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ABSTRACT

Water scarcity in Mediterranean climate areas will be progressively aggravated by climate change, population
increase and urban, tourism and industrial activities. To protect water resources and their integrity for future
use and to improve biodiversity, besides following advanced deficit irrigation strategies in fruit cultivation,
attention could well be directed towards what are at present underused plant materials able to withstand deficit
irrigation with minimum impact on yield and fruit quality. To this end, the state of the art as regards deficit
irrigation strategies and the response of some very interesting emerging fruit crops [jujube (Zizyphus jujuba
Mill.), loquat (Eriobotrya japonica Lindl.), pistachio (Pistacia vera L.) and pomegranate (Punica granatum
L.)] are reviewed. The strengths and weaknesses of deficit irrigation strategies and the mechanisms developed
by these emerging fruit crops in the face of water stress are discussed. The response of these crops to deficit
irrigation, with special attention paid to the effect on yield but also on fruit quality and health-related chem-
ical compounds, was analysed in order to assess their suitability for saving water in Mediterranean semiarid
agrosystems and to analyze their potential role as alternatives to currently cultivated fruit crops with higher
water requirements. Finally, the factors involved in establishing an identity brand (4ydroSOS) to protect fruits
obtained under specific DI conditions are discussed.

©2017.

1. Introduction

deficits. Indeed, water scarcity in these sites is destined to gradually
become worse because more frequent and severe droughts events dri-

Mediterranean climate countries include not only those that bor-
der the Mediterranean Sea (from Spain to Turkey and Cyprus and
from Morocco to Syria) but also other regions of the planet, including
Southern California, Chile, South Africa and Southern Australia. All
are characterized by hot dry summers, mostly rainy winters and par-
tially wet spring and autumn. In these region, to ensure regular crop
yields and for to reduce inter-annual yield variability, the scarce rain-
fall has to be supplemented by irrigation in order to avoid plant water
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ven by climate change (Collins et al., 2009). Moreover, as the popu-
lation increases, leading to an increasing expansion of urban, touristic
and industrial activities, tension and conflict between water users and
pressures on the environment will be intensified.

Consequently, and considering that Mediterranean agrosystems are
very important consumers of fresh water, it is of paramount impor-
tance to protect water resources and their integrity for future use
(Katerji et al., 2008). In this sense, to overcome the problems asso-
ciated to a boost in water prices, as the discouragement of farmers
and ultimately land abandonment, Garcia-Tejero et al. (2014) indi-
cated that an alternative could be to provide correct incentives for
farmers to adopt changes in their irrigation methods by implement-
ing strategies and tools for sustainable water saving. Among the strate-
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gies that can be applied to attain water saving are the use of improved,
innovative and precise deficit irrigation (DI) management practices
able to minimize the impact on crop yield and quality (Fernandez and
Torrecillas, 2012). In addition, in order to contribute to water saving,
fruit culture should be directed towards the use of plant materials that
are less water-demanding or able to withstand deficit irrigation with
minimum impact on yield and fruit quality.

In this last respect, it is important to consider that in human history,
40-100,000 plant species have been regularly used for food, fiber and
for industrial, cultural and medicinal purposes. Today, at least 7000
cultivated species are in use around the world. However, in recent cen-
turies, agricultural systems have promoted the cultivation of a very
limited number of crop species. While these have been the focus of at-
tention of commerce and scientific research world-wide, many crops
have been relegated to the status of neglected or underutilized crop
species, and largely ignored (Padulosi et al., 2001; Chivenge et al.,
2015). In addition, this reduction in the number of crop species used
for food production throughout the world has a direct effect on biodi-
versity, which is fundamental for ecosystem functioning, sustainable
agricultural production and the attainment of food and nutritional se-
curity (Toledo and Burlingame, 2006; Chappell and LaValle, 2011).
Therefore, to improve not only biodiversity but also to saving wa-
ter and hence protecting the integrity of water resources for the fu-
ture, it is necessary the diversification of production and consumption
habits, including the use of a broader range of plant species, in partic-
ular those currently identified as underutilized and needing a low in-
put of synthetic fertilisers, pesticides and water. This option has to be
compatible with the consolidation of the cultivation of other Mediter-
ranean traditional crops, such as olive, almond or grapevine, which
are low water demanding and profitable crops. In this sense, in some
countries, during recent decades there has been a certain interest in di-
versifying fruit tree production by cultivating species with under-ex-
ploited potential. Among these emerging crops many are characterized
by their attractive fruits and health-related qualities, so that they may
attract consumer attention and contribute to producer profitability

For these reasons, the aim of this review was to present the state of
the art of deficit irrigation strategies and the response to them of some
very interesting emerging fruit crops [jujube (Zizyphus jujuba Mill.),
loquat (Eriobotrya japonica Lindl.), pistachio (Pistacia vera L.) and
pomegranate (Punica granatum L.)]. To this end, the following as-
pects were considered: (i) the strengths and weaknesses of deficit ir-
rigation strategies, (ii) the mechanisms developed by these emerging
fruit crops to confront water stress, and (iii) the response of these crops
to deficit irrigation, paying special attention not only to the effect on
yield but also to the effect on fruit quality and health-related chemical
compounds.

2. Deficit irrigation. Concepts and strategies

To cope with water scarcity, Mediterranean agrosystems are in-
creasingly looking to more efficient technological innovation and irri-
gation management approaches. In this respect, many countries have
shifted from irrigating crops in order to satisfy their evapotranspira-
tion requirements (ETc) or full irrigation (FI), the conventional norm
which seeks to maximize crop yield per unit of land, to deficit ir-
rigation (DI) strategies, which involve reducing the amount of wa-
ter provided to the crop during the growing season by the soil mois-
ture stock, rainfall and irrigation to a level below that needed for
maximum plant growth. In most of cases DI induces a gradual wa-
ter deficit, due depletion of soil water reserves, accompanied by a re-

duction in harvestable yields, especially in soils with a significantly
low water storage capacity.

When water scarcity is the consequence of uncontrolled factors and
water supply is not guaranteed, farmers find it difficult to schedule any
reasonable DI strategy. In contrast, if growers have a guaranteed water
supply for their crops during the growing season, it is possible to im-
prove water productivity (WP) by drawing up DI strategies based on
scientific principles, attempting to produce near-maximum yields even
if crops are provided with less water than they would otherwise use
(maintaining crop consumptive use below its potential rate). In other
words, improving the marketable yield per unit of water used rather
than attaining maximum yields (Kijne et al., 2003; Zhang, 2003) Com-
plementary advantages of the same include a reduction of nutrient loss
from the root zone and a decrease in excessive vegetative vigour, ac-
companied by a lower risk of crop diseases linked to high humidity
(Goodwin and Boland, 2002; Unlii et al., 2006) (Table 1). However,
there is a shortage of research into the risk of soil salinization as a
consequence of any decrease in the leaching of salts and the use of
low quality irrigation water (Boland et al., 1996; Kaman et al., 2006)
(Table 2).

