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Abstract  
The sustainable management of water in agriculture through 
the use of deficit irrigation strategies (DI) represents a valid 
opportunity to maximize irrigation efficiency, in particular 
for the Mediterranean areas characterized by a tending 
decrease in water availability and a gradual but continuous 
increase in temperatures and crops evapotranspiration 
demand (ETc). 
The objective of the PhD consisted in the evaluation of the 
applicability of DI strategies on a mature orange grove 
(Citrus sinensis (L.) Osbeck cv Tarocco Sciara) in order to 
monitor the effects on its physiological and biochemical 
response, on the yield and on quality, compared to the full 
irrigation regime (FI). The study also made it possible to 
identify the adaptation characteristics of the orange grove 
under study to deficit irrigation strategies, which were 
administered for about a decade in the experimental area. 
The study also proposed to compare and evaluate the 
accuracy of monitoring evapotranspiration (ETc) and 
transpiration (T) flows through the adoption of measurement 
techniques [Eddy Covariance (EC) and heat pulse velocity of 
the lymph flow (HPV)] and approaches based on estimation 
methods (FAO-56 model).  
The results of the doctoral work show how important it is to 
carry out accurate monitoring of the physiological and 
biochemical parameters of crops subjected to deficient 
irrigation regimes, in order to promptly identify the onset of 
non-reversible stress conditions.  
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Based on the results obtained, it can be deduced that deficit 
irrigation strategies (DI) can be successfully applied to high 
value cultivation systems, such as the orange grove under 
study (Citrus sinensis (L.) Osbeck cv Tarocco Sciara), 
without the deficit imposed compromises the qualitative and 
quantitative yield characteristics, with the advantage of 
reaching considerable levels of water savings (up to 53% in 
cases of greater water reduction), with consequent increases 
in water use efficiency (WUE) compared to well-irrigated 
theses. To this end, the work conducted over the three-year 
period of the doctorate suggests the possibility of adopting 
deficit irrigation strategies for orange groves (Citrus sinensis 
(L.) Osbeck cv Tarocco Sciara), from the earliest stages of 
transplanting in the field, in order to to allow conditions of 
progressive and gradual adaptation. 
Sommario 
La gestione sostenibile dell’acqua in agricoltura attraverso 
l’uso di strategie di irrigazione deficitaria (DI) rappresenta 
una valida opportunità per massimizzare l’efficienza irrigua, 
in particolare per le aree del Mediterraneo caratterizzate da 
una tendente diminuzione della disponibilità idrica e da un 
graduale ma continuo aumento delle temperature e della 
richiesta evapotraspirativa delle colture (ETc). 
L’obiettivo del dottorato di ricerca è consistito nella 
valutazione dell’applicabilità di strategie di DI su un 
aranceto maturo (Citrus sinensis (L.) Osbeck cv Tarocco 
Sciara) al fine di monitorare gli effetti sulla sua risposta 
fisiologica e biochimica, sulla resa e sulla qualità, rispetto al 
regime di piena irrigazione (FI). Lo studio ha, inoltre, 
consentito di identificare le caratteristiche di adattamento 
dell’aranceto in studio alle strategie di DI, che sono state 
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somministrate per circa un decennio presso l’area 
sperimentale. 
Lo studio si è altresì proposto di confrontare e valutare 
l’accuratezza del monitoraggio dei flussi di 
evapotraspirazione (ETc) e di traspirazione (T) attraverso 
l’adozione di tecniche di misura [Eddy Covariance (EC) e 
velocità dell'impulso di calore del flusso di linfa (HPV)] e di 
approcci basati su metodi di stima (modello FAO-56).I 
risultati del lavoro di dottorato evidenziano quanto sia 
importante effettuare un monitoraggio accurato dei 
parametri fisiologici e biochimici delle colture sottoposte a 
regimi irrigui deficitari, al fine di identificare prontamente 
l’insorgenza di condizioni di stress non reversibili.  
In base ai risultati ottenuti si può dedurre che le strategie di 
irrigazione deficitaria (DI) possono essere applicate con 
successo a sistemi colturali di alto valore, come l’aranceto in 
studio (Citrus sinensis (L.) Osbeck cv Tarocco Sciara), senza 
che il deficit imposto comprometta le caratteristiche di resa 
qualitativa e quantitativa, con il vantaggio di raggiungere 
livelli ragguardevoli di risparmio idrico (fino al 53% nei casi 
di maggiore decurtazione idrica), con conseguente aumenti 
dell’efficienza d’uso dell’acqua (WUE) rispetto alle tesi ben 
irrigate.  
A tal fine il lavoro condotto nell’arco del triennio di dottorato 
suggerisce la possibilità di adottare strategie di irrigazione 
deficitaria per gli aranceti (Citrus sinensis (L.) Osbeck cv 
Tarocco Sciara), fin dalle prime fasi di trapianto in piano 
campo, al fine di consentirne condizione di progressivo e 
graduale adattamento.
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PART I 
Introduction 
1. Deficit irrigation perspectives 
About 70% of Earth’s surface is interested by the presence of 
water (Küppers et al., 2014; Siddique and Bramley 2014), but 
only about 2.5% is freshwater (Gleick and Palaniappan 
2010). The majority of water is trapped in glaciers, permanent 
snow, or aquifers (Farihi et al., 2013; Sivakumar 2011). 
Water shortages threaten many parts of the world, with nearly 
800 million people lack access to safe drinking water and 2.5 
billion have no proper sanitation (Schiermeier 2014). 
The situation may get worse in coming decades, as world’s 
population is expected to increase by 30 % by 2050 (Godfray 
et al., 2010) coupled with forecasted climate change (de Wit 
and Stankiewicz 2006). Agriculture is the largest freshwater 
user on the planet, consuming more than two thirds of total 
withdrawals (Gan et al., 2013). In many parts of the world, 
irrigation water has been over-exploited and over-used (Chai 
et al., 2014), and freshwater shortage is becoming critical in 
the arid and semiarid areas of the world (Forouzani and 
Karami 2011). Therefore, deficit irrigation strategies such as 
such as regulated deficient irrigation (RDI) and partial root 
zone drying (PRD) play an important role in ensuring good 
water conservation in agriculture (Chai et al., 2014).  
Deficit irrigation was born in 1980 as an economic strategy, 
aimed at maximizing the economic benefit of the farmer. It 
was then subsequently declined in various concepts linked to 
the analysis of the physiological, productive and qualitative 
characteristics linked to its effects on the different crops. 
 
 



5 
 

Studies (Silveira et al., 2020; Gasque et al., 2016; Ruiz-
Sánchez et al., 2010) have shown that the use of these 
strategies have no negative consequences on fruit yield or 
quality, with significant water savings and improvements in 
water use efficiency. Therefore, where water resources are 
limited these strategies represent an excellent prospect for the 
future. 
1.1 Morphology and phenological phases of citrus fruits 
Citrus is the most widely cultivated fruit crop worldwide, 
with an annual production of 135.7 million metric tons during 
2013 (FAOSTAT, Database). The most commercially 
important Citrus species are oranges (C. sinensis L. Osbeck) 
and tangerines (C. unshiu Marc., C. nobilis Lour., C. 
deliciosa Ten., C. reticulate Blanco and their hybrids) with 
more than 80 %, followed by lemons (C. limon L. Burm. f.), 
limes (C. aurantifolia Christm. Swing.) and grapefruits (C. 
paradise Macf.) in almost equal proportions (Zaher-Ara et 
al., 2016) Citrus fruits are evergreen plants probably 
originating in China or India, they belong to the rutaceae 
family. They require a climate with limited temperature 
ranges and in particular in the summer they require relatively 
high temperatures and abundant water availability. Orange, 
lemon and mandarin take on considerable importance in the 
southern regions of Italy and in Sicily. They are trees of 
medium or limited development or shrubs, with alternate 
leathery leaves, elongated in shape with a bright green upper 
surface. The fruit is a berry called hesperidium with a round 
shape and variable size, the pulp is divided into wedges (8-12 
cloves). 
Sweet orange (Citrus sinensis) is the most common citrus 
species in Italy. The plant reaches a good development of 8-
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12 m, the leaves are whole, the fruits tend to be spherical or 
oval with bright orange peel. The orange cultivars are 
distinguished by the color of the pulp in blond and pigmented. 
Among the blonde cultivars there are: Washington Navel, 
Valencia Late, Ovale Calabrese, Bionda Comune 
Among the cultivars with pigmented pulp (due to the 
presence of anthocyanins in the pulp) we find: Moro, Tarocco 
and Sanguinello. The Tarocco, which is the crop of our 
interest, compared to the others, has larger fruits and 
smoother and thinner peel and medium ripeness (late 
December - January). 
In our environmental conditions, citrus fruits perform three 
vegetations: one in spring and two in summer, the first is 
important for production purposes, as it is the most abundant 
and develops a greater number of flowers than the tree's fruit 
setting capacity; the summer vegetation allows to accumulate 
the reserves used in the following season. The growth of 
citrus fruits has a trend that can be divided into three phases 
(Figure 1): 

- phase 1: from flowering to the physiological drop 
in June; 

- phase 2: from the drop in June to the pre-veraison 
of the fruits; 

- phase 3: from veraison to fruit ripening and 
senescence. 

