an increase in productivity. Lower avail-
able water from precipitation in the root zone is expected to lead to
unsustainable conditions for some current rainfed olive orchards, lead-
ing either to their abandonment or conversion to irrigation (Alfieri et al.,
2019; Ponti et al., 2014; Tanasijevic et al., 2014). Rainfed olive pro-
duction is predicted to become unsustainable in traditional olive
growing areas in the Mediterranean basin (Tanasijevic et al., 2014),
Greece (Kalfas et al., 2023a), Morocco (Abahous et al., 2021), Tunisia
(Ouessar, 2017) and Spain (Arenas-Castro et al., 2020).

While these and many other studies predict loss of land appropriate
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Table 3
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Summary of literature addressing effects of predicted climate change (CC) parameters on olives and corresponding effects on olive water productivity (WP). “Generic”
refers to olives of no specific cultivar in some of the modeling studies.

Climate change Location Cultivar Methods Olive response Effect of CC on References
phenomena WP
Climate model- Egypt Generic Climate and crop Increased irrigation requirements WP; Lowered as Arafat and Helal

based
Climate model-
based

Climate model-
based

Climate model-
based

Climate model-
based

Climate model-
based

Climate model-
based

Contrasting
weather
seasons

Historical climate
change
patterns/data

Historical climate
change
patterns/data

Increased
temperature

Increased
temperature

Increased
temperature

Increased
temperature

Increased
temperature
Increased
temperature
and decreased
precipitation
Seasonal
temporary
droughts.
Statistics-based
model.
Sudden
temperature
and humidity
changes
Temperate,
humid climate

Italy (Sicily)

Portugal
(Alentejo)

Spain, Italy,
Greece

Spain
Spain

(Andalusia)

Spain (Baeza)

Italy
(Valenzano)

Mediterranean

Morocco
(Souss-Massa)

Argentina

Argentina

Israel

Montenegro

Spain
(southern)
Greece
(Halkidiki)

Italy

Lebanon

Uraguay

Nocellara del Belice,
Cerasuola

Generic

Arbequina, Picual,
Leccino, Frantoio,
Moraiolo

Arbequina, Picual,
GM22, FV18,
Chiquitita
Acebuche,
Hojiblanca, Lechun
de Sevilla, Nevadillo
negro, Picudo, Picual,
Verdial de Huevar
Picual

Arbosana

Generic including
both wild and

domestic

Generic

Arbequina, Coratina

Arbequina, Coratina

Barnea, Koroneiki,
Coratina, Souri,
Picholine

Generic

Generic

Generic

Many

Generic O. europaea

Arbequina, Frantoio

models
Ecohydrological
model. Carbon
assimilation model

Climate and crop
models. Irrigation as an
adaption strategy

Crop model, tree
density, cover crop,
irrigation level

Simulation of yield and
WP parameters for DI
strategy

Evaluation of effect of
abiotic factors on
production. Model-
based

Climate and crop
models
Sap flow. DI

Pollen from fossil
records, solar
irradiance, insolation,
precipitation
Historical data

Temperature and
irrigation treatments,
potted trees

Potted trees, open-top
chambers in field

Comparison of potted
trees between
temperate and high
climate zones

Climate scenario
projection models and
crop models.

Olive growth and
economic models
Climate change models
and models of crop ET
and chilling units

Pollen intensity as
function of
environmental
conditions

Historical weather and
pollen data; modeling

Irrigation levels

Reduced yield, increased water
requirements. Compensated by
increase in production due to
increased CO,

Decreased yields due to heat and
water stress, increased irrigation
requirements

Regional variability. In general,
increased water requirements, and a
positive effect of increased CO,.
Most negative effects in particularly
dry areas

Over time yield increase while
irrigation requirements remain
similar

Variables important to predict yields
PpH (most), fall and spring
precipitation, winter temperature.
Climate change increases ETc and
decreases yield due to decreased
precipitation.