Three main DI strategies can be mentioned; sustained deficit irri-
gation (SDI), in which irrigation water used at any moment during the
season is below the crop evapotranspiration (ETc) demand, and two
others, both based on physiological aspects of the response of plants to
water deficit — regulated deficit irrigation (RDI) and partial root-zone
drying (PRD) (Fig. 1).

2.1. Sustained deficit irrigation (SDI)

At the end of 1970s, trials applying irrigation water amounts be-
low the ETc demand but at very frequent intervals took place with
encouraging results. Called deficit high-frequency irrigation (DHFI),

Table 1

Key advantages of deficit irrigation (DI) strategies: sustained deficit irrigation (SDI),
regulated deficit irrigation (RDI) and partial root drying (PRD) with a non-exhaustive
list of references.

DI
strategy ~ Advantage References
SDI, RDI  Maximize the water use efficiency and  Liu et al. (2006a); Liu et al.
and PRD  water productivity (WP) (2006b); Saeed et al. (2008);
Geerts and Raes (2009);
Ahmadi et al. (2010).
Minimum impacts on yields can be Garcia-Orellana et al. (2007);
achieved when precision tools are used ~ Ortuifio et al. (2009)
to manage mild DI
Reduces nutrient loss from the root Unlii et al. (2006); Goodwin
zone, improving ground water quality and Boland (2002)
and lowering fertilizer needs on the
field.
Decrease the risk of crop diseases Goodwin and Boland (2002);
linked to high humidity Unlii et al. (2006)
RDI Improves water savings and even Chalmers et al. (1981);
harvest quality McCarthy et al. (2002)
Reduces excessive vegetative vigour Goodwin and Boland (2002).
Can be scheduled using only trunk Conejero et al. (2011); Girén
diameter sensors et al. (2015).
PRD It can be operated in furrow or drip- Grimes et al. (1968); Samadi

irrigated crops

Despite a reduction in stomatal
conductance, crops maintain a
favourable water status

The quantity and quality of the harvest
can be improved as a consequence of
carbohydrates partitioning between the
different plant organs

and Sepaskhah (1984).
Santos et al. (2003); Kang and
Zhang (2004)

Kang and Zhang (2004)
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Table 2

Key constraints of deficit irrigation (DI) strategies: sustained deficit irrigation (SDI),
regulated deficit irrigation (RDI) and partial root drying (PRD) with a non-exhaustive
list of references.

DI
strategy ~ Constraint References
SDIL, RDI At all times it is essential to access to a minimum Zhang (2003)
and quantity of water, below which DI has no significant
PRD beneficial effect
Shortage of research on soil salinization risks as a Boland et al.
consequence of the decrease of leaching of salts and (1996);
the use of low quality irrigation water. Kaman et al.
(2006)

Fereres et al.
(1978); Costa
et al. (2007)

Crops sustain some degree of water deficit and some
yield reduction except when soil water depletion
supplements irrigation to reaching ETc

SDI Yield decrease is due mainly to decrease in fruit weight Castel and Buj
(1990)
RDI The maintenance of plant water status within narrow Jones (2004)

limits of water deficit during non-critical phenological
periods. Sudden change in evaporative demand risks
severe losses of yield and fruit quality

New and more precise criteria for defining water Shackel et al.
deficit are needed, because criteria based on ETc can (1997);
have unpredictable final effect on the rhythm of water ~ Marsal et al.
deficit development across a range of different (2008)

growing conditions (species, weather, soil depth, fruit
load, rootstock).
Irrigation management in heavy and deep soils because ~ Girona et al.

soil water depletion and refill can take place too (1993)
slowly
Scarcity of detailed studies to know the effect of water ~ Naor et al.

deficit on bud development (2005);
Marsal et al.
(2008)

PRD Do not exist definite solid criteria on defining the Saeed et al.
optimum timing of irrigation for each root system side  (2008)

It is not possible to have absolute control of root drying Bravdo (2005)
under field conditions and hydraulic redistribution
from deeper to shallower roots may prevent the clear
results that can be obtained in potted plants

Fl

RDI

this strategy proved unsuccessful when little water was stored in the
soil. It was only possible to use DHFI and obtain maximum yields
when ETc was reached through the combination of irrigation water ap-
plied and soil water depletion (Fereres et al., 1978).

In fact, the DHFI strategy is very similar to SDI (Fig. 1), which
is based on the idea of allotting the water deficit uniformly over the
whole fruit season, thus avoiding the occurrence of serious plant wa-
ter deficit at any crop stage that might affect marketable yield or fruit
quality, or distributing the irrigation water proportionally to irrigation
requirements throughout the season.

2.2. Regulated deficit irrigation (RDI)

RDI works on the premise that transpiration is more sensitive
to water deficit than photosynthesis and fruit growth, and water
deficit-induced root-sourced chemical signals like ABA. Thus, fruit
trees cope with a reduced water supply by reducing transpiration
(stomata regulation or reducing leaf surface area through reducing leaf
growth) (Wilkinson and Hartung, 2009). In this sense, fruit tree sensi-
tivity to water deficit is not constant during the whole growing season,
and a water deficit during particular periods may benefit WP by in-
creasing irrigation water savings, minimizing or eliminating negative
impacts on yield and crop revenue and even improving harvest quality
(Chalmers et al., 1981; McCarthy et al., 2002; Domingo et al., 1996)
(Table 1). Therefore, when a RDI strategy is applied, full irrigation
is supplied during the drought-sensitive phenological stages (critical
periods) of fruit trees and irrigation is limited or even unnecessary if
rainfall provides a minimum supply of water during the drought-toler-
ant phenological stages (non-critical periods) (Chalmers et al., 1981;
Mitchell and Chalmers, 1982; Geerts and Raes, 2009) (Fig. 1).

Stone fruit growth follows a double-sigmoidal pattern with two
periods of rapid growth separated by a period during which little or
no expansive growth occurs. The first growth period, stage I, is due
to cell division and cell expansion; stage II is the period in which
sclerification of the fruit endocarp takes place and fruit growth is
extremely slow or null, and stage III is the second period of fruit

Fig. 1. Graphic pattern of full irrigation (FI), sustained deficit irrigation (SDI), regulated deficit irrigation (RDI) and partial root drying (PRD) strategies in fruit trees.
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growth, which is rapid due to the expansion of existing cells and ex-
tends from the onset of this second growth period until maturity. Pome
and Citrus fruits show only a phase of rapid fruit growth (single-sig-
moidal pattern), which takes place after the initial period of cell di-
vision and minimal expansion, and is due mainly to a cell expansion
process even though some cell division may also take place at the be-
ginning (Rodriguez et al., 2017).