During phase 1, which has a variable duration depending on 
the species from 40 to 50 days, the growth of the fruit is rapid, 
the increase in size occurs by cell division. Phase 2 has a 
variable duration between 2-3 and 5-6 months, depending on 
the variety, and growth occurs by cellular distension. Phase 
3, called ripening, begins when the skin changes color with 
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an internal transformation of the fruit that makes it juicier, 
with an increase in soluble solids and a constant decrease in 
the content of organic acids. The growth and development of 
citrus fruits is affected by climatic variables. Climatic 
conditions directly induce certain physical qualities (Cronje 
et al., 2013), alter phenophase times (Webb et al., 2007) and 
also determine the level of fruit maturity (Porras et al., 2014). 

 
Figure 1.  Fruit growth stages (from Quaderno 
Agrumicoltura 2009 - modified). 
1.2 Regulated Deficit Irrigation 
One of the most promising approaches to increase the use of 
water resources in agriculture is the Regulated Deficit 
Irrigation (RDI). The RDI consists of reducing water supplies 
during certain stages of crop development, when yield and 
fruit quality might have a low sensitivity to water deficits, and 
providing normal irrigation during the rest of the season, 
especially during critical periods or phenological stages with 
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a higher sensitivity to water deficits (Chalmers et al., 1986; 
Mitchell et al., 1984). The examined literature reports 
agronomic benefits of RDI obtained for high-density orange 
groves, olive orchards and pomegranate in terms of fruit 
quality and size (Peréz-Peréz et al., 2010; García-Tejero et 
al., 2011; Consoli et al., 2014; Roccuzzo et al, 2014; 
Selahvarzi et al., 2017; Consoli et al., 2017; Trentacoste et 
al., 2018). Many studies have shown that this practice reduces 
water consumption in crops with little or no impact on fruit 
quality or yield (eg Carr, 2012, Ruiz-Sánchez et al., 2010). 
González-Altozano and Castel (2003 a), González-Altozano 
and Castel (2003 b), González-Altozano and Castel (2000), 
González-Altozano and Castel (1999) carried out several RDI 
trials on an experimental citrus orchard "Clementina de 
Nules" (Clementine citrus Hort ex Tan). 
Different levels of water restriction were compared in the 
main phenological periods of crop development and the 
effects of water reductions on quality, fruit yield and water 
use efficiency were evaluated. They concluded that the 
effects of RDI depend on the phenological period in which 
the water restriction is applied and on the level of restriction 
applied. Furthermore, they also showed that a moderate 
reduction of water during the initial phase of fruit 
enlargement, after the fall of June which corresponds in 
Figure 1 to phase II, did not affect the quality, yield and size 
of the fruit, but led to good water savings between 8% and 
22%. 
Studies on the application of RDI demonstrate the advantages 
of this technique on the reduction of water application during 
the summer period. This is because citrus fruits have the 
ability to increase their growth after a period of water deficit 
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and reach their potential size, capacity known as 
compensatory fruit growth (Gasque et al., 2016). 
Ballester et al. (2013) have shown that by carrying out 
summer RDI treatments on late Navel Lane citrus trees they 
could prevent the compensatory growth of fruits after return 
to full-dose irrigation, depending on the duration and degree 
of severity of the plant's water deficit. This latest study 
highlights the differences between the cultivars in response 
to RDI, as well as the need for frequent monitoring of plant 
water status to avoid excessive reduction in fruit weight 
which can affect yield. 
Regarding the application of long-term RDI strategies, some 
studies show that this technique can negatively affect the 
yield (Girona et al., 2005; Intrigliolo et al., 2013; Romero et 
al., 2004); while other studies report a considerable water 
saving without any negative influence on the yield and size 
of the fruits (Hueso e Cuevas, 2010; Johnson et al., 1992). 
In studies conducted by María Gasquea et al (2016) regarding 
the effects of long-term applications of RDI on commercial 
Navelina citrus trees, it was shown that significant water 
savings were achieved during the study period (five 
consecutive growing seasons) between 12% and 27% which 
determined a slight reduction in the average weight of the 
fruits in the RDI treatments, in the most restrictive cases, 
which was balanced with a higher yield. 
In any case, to increase the reliability of the strategy, it is 
always necessary to have a deep knowledge of the 
physiological growth characteristics of the species under 
study. 
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1.3 Partial Root-Zone Drying  
Partial rootzone drying (PRD) is a strategy of DI that consists 
in irrigating only one half of the rootzone in each irrigation 
event, while the other half is maintained dry. For this, both 
halves are watered alternately (Dry et al., 1998). This 
technique was first developed in Australia for vineyards and 
relies on root-to-leaf signaling induced by a rootzone that is 
in a drying process (Dry et al., 1996), decreasing stomatal 
aperture and leaf growth, preventing water loss (Dry et al., 
2001; Dodd et al., 2006) with a little effect on photosynthesis, 
hence increasing transpiration efficiency (Dry et al., 1996). 
At the same time, the plant maintains an optimal water state 
because the other half of the root receives water, so that the 
yield cannot be significantly compromised and the quality 
can even be improved (Dry et al., 2001). The PRD 
performance is based on the assumption that photosynthesis 
and fruit growth are less sensitive to water deficit than 
transpiration, and besides, water deficit induces the 
production of chemical signals, like ABA in the root, which 
reduces leaf expansion and stomatal conductance, while, 
simultaneously, roots of the watered side of the soil absorb 
sufficient water to maintain a favorable plant water status 
(Liu et al., 2006; Zegbe et al., 2006; Ahmadi et al., 2010).  As 
demonstrated in a recent analysis, the advantages of PRD in 
relation to RDI are highly controversial and also depend on 
the soil texture, a success or enhanced yield performance with 
RDI and PRD occurring most likely in deep and finely soils 
(Adu et al., 2018). Several studies have shown that the water 
use efficiency (WUE) can be significantly improved with 
little or no decrease in crop productivity following the use of 
the PRD technique (Loveys et al., 1997; Kang et al., 2003; 
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Fernández et al., 2007; Hutton and Loveys, 2011; Ballester et 
al., 2013; Consoli et al., 2014; Parvizi et al., 2014) thus 
decreasing canopy vigor and maintain crop yield, if compared 
with conventional irrigation methods (Intrigliolo and Castel, 
2009; Kang et al., 2000; Hutton and Loveys, 2011; Consoli 
et al., 2014; Consoli et al., 2017). PRD has been successfully 
adopted in grapevine (De la Hera et al., 2007), pear (Kang et 
al., 2002), peach (Goldhammer et al., 2001), olive (Fernández 
et al., 2006) and apple (Talluto et al., 2008) crops. Studies 
conducted on grapevine (Dry et al., 2000) and citrus fruits 
(Mary et al., 2019) have shown that in the presence of 
deficient irrigation, in the specific case PRD, it leads the roots 
of trees to explore larger volumes of land to obtain access to 
more water resources that they otherwise would not be able 
to reach. Kusakabe et al. (2016) tested, in a ripe grapefruit 
orchard, during two consecutive seasons, three irrigation 
strategies: drip PRD (two drip lines, alternating irrigation 
between lines every month), microsprinkler irrigation, and 
double -line drip irrigation (control). They highlighted that: 
PRD saved water and had higher WUE crop than control or 
microsprinkler irrigation; PRD maintained or increased yield 
compared to microsprinkler irrigation; trees under all 
irrigation treatments had comparable fruit and juice quality; 
PRD did not reduce flowering potential or fruit set; there were 
no significant differences in shoot length among irrigation 
treatments.  
The application of this irrigation strategy is advantageous to 
avoid the use of large quantities of water that in an arid 
environment could be lost due to soil evaporation, resulting 
in poor crop performance and water productivity. 