Increased yield and decreased
irrigation requirements

Hotter drier season reduced yield
and increased water requirements

Lower photosynthesis, lower pollen
production, lower yields

Below average yields due to extreme
events in El Nina and El Nino years.
Main contributors — high spring
temperatures

Lower production due to more
negative stem water potential and
water use efficiency at leaf level
Reduced fruit growth, oil
accumulation, and lower oil quality.
Significant temperature X cultivar
interactions.

Genotype dependent but, in general,
reduced fruit weight, reduced oil
concentration, reduced oil quality.
Negative effects on pollen tube
development and fruit weight

Early flowering, increased irrigation
requirements.

Lower production due to lack of
chilling requirements.

Decreased flowering and fruit set.
Decreased yield and quality.

Increase in aridity increases risk of
decreased production

Damage to stigma receptivity and
pollen viability.

Olive cultivation feasible in humid
climates.

much as18 %
WP, Reduced or
unchanged

WP,
Reduced

WP; Mostly
reduced

WP, Increased
with time

WP, Reduced

WP; Increased

WP; Reduced

WP,
Reduced

WP,
Reduced

WP,
Reduced

WP,
Reduced

WP,
Reduced

WP,
Reduced

WP,
Reduced
WP,
Reduced

WP,
Reduced

WP,
Reduced

WP; based on fruit
production
doubled when
irrigation reduced
50 %

(2021)
Viola et al. (2013);
(2014)

Fraga et al. (2020b)

Mairech et al. (2021)

Lorite et al. (2018)
Arenas-Castro et al.

(2020)

Lorite et al. (2018)

Ferrara et al. (2024)

Kaniewski et al.
(2025)

Abahous et al. (2021)

Iglesias et al. (2023)

Miserere et al. (2022);
(2023)

Ben Ari et al. (2021);
Nissim et al. (2020a),
b)

Knezevi¢ et al. (2017)

Cabezas et al. (2021)

Kalfas et al. (2023)a

Orlandi et al. (2020)

Kaniewski et al.

(2023)

Conde-Innamorato
et al. (2022)
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for olive cultivation (Abahous et al., 2021; Arenas-Castro et al., 2020;
Kalfas et al., 2023b; Tanasijevic et al., 2014), others predict expansion of
the area where olives are grown. For instance, in Montenegro, climate
change is predicted to increase potentially cultivable land surface from
17 % to 30 % with a shift northward and to higher altitudes (Knezevic
et al., 2017). This is due to the potential increase in areas suitable for
olive cultivation, that olives are known to adapt well to high tempera-
tures and arid climates, and to the fact that, since olives are typically
grown in regions together with more water demanding perennial crops
(grapevine, citrus, stone fruits), their resilience makes them the most
appropriate option as climate changes and water resources become
scarce such that they remain a good source of agricultural income where
water is a limiting factor (Lorite et al., 2018).

6.1.1. Need for additional water in irrigated orchards

The impact of climate change on irrigation needs is becoming
increasingly evident in various agricultural regions. Examples for this
have been reported for Morocco (Abahous et al., 2021) and Egypt, where
climate change is predicted to increase olive irrigation requirements by
27.5 % and decrease WP by 18 % (Arafat and Helal, 2021). Irrigation is
predicted to be necessary to maintain yields in Alentejo Portugal due to
warming and drying. Decreased precipitation there will mean that an
additional 60-85 mm of irrigation will be needed seasonally (Fraga
et al., 2020b). Net irrigation requirements are predicted to increase by
up to 140 mm in Southern Spain and some areas of Algeria and Morocco.
In Montenegro, rainfed olive yields are predicted to decrease around
16 % due to lower precipitation, and irrigation requirements are pre-
dicted to increase 30-103 mm in the 2100 temporal scenario (Knezevic
et al., 2017). These examples reveal regional diversity of responses to
climate change, with a common trend in the increased need for irriga-
tion to compensate for reduced precipitation.