In stone fruit trees, two critical periods have been identified. The
first one corresponds to the second rapid fruit growth period (stage
III), when drought stress induces a reduction in yield due to the
smaller fruit size at harvest, and the second critical period is the early
postharvest period, when drought stress affects flower bud induction
and/or the floral differentiation processes that occur at this time. This
leads to a lower germination potential in the pollen of the next bloom
and encourages young fruit to drop in the following season (Uriu,
1964; Ruiz-Sanchez et al., 1999; Torrecillas et al., 2000). In other
Prunus species, such as almond (Prunus dulcis (Mill.) D.A. Webb),
flowering and rapid vegetative and fruit growth stages (stages Il and
III) and postharvest (stage V) have been reported as critical peri-
ods because water deficit affects yield (Goldhamer and Smith 1995;
Goldhamer and Viveros, 2000; Garcia-Tejero et al., 2017).

In pome and Citrus fruits rapid fruit growth can be considered
as a common critical period. In an experiment in Fino lemon (Cit-
rus limon (L.) Burm. fil.) trees over four seasons, Domingo et al.,
(1996) showed that the main critical period corresponds to the rapid
fruit growth phase, when water deficit causes a delay in attaining mar-
ketable fruit size, whereas moderate water deficit applied during flow-
ering-fruit set-fruit cell division period is not critical in terms of yield.
In fact, the effect of water deficit applied during this last phenolog-
ical period on yield is related not only with the water deficit level
achieved but also with the plant species. In Salustiana orange trees
(Citrus sinensis (L.) Osbeck) on sour orange rootstock (Citrus auran-
tium L.), Castel and Buj (1990) attained a decrease in yield of only
4%, whereas Ginestar and Castel (1996) observed that Clementina de
Nules (Citrus clementina Hort ex Tan) on Carrizo citrange (Citrus
sinensis Osb. x Poncirus trifoliata (L.) Raf.) were extremely sensitive
to water restrictions (yield decrease) during this period.

In very early maturing fruit trees, with a very short period from
fruit set to harvest and a very long post-harvest phenological period,
deficit irrigation should be applied only during the post-harvest period
even though avoiding affect bud induction and floral differentiation
processes (Torrecillas et al., 2000; Conejero et al., 2011).

Taking into consideration that the effects of water deficit depend
not only on the timing but also on the duration and magnitude of the
same, the plant water status during non-critical periods has to be main-
tained within certain levels of water deficit in order to prevent a mod-
erate, potentially beneficial, drought stress from becoming too severe
and ending in reduced yield (Table 2) (Johnson et al., 1992; Kang and
Zhang, 2004). In this sense, problems have been found in maintain-
ing a certain level of plant water deficit because, when low amounts
of irrigation water are applied, adverse situations such as a sudden in-
crease in temperature may result in severe losses of yield and quality,
(Table 2) (Jones, 2004). Other problems have been found when apply-
ing RDI in heavy and deep soils because soil water depletion and refill
frequently take too long (Table 2) (Girona et al., 1993). Under this sit-
uation, the success of RDI depends strongly on the appropriate use of
microirrigation techniques and sensors able to provide real time infor-
mation on soil and plant water status (Dichio et al., 2007; Ortufio et
al., 2009).

In recent years, the use of plant-based water status indicators has
become very popular for planning more precise irrigation pro-
grammes, because it is recognized that the tree itself is the best indica-
tor of its water status (Table 1) (Shackel et al., 1997; Garcia-Orellana
et al., 2007; Fernandez and Cuevas, 2010). In this sense, sensors like
linear variable displacement transducers (LVDTs) are able to measure
daily trunk diameter fluctuations (TDF) with great precision, gener-
ating sensitive parameters which strongly correlate with established
plant water status parameters (Fernandez and Cuevas, 2010; Ortufio et
al., 2010). The most common and useful TDF parameters for the ir-
rigation scheduling of woody crops are maximum daily trunk shrink-
age (MDS) and trunk growth rate (TGR) (Ortuiio et al., 2010; Moriana
et al., 2013). Moreover, the operational advantages of TDF measure-
ments in adult trees, such as the possibility of connecting remotely
operated irrigation automatic devices, and the ability to rapidly ad-
just schedules in response to the daily signal, make them very suitable
tools for precise RDI scheduling (Conejero et al., 2011; Girdn et al.,
2015).

2.3. Partial root drying (PRD)

This DI strategy, which has also been called partial root-zone ir-
rigation, can be applied through alternate furrow irrigation (Grimes
et al., 1968) and by surface and subsurface drip irrigation (Table 1)
(Samadi and Sepaskhah, 1984), and is based on irrigating only one
part of the root zone, leaving another part to dry to a certain soil water
content before rewetting by shifting irrigation to the dry side (Dry and
Loveys, 1998; Sepaskhah and Ahmadi, 2010) (Fig. 1).

The strategy is based in the idea that, in PRD, roots sense soil dry-
ing, triggering the synthesis of the plant hormone abscisic acid (ABA),
which reduces leaf expansion and stomatal conductance, while, simul-
taneously, the roots of the watered side of the soil absorb sufficient
water to maintain a favourable plant water status (Table 1) (Liu et al.,
2006a; Zegbe et al., 2006; Ahmadi et al., 2010). In addition, other
complementary physiological responses to PRD can favour stomatal
closure such as lower cytokine levels (Stoll et al., 2000; Davies et
al., 2005) and higher xylem pH (Davies and Zhang, 1991; Stoll et al.,
2000). Other results in grapevine (Vitis vinifera L.) indicated that PRD
may also increase root growth (Dry et al., 2000)

Currently, no definitive solid criteria exist for deciding the opti-
mum timing of irrigation for each side (Table 2), probably due to the
diversity of factors involved, such as evaporative demand, soil char-
acteristics, soil water status at any precise moment, crop phenologi-
cal stage, etc., any of which may determine the plant response to wet-
ting or drying of each side of roots (Saeed et al., 2008). In this sense,
the time when soil water extraction from the dry side is negligible has
been proposed as the optimum time to switch wetting from the irri-
gated root side to the non-irrigated side (Kriedmann and Goodwin,
2003). Also, the threshold soil water content at which the maximum
xylem ABA concentration is produced was proposed by Liu et al.
(2008) as a criterion for switching irrigation.

Some authors showed that crops under PRD gave better yields than
the same crops under DI when the same amount of water is applied.
This resulted in higher WP and even better fruit quality (Kriedmann
and Goodwin, 2003; Kang and Zhang, 2004; Liu et al., 2006a,b).
However, Wakrim et al. (2005) reported no significant difference in
water use efficiencies (WUE) between PRD and DI, but a substantial
increase in WUE when PRD was compared with FI.
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3. Emerging fruit crops response to deficit irrigation
3.1. Jujube (Zizyphus jujuba Mill.)

Jujube tree (family Rhamnaceae) is native to China, where it has
been cultivated for more than 5000 years, and to neighbouring areas of
Mongolia and the Central Asian Republics. With time, its cultivation
has spread to other regions of the world, including to Mediterranean
countries. Jujube fruit is an integral part of the culture and way of life
of millions of people and has also become important for many regions
of the world following its introduction (Azam-Ali et al., 2006); indeed,
it can be considered a so-called functional food, since it has nutritional
as well as medicinal uses (Choi et al., 2011). Nevertheless, until now
jujube has been considered of minor importance and, from a research
and development point of view, it has received little attention from
most governments.