12 
 

1.4 Soil water content 
Soil water content monitoring is important, especially when 
using deficit irrigation strategies such as RDI and PRD. 
The quantity of water contained in the soil can be used to 
estimate the water state of a crop, and eventually determine 
the time of intervention. It can be expressed as a percentage 
of water per unit of mass or volume of soil, or by means of 
the water potential. The latter represents the force with which 
water is retained in the interstices, and therefore the work 
required to remove it from the ground. The lower the water 
potential value, the greater the force with which the water is 
retained. 
There are numerous instruments capable of detecting the 
level of humidity, starting with traditional tensiometers, 
which however are found to be impractical and precise in 
management and maintenance. 
Among the most common methods to measure the water 
content of a soil sample is the gravimetric method which 
allows you to calculate the percentage of water on the dry 
weight (Wd) or on the wet weight (Ww). The sample, after 
being taken at a certain depth, is weighed to obtain the wet 
weight and then dried in an oven at 105-110 ° C for 12-48 
hours, until it reaches a constant weight (Giardini, 1995). 
The percentage is obtained from the formulas: 
Hd = (Ww - Wd / Wd) * 100               (1) 
Hw = (Ww - Wd / Ww) * 100             (2) 
If you want to have the percentage by volume (Hv) you need 
to apply the formula: 
Hv = Wd * pa                 (3) 
where pa is the apparent specific gravity of the soil. 



13 
 

The most commonly used electromagnetic method for 
estimating soil moisture is (time domain reflectometry: 
TDR), which is based on the measurement of the dielectric 
constant (K) of the ground by measuring the propagation 
speed of an electromagnetic signal (in the 1 MHz - 1 GHz 
band). The dielectric constant of water is higher (81.5 at 20 ° 
C) than that of dry soil (2-3). The measured values are 
therefore proportional to the water content within the soil. 
Depending on the depth at which you want to make the 
measurement, you can use different types of probes. The 
electromagnetic signal is given by a portable instrument 
suitably connected to the probes, which is able to process the 
return signal by expressing the water content as a percentage 
of volume. 
2. Micro-irrigation  
Compared to other irrigation methods, drip irrigation systems 
provide the possibility to apply lower volumes of water, more 
frequently and efficiently. If well designed, these systems 
make it possible to apply slow, steady and uniform amounts 
of water and nutrients within the plant’s root zone, while 
minimizing deep percolation and maintaining high 
productivity levels (Rallo et al., 2011).  
Micro-irrigation is a very spreading irrigation technology, in 
particular in those areas where water is limited, because it 
allows to achieve considerable water savings, but also where 
water is aboundant, but the paradigm of sustainable water 
resources is paramont. If the drip irrigation system is properly 
designed, installed, and managed, drip irrigation may help 
achieve water conservation by reducing evaporation and deep 
drainage. 
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To implement the precise localization of the typical deliveries 
of the method, drip irrigation systems require a dense network 
of drip lines, generally organized in sectors, which are put 
into operation one at a time, in cyclic succession. The 
installation obviously differ in relation to the crop, the 
cultivation technique, the shape and position of the plots, as 
well as the business context. 
Drip irrigation can be set up at a low initial investment by 
small-scale farmers with locally available material (for e.g. 
using buckets or barrels as water reservoir and bamboo or 
PVC tubes as distribution pipes) (Singh et al., 2000).  
2.1 Surface drip irrigation 
Surface drip irrigation (SDI) uses pipelines in which drippers 
are included by a co-exstruction process; these can be rigid if 
they last several years and therefore intended for tree crops, 
to distribute the water in the soil surface next to the plants o 
most common flexible for annual crops. The term surface 
micro-irrigation indicates the particularty of pasing the 
pipeling in contact with the soil surface (Figure 2). 
For installing a surface drip irrigation system, it is important 
to know the climatic conditions and the pedological, 
hydraulic and agronomic characteristics of the area to be 
irrigated, as well as the chemical-physical quality of the 
irrigation water, in order to ensure an excellent functioning. 
If correctly sized, the surface micro-irrigation allows 
satisfactory results in terms of uniformity of distribution 
within the irrigation sector. 
Emission uniformity EU has been one of the most frequently 
used design criteria for micro-irrigation system design. 
Emission uniformity expresses the emitter flow variation of a 
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microirrigation system affected by hydraulic variation, 
manufacturer’s variation and emitter grouping. 
For the micro-irrigation systems, Keller and Karmeli (1975) 
proposed to evaluate the project uniformity emission as 
follows: 
EU= 100 (1-1.27 * CVT/ np

1/2) * qmin /q m                 (4) 
where EU = design uniformity coefficient, %; np = number of 
emitters per system; CVT = coefficient of technological 
variation; qmin = flow rate of the emitters operating at the 
minimum pressure of the sector (l/s or l/h); qm = flow rate of 
the distributor operating at the average pressure of the sector 
(l/s or l/h).  
To take into account that the efficiency of irrigation is 
influenced not only by shortages but also by excess water: 
EU= 100 (1-1.27 * CVT/ np

1/2) * (qmin /qm + qm / qmax)       (5) 
where EU = coefficient of absolute design uniformity%; np = 
number of emitters per system; CVT = coefficient of 
technological variation; qmin = flow rate of the emitters 
operating at the minimum pressure of the sector (l / s or l / h); 
qmax = flow rate of the emitters operating at the maximum 
pressure of the sector (l/s or l/h); qm = flow rate of the 
distributor operating at the average pressure of the sector (l/s 
or l/h).  
When the irrigation system has already been built, it is 
necessary to evaluate the EU emission uniformity by 
measuring, at the operating pressure, the flow rate on a 
significant number of emitters installed along the dispenser 
wings. 
Emission uniformity (EU,%): the ratio between the average 
of the lower quartile of the measured flows (Qmin1/4) and the 
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average of the measured flows (Qm), in l/h (Keller and 
Karmeli, 1975). 
EU = 100 * Qmin 1/4 / Qm                   (6) 
Percentage of reduction in mean flow rate (Rd,%) 
Rd = 100* (1- Qm / Qt)              (7) 
Qt is the flow rate of new non-clogged drippers, at the same 
operating pressure. 
In micro-irrigation, the uniformity of water distribution 
corresponds to the uniformity of flow rate of the emitters in 
the sector. In sprinkler irrigation, the rainfall diagram of the 
sprinkler must also be considered. 
The plants must be guaranteed the same water volume (V) as: 
V = q * t                  (8) 
and since for all the emitters of a sector t is constant, q should 
also be constant. 
This irrigation technology allows to administer water near the 
plants root system, avoiding any losses due to surface runoff 
or percolation in the deep layers; if well managed the system 
allows to have a high irrigation efficiency, less development 
of weeds, the possibility of watering even in the hottest hours 
of the day, energy saving following low operating pressures, 
reduction of water losses due to soil evaporation and absence 
of soil constipation (Provenzano et al., 2005; Incrocci et al., 
2004).  
Another advantage related to micro-irrigation derives from 
the possibility of irrigating even in the presence of wind, a 
not negligible feature in particular climatic conditions. 
The main disadvantage is the risk of clogging of the 
dispensers, for this reason it is always necessary to have an 
upstream good mesh filter of the size of 50-120 mesh, 
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(depending on the type of dripper used) and a pressure 
reducer that avoids dangerous changes due to the integrity of 
the components of the systems (Incrocci, et al., 2004). 
Another drawback of this system is the reduced possibility of 
using water for distribution of pesticides and fungicides or in 
the anti-freeze and climatic irrigation, since the distribution 
of water does, generally, not affect the epigean part of the 
plant. 