6.1.2. Effect of predicted changes in climate parameters on olive phenology
and production

Increased temperature and lower humidity may negatively impact
flowering, fruit set, yield, and oil production (Kaniewski et al., 2023;
Miserere et al., 2022). The duration of stigma receptivity, pollen
viability, pollen tube development, and fruit weight are negatively
affected by high temperatures (Ben-Ari et al., 2021; Kaniewski et al.,
2025; Nissim et al., 2020b). Increased temperature and decreased pre-
cipitation lead to decreased flowering and fruit set with a concomitant
decrease in yield and quality (Kalfas et al., 2023b). Higher temperatures
could also cause earlier flowering (Knezevic et al., 2017), lower pro-
duction due to lack of chilling requirements (Cabezas et al., 2021),
and/or lower WP, due to more negative stem water potential and leaf
level water use efficiency (Iglesias et al., 2023).

6.1.3. Confounding effects of atmospheric CO; rise

In principle, higher COy should increase production more than it
increases water needs, but studies on other crops indicate that this may
not be true in the long-term due to acclimation by the plant and by
increased water needs as vegetative growth increases (Deryng et al.,
2016; Fraga et al., 2020b; Hatfield and Dold, 2019; Novick et al., 2016).
Studies are inconclusive and contradictory on how continued increases
in atmospheric CO5 may influence olive production. Some predict that
COq-driven yield increases WP (Mairech et al., 2021; Viola et al., 2013),
others predict that the COy-driven changes will only compensate for
increased water requirements and potentially lowered yields (Brito
et al., 2019), thus not causing an overall change in WP.. Mairech et al.
(2021) proposed location-specific effects of the future increase in CO,
concentration. Apparently rainfed low-density orchards, in dry areas
like the Iberian Peninsula, will be the most vulnerable to expected
climate changes and suffer from lower yields and WP while, other areas,
like the center of the Mediterranean, will benefit from higher CO,,
compensating the negative effects of higher evaporative demand,
diminishing water supply and resulting in enhanced WP, (Mairech et al.,
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2021).

7. Gaps in knowledge and future research directions

In the context of improving WP in olive cultivation, there are several
knowledge gaps and areas where future research could significantly
contribute. These gaps are largely due to the complexity of the in-
teractions between water stress, tree physiology, and environmental
conditions. Additionally, there is no clear consensus regarding the most
effective DI strategy for olives, which is likely region (environment) and
cultivar specific. Some major knowledge gaps and potential research
directions are:

7.1. Optimal water stress thresholds for different cultivars

Several studies have shown that W, can be a useful indicator for
water stress management, but optimal Wy, thresholds for different
olive cultivars remain unclear, as this waters stress indicator is close
dependent on environmental conditions, as proven by the variations
reported for the same cultivar throughout the season. To address this
issue, establishing a baseline for Wy, seems to be an effective approach
for high-density olive orchards. However, future research should focus
on developing a well calibrated model that considers orchard and
cultivar specific conditions. Understanding the precise water stress
tolerance and yield responses of each cultivar under different environ-
mental conditions could refine irrigation strategies and increase yield
without compromising fruit quality. There is also likely to be some
variability in the responses of the main production components to deficit
irrigation strategies, depending on agronomic practices and cultivar.

7.2. Long-term impacts of deficit irrigation in olive orchards: Addressing
the carryover effects

The DI is increasingly adopted in olive orchards as a response to
water scarcity. However, most studies are short-term, typically lasting
two to three years. These limitations, often linked to the duration of
funding programmes, constrain the ability to capture the cumulative
and long-term effects of DI, particularly in perennial systems such as
olive orchards. Olive trees respond gradually to water stress, with effects
on root development, carbohydrate reserves, canopy structure, and
alternate bearing. These delayed responses are often missed in short-
duration trials, potentially leading to incomplete or misleading conclu-
sions. In particular, carryover effects, defined as the residual influence of
water stress and management practices across successive seasons, are
key to assessing how DI influences yield stability, oil quality, and long-
term WP. Without considering these effects, perceived gains in WP may
mask future declines in productivity or resilience.