Jujube is able to withstand severe drought during the growing
season (Fig. 2A) and to tolerate very low winter temperatures dur-
ing its dormancy (Dahiya et al., 1981; Ming and Sun, 1986). In this
sense, jujube trees are able to maintain leaf turgor under severe water
deficit (Wyem < —3.0 MPa), essentially by developing two complemen-
tary mechanisms — leaf active osmoregulation (stress tolerance mech-
anism) and the control of water loss via transpiration (stress avoid-
ance mechanism), while allowing substantial gas exchange rates and,
as a consequence, good leaf productivity (Ma et al., 2007; Cruz et
al., 2012; Galindo et al., 2016). The gradual recovery of leaf con-
ductance after re-watering previously stressed plants can also be con-
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sidered as a mechanism for promoting leaf rehydration (Cruz et al.,
2012). Moreover, the high leaf relative apoplastic water content
(RWC,) levels and the possibility of increasing the accumulation of
water in the apoplasm in response to water stress supports a steeper
gradient in the water potential between the leaf and soil (Cruz et al.,
2012).

Galindo et al. (2016) showed that in contrast with the axiom that
expansive cell growth requires the presence of cell turgor, no direct
relation between turgor and growth rate exists in jujube fruits. This
could be due to an enhancement of a cell elasticity mechanism (elas-
tic adjustment), which would maintain fruit turgor even at severe wa-
ter stress levels by reducing fruit cell size, or to the fact that jujube
fruit growth depends on fruit growth-effective turgor rather than just
on turgor pressure. These authors also reported that during most of the
fruit ripening stage water can enter the fruits via the phloem rather
than via the xylem. This could be related with the increase in sensi-
tivity to drought during this phenological period, when moderate and
severe water deficits induce a significant reduction in total marketable
fruit yield (number of fruits and/or average fruit weight). In contrast
with this last idea, Cui et al. (2008, 2009) concluded that the jujube
fruit maturation stage is the optimal stage to implement water deficit
strategies and that while water deficit during the fruit growth slightly
reduced the growth rate, re-watering had an over-compensatory effect,
thus reducing the negative influence on fruit size.

The same authors (Cui et al., 2008, 2009) mentioned the relatively
low water requirements of around 360 mm and showed that jujube
fruit maturation can be advanced and the fruit yield and quality en-
hanced if appropriate RDI is applied at certain growth stages (bud
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Fig. 2. Seasonal pattern of fruit and shoot growth of jujube (Z. jujuba, cv Grande de Albatera) (A), loquat (E. japonica, cv Algerie) (B), pistachio (P. vera, cv Kerman) (C) and
pomegranate (P. granatum, cv Mollar de Elche) (D) plants in the southeast (A, B and D) and central (C) Spain conditions. Sources: Hernandez et al. (2015), Cuevas et al. (2007a),

Memmi et al. (2015) and Melgarejo et al. (1997), respectively.
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burst to leafing and fruit maturation). Also, Gao et al. (2014) showed
that jujube fruit responded positively to irrigation practices, the con-
centration of some taste-related (e.g. glucose, fructose, TSS and malic
acid) and health-related (e.g. catechin and epicatechin) compounds be-
ing generally much higher in drip irrigated fruits. In this sense too,
Collado-Gonzalez et al. (2013) demonstrated that water deficit did not
affect the tendency of procyanidins to self-aggregate but increased
the content of procyanidins of low molecular mass (Table 3), im-
proving their potential bioavailability and possible physiological ef-
fects on human health. The procyanidin content of fruit from well-wa-
tered trees increased during domestic cold storage, whereas the fruits
from trees suffering severe water stress lost some of their procyani-
din content. Moreover, in a subsequent paper, Collado-Gonzalez et
al. (2014) pointed to a certain proportionality in the response of ju-
jube fruits to moderate and severe deficit irrigation during fruit matu-
ration. So, when plants were exposed to moderate water deficit (W,
from —1.40 to —2.28 MPa) during this phenological period there was
no change in fruit size, moisture content, firmness, or fruit peel and
flesh colour compared with fully irrigated trees. Only when a more
severe water stress (W, from —1.40 to —3.14 MPa) was reached,
there were significant increases in the sucrose and arabinose con-
tents measured (Table 3). In addition, the response of fruit amino
acids to water deficit was not as sensitive as expected, since there
was no direct relationship with the magnitude of the water deficit.
However, the decrease in fruit asparagine content as a result of sev-
erer water deficit is a positive aspect, because this

Table 3

amino acid is the major precursor of acrylamide, a potentially toxic
compound formed during the heat-processing of some plant foods.
However, severe water deficit produced smaller fruit, with a lower
moisture content and yield, accompanied by changes in firmness and
peel and flesh colour.

3.2. Loquat (Eriobotrya japonica Lindl.)

Loquat is a subtropical evergreen tree that belongs to the family
Rosaceae, subtribe Pyrinae (formerly subfamily Maloideae) (Potter et
al., 2007). Some of the common names of loquat include Japanese
plum, Japanese medlar, Maltese plum, etc. It is considered indigenous
to southeastern China and possibly southern Japan, because it is said
to have been cultivated there for over 1000 years. Actually, more than
30 countries in subtropical and mild-temperate regions of the world
are cultivating selections of loquat cultivars performed during the 19th
century (Feng et al., 2007; Ferreres et al., 2009; He et al., 2011).

It is important to point out that loquat is characterized by an un-
usual phenology that makes it different of the traditional temperate
fruit crops. It blooms in autumn on apical panicles formed on cur-
rent year wood, developing fruits during winter and ripening in early
spring (Fig. 2B). Moreover, this fruit as other pomes presents a sig-
moidal pattern of fruit growth (Dennis, 1988; Cuevas et al., 2003) and
arrives at markets before any other spring fruit (Cuevas et al., 2007a;
Hueso and Cuevas, 2008).

Effect of different deficit irrigation (DI) strategies (SDI, sustained deficit irrigation; RDI, regulated deficit irrigation) on health-related compounds content (1, increased; |, decreased,
~, no affected) in the edible portion of jujube, pistachio and pomegranate fruits with a non-exhaustive list of references.