 
Figure 2. Drip line in contact with the soil surface 
2.2 Sub-surface drip irrigation 
Sub-surface drip irrigation (SSDI) consists in the uniformly 
water distribution at low pressure directly in the root area, 
keeping the soil surface dry (Martínez-Gimeno et al., 2018). 
The arrangement of the drip lines is below the soil surface, so 
the water use efficieny by plant is maximized.  
Irrigation is supplied to plants by capillary movement from 
the bottom. The root-zone air space is not immediately filled 
by water, in contrast with traditional irrigation where water is 
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supplied directly overhead and water first fills the air space 
in the soil (Chai et al., 2016). 
The installation depth of the drip lines depends on a series of 
factors such as: the type of crop, the type of soil, the type of 
water resource used, the climate and the agronomic practices 
adopted. Many authors have contributed to the evolution of 
the technique by analyzing both conceptual aspects of the 
irrigation method and aspects related to the design of 
distribution networks (Hanson et al., 1997; Van der Gulik, 
1999; Burt and Styles, 2007; Lamm and Camp, 2007; Lamm, 
2009; Li et al., 2019). 
The spread of this irrigation technique was rather slow 
compared to the surface-drip irrigation technique, because 
the growers believed that it presented a greater economic risk 
due to the lack of easily observable indicators that allow to 
manage the correct functioning and the system performance 
(Lamm et al., 2012). 
Since the 1980s, sub-surface drip irrigation has become the 
most efficient irrigation system (Robles et al., 2016) and its 
has been suggested as a promising strategy for a sustainable 
water management in semiarid regions (Consoli et al., 2014). 
The plants under subsurface irrigation have been shown to 
maintain a high leaf turgor potential and a retention of a high 
symplastic water fraction that help plants to improve 
morphological strengthening, such as a thicker epidermis and 
more wax deposits on leaves and cuticle (Chai et al., 2016).  
The use of this irrigation system brings numerous advantages 
including the minimization of water losses by evaporation, 
drastic reduction of weeds (Provenzano, 2007), an increase in 
the collection, optimal management of water and fertilizers, 
low compaction and soil erosion, optimization of field 
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operations, increase in water use efficiency and longer life 
following protection from ultraviolet rays and thermal 
excursions (Consoli et al., 2014; Robles et al., 2016; Zhang 
et al., 2017). 
However, the adoption of SSDI has been also associated to 
some inconveniences such as a high initial cost, potential for 
rodent damage, salt accumulation between the drip lines and 
soil surface, and particularly, high potential for emitter 
clogging (Phene et al., 1986, 1993, 1995). 
In relation to the initial investment costs, higher than 
traditional micro irrigation systems, the use of SSDI can 
become economically advantageous only if the efficiency of 
the plant is guaranteed for long periods of the order of 15-20 
years (Lamm et al., 2015, 2017). 
Research shows also that subsurface irrigation increases crop 
productivity and production quality. For example, tomato 
(Solanum lycopersicum L.) seedlings watered through 
subsurface irrigation dripper system increased both fruit yield 
and quality compared to the control where water was directly 
dripped to near the base of the plants (Xu et al. 2011). 
Subsurface irrigation usually induces osmotic adjustment, 
increases leaf turgor potential, and consequently enhances 
photosynthetic activities (Xu et al., 2011). 
Robles et al. (2016) carried out studies on lemon trees using 
surface (SUR) and subsurface (SUB) drip systems for 
irrigation. The results showed that the SUB system increased 
the water use efficiency in lemon trees thanks to a water 
saving of 19% without a negative impact on yield. 
Therefore, there is the possibility of saving water in 
agricultural production and in this sense further research is 
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needed in this direction to help optimize water resources in 
agriculture.  
3. Soil-plant-atmosphere monitoring  
The analysis of the complex water interactions that occur in 
agricultural ecosystems is based on the concept of the 
continuous soil-plant-atmosphere (SPA) system (Rallo, et al., 
2011) which was first theorized by Philip in 1966. 
A careful observation of the processes that develop in the Soil 
- Plant - Atmosphere (SPA) continuum become fundamental 
for the management of agricultural water, in particular in arid 
and semi-arid ecosystems (Noy-Meir, 1973), where water is 
the limiting factor of production and the use of precision 
irrigation represents a valid management system for this 
resource (Cammalleri et al., 2013). 
The study of this system is very complex, not only for the 
considerable number of variables that come into play, but also 
for the phenomena of internal self-regulation that occur 
between the different components of the system itself. 
The movement of water from the ground to the atmosphere is 
influenced by the hydraulic characteristics of the soil, the 
morphological and functional characteristics of the plant and 
the evapotranspiration demand of the atmosphere. The 
movement of water in the plant is governed by rules similar 
to those for the flow of electricity, as described by Ohm's law. 
The water flow in the plant can be described through a 
network of potentials, of resistances (Figure 3). The potential 
gradient in the soil-plant-atmosphere continuum is the 
driving force of transport through the plant: the water flow 
will depart from one point in the system with a high (less 
negative) water potential to another point with a low (more 
negative) potential water. Therefore the flow will follow the 
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direction from the ground (Ψs = -0.01 ÷ -0.15 MPa) towards 
the atmosphere (Ψatm = -50 ÷ -100 MPa) passing through the 
plant (Mugnai, 2004). It is therefore a passive process exerted 
through the plant by a negative pressure or suction. 
 

 
Figure 3. Description of the soil-plant-atmosphere 
continuum through the analogy with an electrical circuit 
(from Mugnai 2004). 
Ψs = soil water potential; Ψr = root water potential; Ψx = 
xylematic water potential; Ψl = leaf water potential; Ψa = 
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water potential of the atmosphere; Rs = soil resistance; Rr = 
radical resistance; Rst = stems resistance; Rl = leaf resistance; 
E = external environment. 
The monitoring of the water status of the various components 
of the system can be carried out using different 
methodologies. 
Traditionally, researchers have estimated the soil's moisture 
content by gravimetric analysis of the extracted samples or 
by using techniques that measure its dielectric properties 
(Time Domain Reflectometry). Although these techniques 
are often accurate, they are point measurements and cannot 
provide sufficient information on the spatial distribution of 
soil water content on a large scale. Geophysical methods 
(Vereecken et al., 2006; Allred et al., 2008; Binley et al., 
2015) are potentially effective for monitoring soil-root 
interactions. In particular, the effect of plant growth, 
phenological stage, nutrient availability and soil texture on 
plant root distribution dynamics, combined with the 
intermittent nature of water inputs, leads to great variability 
in uptake water from the roots (RWU) (Van Noordwijk et al., 
2015). 
In this respect, there is a growing demand for near surface 
observation technologies (eg geophysical methods) to study 
significant agricultural phenomena in the soil (Bitella et al., 
2015). Recent studies (Cassiani et al., 2015; Consoli et al., 
2017; Satriani et al., 2015) have shown that these techniques 
can improve irrigation operations by providing information 
on optimal irrigation quantities and times. Geophysical 
methods can also provide indirect, high resolution 
information on soil moisture distribution and this can prevent 
excessive water depletion, especially when water deficit 
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conditions are imposed, such as when using the partial drying 
irrigation technique of the root zone (Romero-Conde et al., 
2014). In particular, given the specificity of the PRD, 
geophysical applications can provide the identification of 
changes in soil moisture. Electrical resistivity tomography 
(ERT) (Figure 4) is considered to be one of the most effective 
geophysical methods used in agricultural and environmental 
studies. This is a minimally invasive method that provides 
data with high spatial and temporal resolution (Michot et al., 
2003; Al Hagrey, 2007). In particular, ERT provides 
information on the variability of the electrical resistivity (ER) 
of the subsoil; when considered together with water and 
solute content, it can help characterize the spatial distribution 
of water and nutrient uptake (Srayeddin and Doussan, 2009). 

 
Figure 4. Field equipment electrical resistivity tomography 
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To accurately determine the interactions between soil, plant 
and atmosphere, it is possible to use different approaches, an 
example is to estimate the surface energy flows using a two-
level model, which considers the flows distributed between 
soil and vegetation (Norman et al., 1995). The methodology 
that has developed the most in recent years consists in using 
micrometeorological measures for the estimation of 
evapotranspiration flows and, together with measures of the 
water content of the soil for the estimation of evaporation, 
measures of lymphatic flow (sap flow) for the estimation 
perspiration. 
The estimation of evapotranspiration can be carried out both 
through models of considerable diffusion such as that of 
Penman-Monteith in the version presented in the FAO journal 
56 (Allen et al., 1998), and with direct measurements through 
the use of the eddy covariance technique (EC) (Oishi et al., 
2008; Paço et al., 2009; Cammalleri et al., 2013). 
3.1 Energy balance  
Evapotranspiration is a physical process that requires in 
addition to the presence of water and a sink (the plant) also 
that of an energy source, so the estimation of 
evapotranspiration can also be done through the balance 
system energy. 
The energy balance theory is widely used to study the mass 
and energy exchanges affecting the soil-plant-atmosphere 
system. 
The evaporation of water requires large amounts of energy, 
in the form of sensitive heat or radiant energy. 
Evapotranspiration is a process governed by the exchange of 
energy on the surface of the vegetation and is limited by the 
amount of available energy. 
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By applying the principle of energy saving it is possible to 
predict the rate of evapotranspiration. 
The incoming energy must be equal to the energy leaving the 
surface for the same period of time. 
All energy flows should be considered when deriving an 
energy balance equation (Figure 5). 
The equation for an evaporating surface can be written as: 
Rn - G - λET - H = 0                                  (9)  
where Rn (W m-2) is the net radiation, G (W m-2) is the heat 
flow in the soil (corresponds to about 10% of Rn), λE is the 
latent heat flow that represents the energy used by the system 
to evaporate the water and H (W m-2) is the flow of sensitive 
heat, that is the flow due to the exchange of heat between the 
surfaces and the atmosphere (Allen et al., 1998). 