Long-term trials are therefore essential to design irrigation strategies
that ensure both water savings and sustained performance. This is
especially critical in Mediterranean climates, where olive cultivation
faces increasing climate variability and drought pressure.

7.3. Irrigation scheduling and management Tools

The implementation of DI in olive orchards is frequently constrained
by the absence of effective irrigation management instruments. Further
investigation is needed to: a) identify and fine-tune sensors and their
data thresholds for identifying water status and guiding irrigation; b)
develop accessible and affordable remote sensing products specifically
for irrigation scheduling; c) develop cost-effective, user-friendly Deci-
sion Support System (DSS) that combine multiple indicators and models
to optimize DI, and d) use machine learning models to predict water
requirements based on weather patterns and soil moisture levels,
allowing for more accurate irrigation decisions.
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7.4. Olive orchard management

Future research should focus on long-term, multi-site studies to
assess the combined effects of planting density, irrigation, pruning,
mulching, and cover crops. Paying close attention to cover crops and
their management is crucial, especially when it comes to the heightened
risk of vulnerability to fire. In addition, economic viability and align-
ment with agricultural policy should be explored to support the wide-
spread adoption of cover crops as WP improvement strategies.

7.5. Climate and environmental variability

The relationship between climate variables and WP is complex and
remains poorly understood, with current models lacking the capacity to
fully integrate environmental and management interactions. Future
research should prioritize the development of holistic, region-specific
models and decision support tools that incorporate climate pro-
jections, orchard typologies, and socio-economic constraints to guide
sustainable olive production under climate change.

7.6. Integration of remote-sensing for large-scale WP assessment

Efforts to assess WP in olive orchards have largely focused on plot-
scale measurements, while the ability to evaluate WP across larger
spatial domains remains limited. Emerging Earth-observation tools,
such as the FAO WaPOR geoportal, provide open-access estimates of
actual evapotranspiration and biomass production, enabling WP
assessment from field to basin scale and supporting regional comparison
and long-term water accounting. Although these products do not cap-
ture detailed physiological responses (e.g., Wstem), their integration
with in-situ measurements may improve cross-scale interpretation of WP
and inform irrigation management. Future work should develop vali-
dation approaches and protocols linking physiological indicators with
remote-sensing products to enhance the operational application of WP
metrics in olive systems.

8. Conclusion

Water productivity in olive orchards reflects a dynamic balance be-
tween irrigation strategies, physiological response, orchard design, and
environmental context. Although regulated and sustained deficit irri-
gation consistently improve water productivity with limited yield pen-
alties when applied outside sensitive developmental phases, the
effectiveness of specific strategies remains strongly context dependent.
Importantly, water productivity should be interpreted as a comparative
indicator of irrigation efficiency rather than a prescriptive management
target, as the highest values do not necessarily align with optimal yield,
oil quality, or economic returns.

Recent advances in plant-based sensing technologies offer promising
avenues for improving irrigation decision-making, but their field
adoption remains limited due to economic, technical, and interpretive
barriers. More integrated approaches—combining sensing, modelling,
and site-specific agronomic management—are needed to translate
technological progress into practical irrigation scheduling.

Climate change is expected to reduce water availability and increase
climatic uncertainty, making strategic irrigation and adaptive orchard
management increasingly critical. The development of robust, cultivar
and region-specific stress thresholds; long-term multi-site studies; and
accessible Decision Support Systems represent priority areas for future
work.

Ultimately, sustainable improvements in water productivity will rely
on the coordinated integration of deficit irrigation strategies, sensor
supported monitoring, adaptive orchard design, and climate smart
planning, ensuring that olive production remains resilient in increas-
ingly water-limited and variable environments.
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