DI Response to moderate Response to severe
Fruit Crop strategy Compound water deficit water deficit References
Jujube (Ziziphus SDI/RDI  Epicatechin T 1 Collado-Gonzalez et al.
jujubaMill.) (2013)
Total B type procyanidins i 1
Self-aggregated procyanidins = =
SDI/RDI  Vitamin C = 1 Collado-Gonzalez et al.
(2014)
Sugars Sucrose or 1 1
arabinose
Glucose T 1
Organic acids Malic or oxalic 1 1
Citric = 1
Proline = 1
Asparagine = |
Other amino acids No uniform behaviour No uniform behaviour
SDI Flavonoids Epicatechin or l { Gao et al. (2014)
catechin
Procyanidins = =
Rutin ! 1
Quercetin 1 =
Total phenolic compounds = =
Sugars (sucrose, glucose or l l
fructose)
Organic acids (malic, succinic ! 1
or citric)
Ascorbic acid = =
Pistachio (Pistacia veraL.) RDI Fatty acids Oleic or palmitic = = Carbonell-Barrachina et
al. (2014)
Linoleic 1 1
Volatile compounds Aldehydes ! 1
Pyrazines and l
terpenes
Pomegranate (Punica Anthocyanins = | Mena et al. (2013)
granatumL.)
SDI Phenolic compounds ! 1
Punicalagin ! 1

Ellagic acid
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Research on mechanisms developed by loquat plant to resist
drought is very scarce, mainly at plant water relations levels. Diurnal
and seasonal gas exchange values in loquat plants respond to changes
in plant water status and to changes in evaporative demand, showing
minimum values in summer. Moreover, the diurnal trend of photosyn-
thetic rate in loquat, at least during autumn and winter, was character-
ized by a double-picked curve, suggesting the predominance of geno-
type over the environmental factors on the loquat gas exchange behav-
iour (Stellfeldt et al., 2011), because this last behaviour diverges from
that indicated for woody Mediterranean vegetation, which is charac-
terized by a maximum value in the morning, declining towards mid-
day, and remaining more or less constant afterward. Recently, Zhang
et al. (2015) observed some loquat drought stress tolerance mecha-
nisms: i) the increase in chlorophyll content, which can enhances pho-
tosynthesis under water deficit, ii) the increase in the content of sol-
uble sugars and proline of roots, which increased the osmotic adjust-
ment and the favourable water potential gradient for water into the
roots, iii) the increase in the ABA content of leaves, which induced
the stomata closing and improved the water-use efficiency, and iv) the
increase in the levels of antioxidant enzyme activities mainly at leaf
level. The ability of loquat plants to develop leaf active osmoregula-
tion was earlier suggested by Garcia-Legaz et al. (2005) who studied
the effect of salinity on the water relations of loquat plants on two dif-
ferent rootstocks. Luo et al. (2007) studied the response of two dif-
ferent loquat cultivars to water deficit and concluded that ‘Changhong
No. 3°, the more water deficit resistant cultivar, responds to water
deficit with a higher increase in stomatal density and reducing stom-
atal size than ‘Jiefangzhong’ cultivar. In addition, in ‘Jiefangzhong’
cultivar, leaf photosynthetic pigment concentrations decrease in re-
sponse to drought stress, while in ‘Changhong No. 3’ the concen-
trations of photosynthetic pigments increased markedly under light
drought stress.

Hueso and Cuevas (2008) estimated relatively high loquat water
needs of around 724 mm, and demonstrated observing the long term
response of this crop to postharvest RDI that this crop can be con-
sidered as a model for the continuous application of RDI strategies,
mainly for the economic benefits of saving water during summer, in-
creasing fruit size and grading and fruit value and gross revenue with-
out affecting yield (Hueso and Cuevas, 2008; Cuevas et al., 2009).
This positive response of loquat to RDI is based in two main facts; the
clear separation between vegetative and reproductive growth, allow-
ing the application of postharvest RDI without affecting fruit growth,
and the improving of fruit value when postharvest RDI is applied
because important advancing harvest time in the next season can be
achieved. In this sense, the most profitable RDI strategy is the com-
plete suppression of watering from around one month after the end of
previous harvest (early June) up to reach a P, value circa—2.2 MPa
(8-9 weeks), because do not alter the formation of the floral organs
and increase the advancement of bloom next season (Cuevas et al.,
2007a,b, 2009, 2012), while prolonging the water deficit period dur-
ing one additional month (August) may impair flower development in
loquat (Rodriguez et al., 2007).

Due to the fact that research on loquat response to RDI has been
always focusses on fruit earliness due to its enormous importance in
loquat price and commercialization and the high susceptibility of ma-
ture loquat fruits to mechanical damage during harvest and posthar-
vest handling, to the best of our knowledge, do not exist publica-
tions on the effect of deficit irrigation on loquat quality. Since loquat
is a non-climacteric fruit, premature picking is inadvisable because
fruits are excessively acid and taste unpalatable to consumers. Thus,
research has been focussed to stablish fruit maturity indices in order
to optimize harvesting. Pinillos et al. (2011) suggested that at every

picking date, only those fruits with a skin colour that corresponds to
a minimum TSS and TSS/TA values should be harvested, especially
at the earliest harvests of the season. Also, a TSS/TA of 0.7 was pre-
viously proposed as minimum value for harvest (Pinillos et al., 2007).
Recently, Caiete et al. (2015) showed the consumers preference for
light orange skin fruits rather than fully ripe ones due to their greater
firmness, fewer skin defects and better balance between sweetness and
acidity, and proposed harvesting loquat fruits with a minimum value
of TSS of 10 Brix and a TSS/TA ratio close to 1.0 to guarantee eating
quality and consumer satisfaction.

3.3. Pistachio (Pistacia vera L.)

Pistachio tree is native to western Asia and Asia Minor, from Syria
to the Caucasus and Afghanistan. They are mentioned in the Old Tes-
tament. Archaeological evidence from Turkey indicates that the nuts
were being used for food as early as 7000 B.C. Pistachio is a member
of the Anacardiaceae or cashew family, and is the only commercially
edible nut among the eleven species in the genus Pistacia and by far
the most economically important. The pistachio was introduced into
Italy from Syria early in the first century A.D., and subsequently its
cultivation spread to other Mediterranean countries.

Pistachio trees are considered one of the most drought resistant
fruit species, because they can survive under extreme drought condi-
tions. Spiegel-Roy et al. (1977) observed that under desert conditions
pistachio trees were able to differentiate sufficient flower buds to pro-
vide an appreciable yield and that roots were uniformly spread down
to a depth of 2.40 m even if soil moisture in all the horizons was be-
low the permanent wilting point of soil. Related with this last charac-
teristic, some authors, e.g. Lin et al. (1984) and Germana (1997), sug-
gested that pistachio drought resistance mainly depends on extensive
root system development, because, despite it commonly being though
a xerophyte, it does not present the morphological characteristic of
such in the leaves, showing, instead, high values of net photosynthesis
(Pn) and leaf conductance (g,s). Furthermore, the leaves can be con-
sidered as isolaterals since their upper and lower pages are structurally
similar, with almost identical stomatal density and conductance. Also,
Kanber et al. (1993) showed that root activity is confined to shallower
soil depths in short interval irrigation conditions. Another singularity
of pistachio trees is that both yield and the water stress level regulate
the flower bud drop that occurs before the beginning of kernel growth.
So, the following year’s pistachio yield can decrease considerably as a
consequence of a higher percentage of flower buds dropped i) in years
of higher yield or ii) when a severe water deficit during fruit stage 11
takes place (Pérez-Lopez et al., 2017).