 
Figure 5. Schematic diagram of the daytime (left) and 
nighttime (right) energy balance (from Burba and Anderson, 
2005). 
In equation (9) only vertical flows are considered and the net 
rate at which energy is transferred horizontally, by 
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advenction, is ignored. Therefore the equation should be 
applied only to large areas of homogeneous vegetation. 
The equation concerns the four components: Rn, λET, H and 
G. The other energy terms, such as the heat accumulated in 
the canopy and in the air, the energy required by the plants to 
the net photosynthesis (<1% of Rn) represent only a small 
part of the daily net radiation and can be considered 
negligible when compared with the other four components. 
The latent heat flow (λET) which represents the 
evapotranspiration fraction can be derived from the energy 
balance equation if all the other components are known. Net 
radiation (Rn) and soil heat flows (G) can be measured or 
estimated from climatic parameters. Sensitive heat (H) 
measurements are however complex and cannot be easily 
obtained. H requires an accurate measurement of temperature 
gradients above the surface (Allen et al., 1998). 
3.2 Evapotranspiration fluxes  
For the management of water resources in agricultural areas, 
evapotranspiration (ET) plays a role of fundamental 
importance. From the link between the evapotranspiration 
flows and the anabolic processes of plants, it follows that 
these flows are the main regulators of the primary production 
of any ecosystem (Rallo et al., 2010). 
The monitoring and estimation of evapotranspiratory flows 
can be carried out by means of various techniques and 
methodologies, the choice of which is often also linked to the 
environmental conditions that characterize the specific study 
area. 
Through the use of Eddy Covariance stations that allow the 
measurement of turbulent flows of latent and sensitive heat, 
radiation net and heat flow in the soil at an agricultural field 
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scale, it is possible to estimate the irrigation requirements of 
a crop (Corbari et al., 2012). 
Although this technique is rather expensive and difficult to 
apply, it adapts to continuous measurements and over large 
surfaces and does not disturb the microclimate of the soil 
(Jassens et al., 2001). 
To better understand the Eddy Covariance technique (Figure 
6) it is necessary to visualize a horizontal air flow that carries 
within it numerous vortices that rotate, called Eddies, and 
each vortex has three-dimensional components, including 
vertical movement, (Burba and Anderson, 2010). 

 
Figure 6. Representation of the flow of air and vortices inside 
it over a vegetated surface (from Burba and Anderson 2010). 
The principle behind the Eddy Covariance is illustrated in 
Figure 7. at a given instant (time 1) an Eddy moves an air 
packet downwards with a certain speed (w1); at the next 
instant (time 2) another Eddy moves a packet of air towards 
the other with speed (w2). 
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Figure 7. The principle of Eddy Covariance: transport of air 
packages upwards and downwards (from Burba and 
Anderson 2010). 
Each air package has its own characteristics such as humidity, 
temperature and gas concentration; being able to measure 
these characteristics and the vertical speeds of air 
movements, we thus know the ascending and descending 
flows of humidity, temperature and gas concentration (Burba 
and Anderson, 2010). 
The instruments used are the gas analyzer and the sonic 
anemometer which together provide estimates of turbulent 
flows inside of the surface boundary layer, thanks to the 
covariance between the vertical wind speed and the water 
vapor concentration for the latent heat and between the 
vertical wind speed and the air temperature for the sensitive 
heat (Corbari et al., 2012). 
The instrumentation is mounted on special pylons that 
overlook the area under study, thus allowing to overhang the 
atmosphere layer in balance with the vegetation below. 
The quality of the data measured with eddy covariance 
stations is affected by sensor configuration problems, adverse 
weather conditions such as heavy rainfall or snow and weak 
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turbulence, especially at night, which can lead to errors in the 
measurement of flows (Foken, 2008; Massman & Lee, 2002). 
Another fundamental aspect for a good measure is the 
presence of large and homogeneous surfaces in order to 
minimize the influence of the surrounding areas, even if this 
condition is hardly met (Giannico et al., 2018). 
The correct functioning of the system is verified by checking 
the closure of the energy balance (Wilson et al., 2002). 
As widely reported in the literature, it is known that this 
balance never closes because the available energy (net 
radiation less the heat flow in the soil) is always greater than 
the sum of turbulent flows (latent heat and sensitive heat) 
(Corbari et al., 2012; Wilson et al., 2002). 
The causes can be traced back to the stability of the 
atmosphere, in fact during the night, when there are 
conditions of stable stratification, the flows are generally 
underestimated due to the low turbulence (Foken, 2008; 
Massman & Lee, 2002). Therefore, during the night the 
balance error is greater than during the day (Wilson et al., 
2002; Baldocchi et al., 2001). 
Another factor to consider when analyzing the balance sheet 
closure and which can lead to an increase in its closure are 
attributable to the contribution of additional accumulation 
flows such as the flow of photosynthesis, the change in 
enthalpy in vegetation and in the air and the flow of heat in 
surface soil (Meyers & Hollinger, 2004; Corbari, 2010). 
Furthermore, the energy balance can be seen as a scale 
problem, because the representativeness of the measured 
flows is a function of the scale. It is usually valid to assume 
that the measurement area is the same for all instruments, but 
these areas can actually be very different if we compare the 
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footprint of turbulent flows with the measurement area of the 
heat flow in the soil. 
Therefore, the non-closure of the energy balance is partly 
attributable to the difficulty of matching the footprint area 
with the measurement area of the instruments that measure 
net radiation and heat flux in the soil (Wilson et al., 2002; 
Kustas et al., 2006; Schmid, 1997). 
3.3 Transpiration fluxes 
The measurement of the plant ranspiratory flows can be 
indirectly carried out by monitoring some quantities related 
to the lymphatic flow. The measurement of lymphatic flows 
is related to the transpiration activity of the plant and 
consequently to the stomatal conductance, providing a 
realistic and direct estimate of the water losses of the plant. 
The sap flow into the capillaries of a plant's stem can be 
measured using three different approaches based respectively 
on the heat pulse velocity (HPV), on the thermal balance, and 
on the heat dissipation (Smith et al., 1996). 
Regarding the HPV technique (Figure 8), it consists in 
inserting inside two holes made in the stem of the plant, in 
the lower one a heat source and in the upper one a 
thermocouple. Therefore, this technique is based on the 
reliefs of the temperature variations produced by a short 
duration heat impulse (1-2 s), measured in two temperature 
probes installed asymmetrically on the sides of a heater 
inserted in the trunk (Sabatti et al., 1992). 
Swanson showed that if the temperature rise is measured at 
distances Xu (m) upstream and Xd (m) downstream from the 
heater, then the heat pulse velocity can be calculated from: 
Vz= (Xd+Xu) / 2tz               (10) 
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tz is the time interval for the temperature difference between 
the two points considered is equal to zero. 
The calculation of Vz from Eq. 10 is based on Marshall's 
(1958) idealized theory and assumes that heat-pulse probes 
have no effect on the measured heat flow. Actually, 
convection of the heat-pulse is disturbed by the presence of 
the heater and temperature probes, and by the disruption of 
xylem tissue associated with their placement. These 
perturbations produce a systematic underestimation in the 
measured heat pulse velocity (Cohen et al., 1981; Green and 
Clothier, 1988). Consequently, the heat pulse velocity must 
be corrected for any probe‐induced effects of wounding. This 
correction can be performed empirically (e.g., Cohen et al., 
1981), or based on physical principles, using an equation of 
the form: 
Vc=a+bVz+cV2