Pistachio plants exposed to water stress also develop stress avoid-
ance and stress tolerance mechanisms. As regard the first sort of mech-
anism, during pistachio fruit stages I and II (Fig. 2C), when the soil
water content is quite high and the evaporative demand of the atmos-
phere is low, these plants show higher Pn and g, values. In con-
trast, during fruit stage III, at which the evaporative demand of the
atmosphere is higher, the pistachio plants show lower Pn and g,
values (Gijon et al., 2011; Memmi et al., 2016a,b). When plants are
under water deficit, g, values decrease in order to limit water loss
through transpiration, and at very pronounced levels of water deficit,
the daily pattern of g, is modified, showing maximum values in the
early morning and decreasing gradually, whereas Pn values remain
fairly constant until sunset because this parameter is less sensitive to
water deficit than g ¢ (D. Pérez-Lopez, unpublished data). In this re-
spect, Behboudian et al. (1986) established that pistachio plants are
able to continue their photosynthetic activity even when W, reaches
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extremely low values of —=5.0 to —6.0 MPa. Moreover, this crop has an
outstanding capability for leaf thermoregulation, even at sever water
stress levels, because pistachio canopies can transpire water at rates
far higher than those normally found in mesophytes, and are able to
rapidly compensate water losses without showing visible stress con-
dition symptoms (Germana, 1997). In addition, when previously wa-
ter stressed plants are re-watered, the gradual and slow recovery of
the plant water status observed can be considered as a mechanism for
promoting leaf rehydration (Memmi et al., 2016b). As regard the de-
velopment of stress tolerance mechanisms, Gijon et al. (2011) identi-
fied changes in the leaf bulk modulus of elasticity during pit hardening
(stage II) and active osmotic adjustment at any phenological period.
Similarly, Behboudian et al. (1986) showed that pistachio plants at a
W\ar value of —6.0 MPa exhibited very high ¥, values (3.0 MPa).

Pistachio’s water relations are significantly affected by rootstock.
According to Gijon et al. (2010), the hybrid from crossbreeding P. at-
lantica Desf. x P. vera L. may be the best rootstock for adequately
irrigated pistachios since it induces the highest leaf conductance and
vigour, whereas in rainfed or deficit irrigated conditions, P. tere-
binthus might be a good choice for its drought tolerance, as it is able to
maintain a greater leaf area than non-stressed plants with lower W,
and g.r values. However, in contrast with these results and the wide-
spread belief, Memmi et al. (2016b) suggested that P. atlantica could
be a suitable rootstock for deficit irrigated plants.

Because of its reputation for being very resistant to water stress,
pistachio is mainly cultivated worldwide under rain-fed conditions.
Despite the good crop performance under these dryland conditions,
there is a clear tendency to increase the area dedicated to irrigation
because the benefits derived from irrigation in this crop are probably
higher than in other crops. Irrigation increases yield, nut size and split-
ting, reduces the alternate bearing pattern and incidence of blank nuts,
but has no effect on the hull to kernel ratio (Monastra et al., 1998; Ak
and Agackesen, 2006). Sedaghati and Alipour (2006) suggested that
early hull splitting, a process that decreases the quality of the yield be-
cause the kernel is exposed to invasion by fungi and insects, is related
with plant water status from late April to early June. However, Gijon
et al. (2009) suggested that early splitting incidence is not related to
plant water status but to temperatures below 13 °C.

Pistachio’s irrigation water requirements are quite high, varying
from 547 to 600 mm when calculated according to Memmi et al.
(2016b) or Kermani and Salehi (2006) to 842—1000 mm when cal-
culated according to Testi et al. (2008) or Goldhamer (1995). Tak-
ing into account that water is a scarce resource and in future only the
most efficient agricultural systems will receive inputs of irrigation wa-
ter (Fereres et al., 2003), studies into optimizing pistachio deficit ir-
rigation strategies are in progress. For example, Memmi et al. (2014)
studied the pistachio response to different levels of water deficit and
time of application, concluding that irrigation when kernel weight is
increasing (stage III) results in a higher fruit size than when the same
amount of irrigation water is distributed between stages I (rapid nut
growth) and III. Moreover, these authors showed that shell hardening
(stage II) starts when the fruit reaches its maximum external diameter
and finishes a short time before the kernel reach its final weight, both
processes being simultaneous at the end of hardening and beginning
of kernel growth.

Gijon et al. (2009) showed that SDI provided at 50 and 65% of
the fully irrigated trees during the growing season reduced total yield
and kernel size, even though differences in kernel dry weight were
unaffected. Memmi et al. (2016b) showed that RDI during stage 1I
or postharvest does not reduce yield even though it may reduce tree
vegetative growth. These authors also indicated that full irrigation and
RDI in pistachio trees growing in shallow soils can be successfully

scheduled using W, measurements. Hence, RDI using a Wy,
threshold value of —1.5 MPa during stage Il induced similar yield and
production values to full irrigated trees, whereas a W, threshold
value of —2.0 MPa resulted in an extensive delay in the recovery of
Z1car Values, with concomitant negative effects on long-term pistachio
production. Guerrero et al. (2005) studied the recovery of pistachio
water relations under RDI and concluded that in order to avoid any
adverse effect of water deficit during stage 111, irrigation should be in-
creased toward the end of stage II or be clearly higher than 100% ETc
from the beginning of stage I11.

Pérez-Lopez et al. (2017) showed that stages I and III are criti-
cal because water deficit reduces the quantity and quality of the yield.
However, the effects of different water stress levels at each stage have
not been sufficiently studied. In this sense, RDI trees (receiving 50%
of the water received by control trees during stages I and 11, and the
same amount of water as control trees during stage I1I) provided a sim-
ilar total yield and percentage of split nuts as full irrigated trees and
did not show an alternate bearing pattern, even though they received
around 20% less water (Gijon et al., 2009).

Okay and Sevin (2011a,b) studied the effect of irrigation on some
pistachio fruit characteristics and concluded that differences among
cultivars were more significant under non-irrigated conditions. Irriga-
tion increased kernel weight but did not have a significant impact on
shell and kernel colours (Guerrero et al., 2005). Carbonell-Barrachina
et al. (2014) showed that the more severe the water stress level
achieved during stage II, the harder and crunchier the resulting pista-
chios.

The kernel fatty acid content of pistachio is also affected by plant
water status (Okay and Sevin, 2011a), the oleic acid content increas-
ing and the linoleic acid content decreasing in fruits of well irrigated
trees. In contrast, Carbonell-Barrachina et al. (2014) indicated that the
fatty acid profile of pistachios is dominated by three main compounds:
oleic acid (~50%), linoleic acid (~33%), and palmitic acid (~13%)
and showed (Table 3) that moderate RDI during stage II significantly
increased the oil content of the nuts, whereas more severe RDI re-
duced the oil content, inducing in both cases a significant increase in
the content of linoleic acid, which is an essential fatty acid for humans.
These authors also studied the effect of RDI on pistachio volatile com-
pounds and concluded that severe RDI during stage Il increased the
contents of aldehydes (associated with green and vegetable notes) and
reduce those of pyrazines (nut and toasted notes) and terpenes (citric
notes) (Table 3).

A descriptive analysis of pistachios showed that moderate RDI
during stage II leads to an intense “green pistachio” colour, accom-
panied by higher intensities of nutty and pistachio notes in harder,
crunchier nuts with a longer aftertaste. Also, an international con-
sumer study about the opinion of European consumers on pistachios
grown under RDI indicated that the kernels resulting from moderate
RDI applied during stage II obtained a higher intensities of character-
istic sensory attributes and a greater level of satisfaction among in-
ternational consumers than kernels from FI trees or from those ex-
posed to severe RDI during stage II (Carbonell-Barrachina et al.,
2014; Noguera-Artiaga et al., 2016).

3.4. Pomegranate (Punica granatum L.)

Pomegranate, one of the oldest known edible fruits and one of
the seven kinds of fruit mentioned in the Bible, is mainly grown in
semi-arid mild-temperate to subtropical climates (Blumenfeld et al.,
2000). This species and Punica protopunica are the two species that
make up the Punicaceae family. P. granatum is believed to be a na-
tive to the southern Caspian belt (Iran) and northern Turkey, whereas
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P. protopunica is generally accepted as being endemic of the Socotra
Island (Yemen) (Janick, 2007).

Pomegranate is considered to be a drought-resistant crop because it
supports heat and thrives in arid and semiarid areas, even under desert
conditions (Aseri et al., 2008), the mechanisms developed by this crop
to confront water stress being mainly stress avoidance and stress tol-
erance (Rodriguez et al., 2012). More precisely, from the beginning of
water deficit conditions, leaf conductance decreases in order to control
water loss via transpiration and to avoid leaf turgor loss (stress avoid-
ance mechanism) and when sever water stress levels are reached, ac-
tive osmotic adjustment is triggered, contributing to the maintenance
of leaf turgor (stress tolerance mechanism). Other drought tolerance
characteristics commonly seen in xeromorphic plants can be also ob-
served in pomegranate, such as a high relative apoplastic water con-
tent (42—58%), which would contribute to the retention of water at low
leaf water potentials (Rodriguez et al., 2012).

Despite its good resistance to drought, pomegranate for commer-
cial production requires regular irrigation throughout the season, es-
pecially when it is cultivated in arid and semiarid areas, to reduce the
incidence of fruit physiopathies (e.g. fruit splitting) (Galindo et al.,
2014b; Rodriguez et al., 2017) and to reach optimal growth, yield and
fruit quality (Levin, 2006; Holland et al., 2009). In this sense, the pe-
riod corresponding to the end of pomegranate fruit growth and ripen-
ing is clearly critical for the incidence of fruit splitting. Galindo et al.
(2014b) showed that at very severe water deficit levels, despite leaf
turgor being maintained, fruit turgor is lost inducing a reduction in
fruit expansion. Then, when an important rainfall event takes place,
previously water stressed pomegranate fruits are rehydrated asymmet-
rically because aril turgor increases to a much greater extent than peel
turgor, the pressure of the arils on the peel favouring splitting.

Intrigliolo et al. (2013) estimated pomegranate evapotranspiration
to be around 412-514 mm, but reports on the effect of irrigation man-
agement on pomegranate fruit yield and quality are relatively scarce.
The first results indicated that it is possible to control the desired
ripening time in pomegranates by applying different irrigation regimes
(Sonawane and Desai, 1989). Recently, Galindo et al. (2014a) indi-
cated that SDI applied throughout the pomegranate season to achieve
pronounced water deficit levels reduces total yield per tree, the num-
ber of fruits per tree and the size of the fruits; however, such a strategy
can bring forward the availability of fruits resulting from late flow-
erings, which, despite their smaller size, are of great interest for the
pomegranate transformation industry due to their very high content
of bioactive compounds. In contrast, other studies mention ambigu-
ous results concerning the effect of SDI on the chemical character-
istics of pomegranate fruit. In this sense, Mellisho et al. (2012) con-
cluded that SDI, under moderate water stress, produced some changes
in colour and chemical characteristics, which reflected earlier ripen-
ing. However, Mena et al. (2013) indicated that pomegranate juice
from trees submitted to SDI regimes that produce severe water stress
levels was of lower quality and less healthy than the juice from fully
irrigated trees. This reduction in quality was due to the fact that the
water stress levels caused a dramatic decrease in bioactive phenolic
compounds, especially anthocyanins and punicalagin (Table 3); be-
sides, the pomegranates were less attractive for consumers due to their
pale red colour. On the other hand, Laribi et al. (2013) showed that
pomegranates from SDI trees, submitted to mild water stress during
flowering and fruit set and more severe water stress during the linear
stage of fruit growth and ripening, had a redder peel and higher level
of total soluble solids in the juice.

Intrigliolo et al. (2013) and Laribi et al. (2013) studied the pome-
granate response to RDI involving irrigation water restrictions during

different fruit stages and concluded that the period comprised by flow-
ering and fruit set could be regarded as non-critical from the yield
point of view and that irrigation water restriction during pomegranate
fruit growth and ripening enhances peel redness and TSS in the juice.
However, restricting the irrigation water during the linear fruit growth
period increased the concentration of many bioactive compounds in
the juice, such as anthocyanins, that are related to health and taste. Re-
cently, Galindo et al. (2017) showed that a short period of irrigation
restriction at the end of ripening period brings the harvest time for-
ward, saves irrigation water, enhances the fruit bioactive compounds
content (anthocyanins, phenolic compounds, punicalagin and ellagic
acid) and increases the price of the fruit without affecting marketable
yield and fruit size.

Studies on the response of pomegranate trees to PRD have been
performed by Parvizi et al. (2014, 2016) and Parvizi and Sepaskhah
(2015). These authors compared the following strategies: SDI (50%
and 75% of ETc), irrigating only one side of trees (north) throughout
the growing season and keeping the other side (south) of the tree dry,
PRD (50% and 75% of ETc) and FI, maintaining both sides of the tree
wetted. The first authors showed that both SDI strategies and PRD at
50% ETc induced a decrease in pomegranate yield, and recommended
PRD (75% ETc) because, in addition to saving water, yield, intrin-
sic water use efficiency (WUE) and transpiration efficiency increased.
As regard pomegranate fruit quality attributes, Parvizi and Sepaskhah
(2015) indicated that both PRD strategies increased the pomegranate
fruit juice content and maturity index and decreased the titratable acid-
ity values compared with FI fruits, while the response of fruits to both
SDI strategies was the opposite of that observed in response to PRD.