z              (11) 
where Vc (m s-1) is the corrected HPV and Vz is the raw HPV 
given by Eq. 10. The correction coefficients a, b, and c have 
been derived by Swanson and Whitfield (1981) from 
numerical solutions of Marshall’s (1958) equations, for 
various wound sizes. 
The speed of sap flow: 
j=(kFM+FL) Vc                                (12) 
where FM and FL are the volume fractions of wood and water, 
respectively; k is a coefficient related to the thermal 
properties of the woody matrix (Becker and Edwards, 1999), 
and it is assumed to be constant within and between species 
(Green et al., 2003; Green, 2009). 
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Figure 8. Heat Pulse Velocity technique. Heat pulse 
thermistore and heater installed in sapwood of tree 
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3.4 Physiological plant indices 
Water is a fundamebtal resource for the physiology and 
metabolism of the plant. A lower availability of water 
resources in plants triggers a series of physiological 
responses, some of which are used as important indicators of 
the water status of plants. 
Researchers have identified the citrus leaf water potential 
(Ψleaf) (de Lima et al., 2015; Rodríguez-Gamir et al., 2010) 
and stomatal conductance (gs) (Taylor et al., 2015; Villalobos 
et al., 2009; Jamshidi et al., 2020) the main physiological 
indicators to reflect the water stress condition of plants. 
Leaf water potential expresses the strength with which water 
is retained by the leaves and it allows to identify when the 
plant enters water stress condition and therefore to intervene 
with irrigation. 
Generally, the instrument used for the measurement of the 
leaf water potential is the pressure chamber. 
The pressure chamber evaluates the negative hydrostatic 
pressure (tension) present in the xylem (Taiz e Zeiger, 2002). 
The use of this technique consists in imposing, on a cut leaf, 
placed inside the pressure chamber, a pressure increasing by 
the introduction of gas. After cutting, the water in the 
capillaries is called inside by the tension that is not counter 
balanced. In this way it is possible to calculate xilematic 
water potential since it corresponds in absolute value to that 
of the leaf. 
During the day the water potential can vary significantly as 
the evaporative demand of the environment changes, the soil 
water content, the resistance that water encounters passing 
from the roots to the leaves (Scholander et al.,1965; 
Xiloyannis, 1992; Remorini and Maasai, 2003; Behboudian 
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and Singh, 2001; Patakas et al., 2005; Girona et al., 2006; 
Choné et al., 2001; Améglio et al., 1999). 
Stomatic regulation is a mechanism that allows the plant to 
absorb CO2 during the day and to save water at night, when 
there is no photosynthesis and therefore a request for CO2. It 
plays a fundamental role, since in the presence of water 
scarcity the closure of the stomata limits the dissipation of 
heat by transpiration and the leaf tends to heat up and to 
dissipate sensible heat. Therefore, significant increases in the 
temperature of the canopy compared to that of the air, are 
indicative of stomatal closure and therefore of a state of 
stress. Leaf temperature depends on air temperature, 
irradiance, wind, humidity and the characteristics of the 
culture and is measured with an infrared thermometer. 
The stomata directly control the transpiration and open or 
close in response to the concentration of CO2 in the leaf 
mesophyll and to the variation of the osmotic potential of the 
guard cells. They work like hydraulic valves and are sensitive 
to many factors such as light intensity and quality, 
temperature, relative humidity and intercellular CO2 
concentrations (Taiz and Zeiger, 2002). 
Therefore, stomatal control is the main mechanism that 
regulates water loss in plants. 
A very important environmental factor that regulates stomatal 
functioning in plants and the movement of water from inside 
the leaf to the outside is the vapor pressure deficit (VPD). 
The increase in VPD, due to the increase in air temperature 
and solar radiation, causes an increase in leaf transpiration, 
with a consequent lowering of leaf water potential and 
stomatal closure (Mugnai 2004). 
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In addition to environmental factors, the increase in soil water 
restrictions also lead to concomitant reductions in leaf water 
potential and stomatal conductance (Ballester et al., 2013; 
Garcia-Tejero et al., 2011; Gasque et al., 2016). 
3.5 Bio-chemical plant signals 
Plant growth and development are regulated by internal 
signals and by external environmental conditions. One 
important regulator that coordinates growth and development 
with responses to the environment is the sesquiterpenoid 
hormone abscisic acid (ABA). ABA plays important roles in 
many cellular processes including seed development, 
dormancy, germination, vegetative growth, and 
environmental stress responses in particular it is involved in 
the response to water scarcity (Endo et al., 2018). These 
diverse functions of ABA involve complex regulatory 
mechanisms that control its production, degradation, signal 
perception, and transduction. (Xiong, et al., 2003; De 
Menezes de Assis Gomes et al., 2004). 
The synthesis of ABA occurs during the drying process and 
its degradation occurs during rehydration following 
dehydration (Roychoudhury et al., 2013). For example, the 
application of the PRD deficit irrigation strategy provides that 
while one part of the root system is irrigated, the other half is 
left underground dry; the roots under dry soil trigger a root-
to-shoot signaling mechanism based on chemical signals such 
as abscisic acid (ABA) that are transported to the leaves 
through transpiration and hydraulic signals (Zhang et al., 
1987; Zhang and Davies, 1987; Zhang and Davies, 1989; 
Zhang and Davies, 1990; Liang et al., 1997; Yao et al., 2001). 
ABA induces a partial stomatal closure (Zhang and Davies, 
1989), resulting in a decrease in leaf transpiration without 
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limiting the assimilation of CO2 (Jones, 1992), reducing 
transpiration losses (Davies and Zhang, 1991) without 
affecting photosynthesis and consequently increasing the 
watere use efficiency (Dry et al., 1996; Stikic et al., 2003). 
Therefore today, ABA is recognized as an important plant 
hormone that regulates stomatal growth and opening, 
particularly when the plant is subjected to environmental 
stress. (Taiz and Zeiger, 2002; Zandalinas et al., 2016). 
As a result of water deficit stress the plants respond 
accumulating non-toxic, low molecular weight organic 
compounds, known as compatible solutes or osmolytes, such 
as the amino acid proline (Rhodes, et al., 1994). 
The accumulation of proline represents a general response to 
stress in many organisms, including higher plants, exposed to 
environmental stresses such as water deficit, high salinity, 
high temperature, freezing, UV radiation and heavy metals 
(Delauney, et al., 1993; Siripornadulsil, et al., 2002). 
Therefore proline accumulation is protective for plants during 
different environmental stresses (Hong et al., 2000; Deuschle 
et al., 2001).  
A high proline concentration may maintain the pressure 
potential under severe deficit conditions due to its potential 
role as osmoregulator. Proline accumulation is a common 
response of trees to stress, which can also might contribute in 
sustaining physiological processes, such as stomatal opening, 
photosynthesis and expansion growth (Blum 1996).  
Its accumulation during osmotic stress is mainly due to 
increased synthesis and is also related with non-hydraulic 
(chemical) signals as abscisic acid (Conesa et al., 2014). 
Several researches have shown a certain proline 
accumulation in leaves and roots of different species as 
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Juglans regia (Naser et al., 2010), Sesuvium portulacastrum 
(Slama et al., 2007), Sativus oryza leaves (Xiong et al. 2012), 
Arabidopsis thaliana (Sperdouli and Moustakas 2012), 
Triticum aestivum (Loutfy et al., 2012) during water stress 
conditions (Zaher-Ara et al., 2016).  
In citrus trees, proline accumulation is generally associated to 
water loss induced by soil water depletion, elevated 
transpiration rates associated to high temperatures, with 
different basal levels of proline between genotypes and 
cultivar (Zandalinas et al., 2016; Hussain et al., 2018). 
Therefore, it is necessary to quantify the changes in 
biochemical mechanisms induced by the application of 
moderate/severe water deficit conditions also by analysing 
the role of abscisic acid (ABA) synthesis (Bartels and Sunkar, 
2005) and proline accumulation (Moustakas et al., 2011; 
Zaher-Ara, 2016). 
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PART II 
4. Focus of the thesis 
The general aim of the PhD work was to evaluate the efficacy 
of deficit irrigation (DI) strategies (PRD and RDI) coupled 
with micro-irrigation techniques (SDI and SSDI) on one of 
the most important crop species of the Mediterranean region, 
such as Citrus sinensis L. (cv Tarocco Sciara grafted on 
Citrange Carrizo). The specific objectives of the PhD work 
were the following: 

− identify the effects of DI strategies on physiological, 
biochemical and productive plant characteristics; 

− evaluate the adequacy of sub-surface drip irrigation 
methods compared to the most traditional surface drip 
irrigation; 

− individuate the best approach to estimate crop water 
requirements in terms of crop evapotranspiration (ETc) 
and compare the estimates with in situ measurements of 
ETc, evaluating the impact of deficit irrigation strategies 
on the performance of the proposed methodologies; 

− evaluate the adaptability of the citrus grove following the 
application of moderate / severe deficit regimes after a 
decade (from its plantation in 2010). 

In order to achieve these objectives, an experimental 
campaign was carried out during the PhD period.  
To present the methodological base of the thesis and the 
results obtained I chose to collect the articles produced during 
this PhD period, and to present them in the following four 
case studies: 
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− case study 1 – Authors: Ivana Puglisi, Elisabetta 
Nicolosi, Daniela Vanella, Angela Roberta Lo Piero, 
Fiorella Stagno, Daniela Saitta, Giancarlo Roccuzzo, 
Simona Consoli and Andrea Baglieri; Article title: 
“Physiological and biochemical responses of orange trees 
to different deficit irrigation regimes”, Plants 2019, 8(10), 
423; 

− case study 2 - Authors: Helena Pappalardo, Elisabetta 
Nicolosi, Daniela Vanella, Biagio Torrisi, Maria Allegra, 
Fiorella Stagno, Daniela Saitta, Simona Consoli, 
Giancarlo Roccuzzo, Filippo Ferlito; Article title: 
“Risposta fisiologica di un agrumeto allo stress idrico 
controllato”, Frutticoltura - n. 1 – 2019 (Physiological 
response of a citrus grove to controlled water stress); 

− case study 3 - Authors: Daniela Saitta, Daniela Vanella, 
Juan Miguel Ramírez-Cuesta, Giuseppe Longo-Minnolo, 
Filippo Ferlito, and Simona Consoli; Article title: 
“Comparison of orange orchard evapotranspiration by 
eddy covariance, sap flow and fao-56 methods under 
different irrigation strategies”, Journal of Irrigation and 
Drainage Engineering, 2020, 146(7): 05020002;   