Deficit irrigation can be considered as a tool that significantly im-
proves the postharvest performance of pomegranate. Several authors
reported that the fruits resulting from SDI and RDI treatments showed
better postharvest behaviour than those from FI because of retarded
chilling injury incidence (Pefia et al., 2013), higher sensory and nu-
tritional quality and longer shelf life (Laribi et al., 2013; Pena et al.,
2013; Pena-Estévez et al., 2016). Moreover, in a study of the effect of
different irrigation treatments and the efficacy of a vapour treatment
(7-10 s at 95 °C) and using NaClO as sanitizing agents on the qual-
ity and shelf life of fresh-cut pomegranate arils, Pefia-Estévez et al.
(2015) observed a synergistic effect of the water deficit treatment and
the postharvest thermal treatment. Best results were obtained for arils
from pomegranates grown on trees from which irrigation was withheld
for 16 or 26 days prior to harvest, for which a shelf life of 18 days at
5 °C was established.

4. Summary, conclusions and future research needs

Bearing in mind the characteristics of the emerging crops con-
sidered in this review, it is clear that they present different mech-
anisms to confront water deficit situations, and that different lev-
els of resistance are achieved. In this sense, pistachio trees can be
considered the most drought resistant because they can survive un-
der very extreme drought conditions. Their water stress resistance
is based on morphological characteristics such as a very extensive
root system and the development of stress avoidance and tolerance
mechanisms. Pomegranate and jujube trees are also able to withstand
severe drought during the growing season and the mechanisms de-
veloped by these crops to confront drought are also predominantly
stress avoidance and stress tolerance mechanisms. In contrast, an en-
tirely different strategy to confront water deficit is shown by loquat.
Its (loquat) strategy can be considered as a drought escape mecha-
nism because it is based on an atypical phenology, completely dif-
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wetter and evaporative demand of the atmosphere reaches minimum
values, thus avoiding the effects of hot and dry summers.

The irrigation water requirements of these emerging crops were
not related with the resistance to water stress. So, loquat trees pre-

ferent from that of traditional Mediterranean temperate fruit crops,
blooming in autumn, developing fruits during winter and ripening in
early spring. So, fruit growth accounts when Mediterranean climate is
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Fig. 3. Quadratic relationship between secondary metabolites content in the fruits and plant water status ( quadratic line) (Horner, 1990). Under mild water deficit, stomatal regulation
may leads to a reduction in plant growth, increasing concentration of nonnitrogenous secondary metabolites (central tree). When water deficit increases (right tree), CO, assimilation
is reduced and carbon is preferentially allocated to the synthesis of primary metabolites, which do not exceeded the amount used for fruit growth to the detriment of the synthesis of
carbon-based secondary metabolites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Main agronomic and fruit quality aspects needed to obtain a hydroSOS fruit certification.
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sented the highest seasonal ETc, which was slightly higher than that
observed in pistachio and pomegranate trees, and clearly higher than
that observed in jujube trees. It is clear that loquat can be considered
an outstanding crop for its response to the continuous application of
RDI, but there are good reasons to conclude that the other emerging
crops studied are able to cope with water scarcity due to their positive
response to DI strategies, including minimal impact on yields and im-
proved WP.

Taking into consideration the effect of DI strategies on fruit qual-
ity and the health-related compounds they contain, it is important to
underline that research needs to be directed at some very important as-
pects including: (i) the effect of deficit irrigation on loquat fruit qual-
ity, for which, to the best of our knowledge no information exists, and
(i1) identifying the optimal water deficit level, its timing and duration
for each crop in order to optimize fruit quality and their health-related
compounds content. This last consideration is based on the fact that
the literature in most cases suggests that fruit quality and the health-re-
lated compounds content can be improved by specific DI strategies,
but fruit response to moderate and severe water deficit is not propor-
tional in many cases. It is not possible to establish a linear correla-
tion between water stress and some fruit characteristics, especially in
the case of some secondary metabolites (Mattson and Haack, 1987;
Gobbo-Neto and Lopes, 2007). In an attempt to predict the concen-
tration of phenolic compounds as a function of water status, Horner
(1990) proposed a model based on a quadratic relationship between
both variables (Fig. 3). When plants are under mild osmotic stress
there is a reduction in plant growth and the concentration of non-ni-
trogenous secondary metabolites increase. When plants are under se-
vere water stress, strong stomatal regulation takes place and CO, as-
similation is much reduced; carbon is preferentially allocated to the
synthesis of primary metabolites, which do not exceed the amount
used for fruit growth and to the detriment of the synthesis of car-
bon-based secondary metabolites (Fig. 3).

Bearing in mind all the previous considerations, it is evident that
farmers who adopt specific DI strategies and cultivate underutilized
plant species should be rewarded for (i) making sustainable use of irri-
gation water, (i) improving crop biodiversity, (iii) having to accept a
slight reduction in their fruit and vegetable yields, and (iv) producing
fruits with higher contents of bioactive compounds. Fortunately, con-
sumers are willing to pay for special foods, particularly those associ-
ated with environmental friendly farming practices that use no chem-
icals (Martinez-Ruiz and Gémez-Cantd, 2016) — which is the case
of the fruits and vegetables grown under DI. However, consumers
need to identify such products, which should be clearly labeled and
displayed separate from other products of the same type, otherwise
their potential will be lost in a sea of products. Very few groups have
studied consumer opinion concerning DI fruits (Lopez et al., 2016;
Fernandes-Silva et al., 2013), but Noguera-Artiaga et al. (2016) even
proposed an identity brand to protect this type of product, which might
be called hydroSOStainable or, in abbreviated and easier to remember
form, hydroSOS. According to these authors, 4ydroSOS products will
have a solid identity based on two main factors: (i) water deficit can
increase the plant secondary metabolite content and, thus, the func-
tionality of the edible products (Ripoll et al., 2014), and (ii) the prod-
ucts are environmentally friendly because of the sustainable use of a
very scarce resource, water (Fig. 4).

Noguera-Artiaga et al. (2016) also found that consumers are will-
ing to pay a reasonably higher price for 4ydroSOS pistachios, if they
are properly labeled and identified. However, further research is
needed to check whether this greater willingness to pay is the simi-
lar for all fruits. Finally, it is essential to establish a hydroSOS index
to certify that the products using the hydroSOS logo have been eval-

uated for their sustainable use of irrigation water and/or their contents
of bioactive compounds. This index is under construction and will
be based, among other factors, on farmers and traders being able to
demonstrate: (i) knowledge of the cultural practices involved, includ-
ing water management during the non-critical periods, (ii) the timing,
level and duration of the applied water deficit, (iii) that suitable mon-
itoring and control of the stress applied has taken place by measur-
ing, for example, the water potential, (v) the precise composition and
contents of bioactive compounds, e.g. increased levels of proline (an
amino acid used as indicator of plant water stress), and (vi) the good
sensory quality of the product in question. If these rules are followed,
it should be possible to ensure consumer satisfaction, strengthen their
willingness to pay a reasonably higher price, and guarantee their future
fidelity to these products (Fig. 4). If the index can guarantee all the
above, consumer demand will increase, as will the price of iydroSOS
products and the possible profit for farmers. Hopefully, farmers will
become increasingly convinced about the economic benefits of DI and
dedicate larger areas to the cultivation of even more crops.
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