- case study 4 - Authors: Daniela Saitta, Simona Consoli, 
Filippo Ferlito, Biagio Torrisi, Maria Allegra, Giuseppe 
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5. Physiological and biochemical responses of 
orange trees to different deficit irrigation regimes  
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Roberta Lo Piero, Fiorella Stagno, Daniela Saitta, Giancarlo 
Roccuzzo, Simona Consoli and Andrea Baglieri 
Abstract 
The article presents the results of research consisting of the 
application of deficit irrigation (DI) criteria, combined with 
the adoption of micro-irrigation methods, on orange orchards 
(Citrus sinensis (L.) Osbeck) in Sicily (Italy) during the 
irrigation season of 2015. Regulated deficit irrigation (RDI, 
T3) and partial root-zone drying (PRD, T4) strategies were 
compared with full irrigation (T1) and sustained deficit 
irrigation (SDI, T2) treatments in terms of physiological, 
biochemical, and productive crop response. A geophysical 
survey (electrical resistivity tomography, ERT) was carried 
out to identify a link between the percentages of drying soil 
volume in T4 with leaves abscisic acid (ABA) signal. Results 
highlight that the orange trees physiological response to water 
stress conditions did not show particular differences among 
the different irrigation treatments, not inducing detrimental 
effects on crop production features. ABA levels in leaves 
were rather constant in all the treatments, except in T4 during 
late irrigation season. ERT technique identified that 
prolonged drying cycles during alternate PRD exposed more 
roots to severe soil drying, thus increasing leaf ABA 
accumulation. 
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Introduction 
Citrus species are among the most important tree crops for 
the Mediterranean agricultural sector. Increasing water use 
efficiency associated with improved irrigation strategies is a 
priority for these groves to maintain market competitiveness 
(Robles et al., 2016). Applied research has already proved 
that the application of deficit irrigation (DI) strategies for 
Citrus cultivation is effective and sustainable by maximizing 
water saving without affecting crop yield (Girona et al., 2002) 
and quality parameters (Carr et al., 2012; Ruíz-Sánchez et al., 
2010; García-Tejero et al., 2011; Consoli et al., 2014, 2017; 
Pérez-Pérez et al., 2018). Nevertheless, it is necessary to 
quantify the changes in biochemical mechanisms induced by 
the application of moderate/severe water deficit conditions by 
analyzing the role of abscisic acid (ABA) (Bartels et al., 
2005) and proline accumulations (Moustakas et al., 2011; 
Zaher-Ara et al., 2016). In fact, ABA is recognized as an 
important stress-signaling hormone, acting in the regulation 
of stomatal closure, synthesis of compatible osmolytes, and 
in the upregulation of genes leading to adaptive responses 
(Bartels et al., 2005). Among osmolytes, proline is considered 
an active molecule and its accumulation is putatively 
mediated by free radicals produced as a result of oxidative 
stress (Moustakas et al., 2011; Zaher-Ara et al., 2016). 
Proline accumulation plays a protective role for plants in the 
face of different environmental stresses (Hong et al., 2000; 
Deuschle et al., 2001). In Citrus trees, proline accumulation 
is generally associated with water loss induced by soil water 
depletion, elevated transpiration rates associated with high 
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temperatures, and with different basal levels of proline 
between genotypes and cultivar (Zandalinas et al., 2016; 
Hussain et al., 2018). 
With respect to the existing literature, the innovative aspects 
introduced in this study concern the investigation of the 
effects of DI strategies application on biochemical and 
physiological responses of mature Citrus sinensis (L.) 
Osbeck crops. The specific objectives of the study are: (i) to 
assess the sustainability of partial root-zone drying (PRD), 
regulated deficit irrigation (RDI), and sustained deficit 
irrigation (SDI), integrated with surface and sub-surface 
micro-irrigation techniques, in maintaining adequate 
physiological and productive crop responses; and (ii) to 
identify links between the quota of water deficit and 
physiological and biochemical plant responses. 
Materials and methods 
Experimental Site, Climatic Data, and Crop Water Demands 
The study was carried out in a 1 ha experimental field in 
Eastern Sicily, Italy (latitude 37°20′ N, longitude 14°53′ E; 
50 m altitude) where orange trees cv Tarocco Sciara grafted 
on Carrizo citrange, (Poncirus trifoliata (L.) Raf. × C. 
sinensis (L.) Osbeck) were planted in 2010, with a between-
row spacing of 6 m and a within-row spacing of 4 m. The 
crops have undergone DI regimes since the youth phase (i.e., 
the year 2010). The experiment was set as a randomized 
block design with three irrigation treatments, replicated three 
times (Consoli et al., 2014): (i) Full irrigation (control, T1), 
100% crop evapotranspiration (ETc) using a surface drip 
irrigation system; (ii) sustained deficit irrigation (SDI, T2) 
irrigated at 75% ETc using a subsurface drip irrigation 
system; (iii) regulated deficit irrigation (RDI, T3) irrigated at 
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100% ETc, except in II phenological stage (i.e., fruit growth, 
at 50% ETc), using a surface drip irrigation system; and (iv) 
partial root-zone drying treatment (PRD, T4) irrigated at 50% 
of ETc where the water was supplied by two drip lines placed 
respectively at the eastern and western side of the plants, and 
used alternatively every 14 day intervals. Each treatment 
consists of three rows of eight trees, for a total of 24 plants 
(Figure 1). 

 
Figure 1. Lay-out of the deficit irrigation (DI) experimental 
site (Eastern Sicily, Italy). 
Irrigation was applied during the irrigation season 2015, from 
mid-June (DOY 166) to mid-October (DOY 289), three times 
per week, early in the morning. 
An automatic weather station, located at the farm, registered 
hourly meteorological data (i.e., solar radiation, Rs, W m-2, 
air temperature, Tair, °C, relative humidity, RH, %, wind 
speed, u, ms-1, and direction of rainfall), which were then 
used to calculate reference ET (ET0 mm d-1) through the 
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Penman–Monteith approach (Allen, R.G et al., 1998; Allen, 
R.G et al., 2006). Crop evapotranspiration (ETc) was obtained 
by multiplying daily ET0 by the seasonal crop coefficient (Kc) 
for orange orchard (i.e., 0.7) as assessed by Consoli et al. 
(2006,2013). Correction coefficients were applied to Kc to 
consider canopy size (i.e., 0.65), irrigation method efficiency 
(i.e., 0.9), and the occurrence of rainfall events. 
Measurements of transpiration (TSF) at tree level were 
obtained by the heat pulse velocity (HPV) technique 
(Swanson et al., 1981), which is based on the measurement 
of temperature variations (∆T) produced by a heat pulse of 
short duration (1–2 s). The measurements were taken in two 
temperature probes installed asymmetrically on either side of 
a linear heater inserted into the trunk. In particular, one 4 cm 
sap flow probe, with two embedded thermocouples (Tranzflo 
NZ Ltd., Palmerston North, NZ), was positioned in the trunks 
of the trees (i.e., at south side of the trunk, 20 cm from the 
ground) and wired to a data-logger (CR1000, Campbell Sci., 
Logan, UT, USA) for heat-pulse control and measurement; 
the sampling interval was set at 30 min. Data were processed 
according to Green et al. (2003) to integrate sap flow velocity 
over sapwood area (determined as reported in Consoli et al. 
(2017)) and calculate transpiration fluxes. 
Irrigation water had electrical conductivity (EC 25 °C) of 
2.02 dS m−1 (medium salinity) and pH of 7.30. The soil 
volumetric water content (θv) was measured using 10 ECH2O 
probes (Decagon, Inc., Pullman, WA, USA) located at 
different depths (0.15–0.40 m) of the irrigation treatments. 
The amount of available water (AWA) was calculated 
according to the following equation: 
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AWA = 𝜃𝜃𝑣𝑣−𝜃𝜃𝑊𝑊𝑊𝑊
𝜃𝜃𝐹𝐹𝐹𝐹−𝜃𝜃𝑊𝑊𝑊𝑊

, (1) 

where θv (m3 m-3) is the actual soil water content, θWP (m3 m-

3) is the soil water content at the wilting point, and θFC (m3 m-

3) is the soil water content at the field capacity. The soil at the 
experimental site resulted fairly uniform, with a sandy-loam 
texture (69.7% sand, 10.5% clay, 19.8% silt), mean θFC (pF = 
2.5) and θWP (pF = 4.2) of 24% and 14%, respectively (Aiello 
et al., 2014; D’Emilio et al., 2018). Soil samples were 
collected at depths between 0.05 and 0.25 m for physical–
chemical laboratory determinations, air-dried, and then 
sieved at 2 mm. Organic carbon (OC), nitrogen (N), cation 
exchange capacity (CEC), Ca2+, Mg2+, K+ and Na+ 

exchangeable elements, available phosphate (P), electric 
conductivity, and pH were determined according to Page et 
al. (1982) and following the Italian Ministerial Decree (MD) 
13/09/1999. 
ABA and Proline Content Detection in Orange Leaves 
Trees leaves (1 g) were randomly sampled from the four 
treatments subjected to different irrigation treatments, frozen 
in liquid nitrogen, and stored at –80 °C until further 
laboratory analysis. The abscisic acid (ABA) concentration 
was determined with a Phytodetek ABA enzyme 
immunoassay test kit (Agdia, Elkhart, IN, USA), according 
to the manufacturer’s protocol. The frozen leaves were 
ground into powder and homogenate in 10 mL of 80% 
acetone, 0.5 g L-1 citric acid, and 20 mg L-1 butylated 
hydroxytoluene (Hubick et al., 1980). The suspension was 
centrifuged at 3000 × g for 5 min, and the supernatant was 
diluted with Tris-buffered saline (45 mM Tris-HCl, pH 7.8, 
90 μM MgCl2, 0.135 M NaCl, and 3 mM sodium azide). 
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Samples were subdivided into two fractions to determine both 
free and total ABA. To determine the total ABA, the 
hydrolysis of ABA glucosyl ester (ABA-GE) was performed 
by adding 0.1 M sodium hydroxide and incubating in a water 
bath at 60 °C for 1 h. Then, samples were cooled in an ice 
bath and pH was adjusted by chlorhydric acid. The 
absorbances were detected at 405 nm. The ABA 
concentration was determined from a standard curve. ABA-
GE was calculated by subtracting free ABA to total ABA. 
Proline was determined spectrophotometrically following the 
ninhydrin method of Bates et al. (1973) modified by Khedr et 
al. (2003). Briefly, the frozen citrus leaves (1 g) were 
homogenized in 3% aqueous sulphosalicylic acid and the 
residues were removed by centrifugation at 12,000 × g for 10 
min. The supernatant (1 mL) was mixed with 1 mL of glacial 
acetic acid and ninhydrin reagent in a 1:1 (v/v) ratio. The 
reaction mixture was incubated at 100 °C for 1 h. After 
extraction with toluene, the absorbance of the organic phase 
was read at a wavelength of 520 nm, using toluene as a blank. 
The proline concentration was determined from a standard 
curve using D-proline. 
Plant Physiological Indicators and Productive Crop 
Features 
Stem water potential (Ψs) was measured at midday with a 
pressure chamber (SKPM 1405/40, Skye Instruments, 
Llandrindod Wells, UK), as described by Scholander et al. 
(1965) and following the procedure reported in Turner 
(1981). For each treatment, two leaves from four different 
trees of each replica (total of 24 leaves for each treatment) 
were monitored. Measurements were carried out on fully 
exposed sunlight leaves, bagged in plastic bags, and covered 
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with silver foil at least 1 h prior to determinations. Stomatal 
conductance (gs, mmol m−2 s−1) was obtained using a leaf 
porometer (Decagon Devices Inc., Pullman, WA, USA) 
during the central hours of the day (between 11:00 and 
13:00). Measurements were performed in six fully exposed 
leaves per tree and four trees per treatment. Leaf stomatal 
density was determined using the impression approach 
(Radoglou et al., 1990; Binley et al., 2015), which expresses 
the number of stomata per unit leaf area (opened and closed 
stomata). The impression was taken from the surface of 
around 0.02 m2 of fully expanded leaves in the mid-area 
between the central vein and the leaf edge. The thin film was 
peeled off from the leaf surface and the number of stomata 
was counted by using an image analyzer (Leica ASM 68 K) 
and the software Image Tool. Leaf area index (LAI, m2 m−2) 
and photosynthetically active radiation (PAR, %) were 
monitored at plant level with a ceptometer (Accu PAR LP-
80, Decagon Devices Inc., Pullman, WA, USA). Fresh and 
dry weights (g) were obtained on five leaves per tree per 
irrigation treatments. Leaf dry weight was obtained by drying 
leaves in an oven at 75 °C until constant weight was reached. 
Total yield (t ha-1) and fruit weight (g) were determined at 
time of commercial harvest in February 2016. Ten fruits were 
chosen from 12 trees per treatment and replication and were 
analyzed for determining the equatorial section (ED, mm) 
through a caliber tape. 
The use of Electrical Resistivity Tomography (ERT) to 
identify soil drying pattern under PRD 
Soil electrical resistivity (ER) distribution represents an 
indirect indication of the soil water state (e.g., porosity, water 
content, and pore water salinity) (Consoli et al., 2017). 
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Electrical resistivity tomography (ERT—see Binley et al. 
(2015), among others) consists of the injection of an electrical 
current in the subsoil by a pair of electrodes and the 
subsequent measurement of the electrical potential. This 
acquisition is repeated through many combinations of 
transmitting and receiving electrodes in order to acquire data 
that can then be inverted to produce two-dimensional (2-D) 
or three-dimensional (3-D) images of ER distribution on the 
subsurface. The use of borehole electrodes enhances 
resolution at depth. In this study, small-scale 3-D ERT 
monitoring was conducted around 2 selected orange trees 
irrigated at full level (T1) and by PRD (T4). For each tree, the 
setup consists of 6 boreholes (1.2 m deep,) each housing 12 
electrodes (vertically spaced 0.1 m), plus 48 surface 
electrodes (spaced 0.26 m on a regular square grid) (details in 
Vanella et al. (2018,2019)). The ERT setup covered a soil 
volume of about 4 m3 (1.3 × 2.6 × 1.2 m). The 3-D ERT 
monitoring was conducted during the mid and at end of the 
irrigation season 2015 (DOYs 195–264). For each 3-D ERT 
monitoring, two datasets were acquired using a Syscal Pro 
Switch 72 resistivity meter (IRIS Instruments, Orléans, 
France), one related to the initial condition, to be used as 
background dataset, and the one after the irrigation phase 
(time-lapse mode). A total of 8 drippers were located at the 
surface of the control volume in T1 and T4. In T4, irrigation 
was supplied by the active pipeline located on the east or west 
sides of the tree trunk and lasted about three hours. Data 
quality was assessed using a full acquisition of reciprocals to 
estimate the data error level (see Binley et al. (2015), amongst 
many others). The estimation of the ER as a percentage of the 
background ER was obtained by 3-D data inversion using the 
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Occam approach as implemented in R3t software package 
(Binley 2019). 
Statistical Analysis 
The acquired data were subjected to one-way analysis of 
variance (ANOVA) (Statistica 6.0 package, Statsoft Inc., 
Tulsa, OK, USA). A fixed factor corresponding to the four-
level irrigation treatment, T1, T2, T3, and T4 (randomly 
distributed at the experimental site under study), was used for 
analyzing the physiological and biochemical responses of 
orange trees to the different deficit irrigation regimes. In the 
case of significant difference (p value < 0.05), means were 
separated using the Tukey’s test. 
Results 
Soil Characteristics and Plant Physiological Response to 
Deficit Irrigation Strategies 
Climate conditions during 2015 were typical of 
Mediterranean semi-arid regions, with hot and dry summers. 
During the irrigation season (June to October 2015), the 
maximum air temperature (Tair) reached 30 °C, with mean 
values of vapor pressure deficit (VPD) and relative humidity 
(RH) equal to 0.62 kPa (Figure 1) and 69.8%, respectively. 
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Figure 2. Air temperature (Tair), vapor pressure deficit 
(VPD), reference ET (ET0), and rainfall at the experimental 
site during the irrigation season 2015. 
The reference evapotranspiration (ET0) had a mean of 5.4 mm 
d−1, reaching a total of around 700 mm. ETc was about 300 
mm and rainfall was less than 100 mm. The amount of 
irrigation (mm) supplied at the different treatments and the 
corresponding water savings are reported in Table 1. 
Table 1. Irrigation rates and water savings for the different 
treatments (T1, control; T2, SDI; T3, RDI; T4, PRD) at the 
experimental site during irrigation season 2015. 

 T1 T2 T3 T4 
Irrigation Rates (mm) 279.0 204.2 174.2 158.0 
Water Savings* (%) -- 26.8 37.6 43.4 

*(1- (irrigation Ti = 2, 3, 4 / irrigation T1)) × 100). 
The water deficit (%), shown in Table 1, was only slightly 
different from those theoretical fixed for each treatment, thus 
demonstrating the adequacy of the irrigation system setup. 
Table 2 reports the main physical and chemical soil 
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characteristics for each of the different treatments. Cation 
exchange capacity (CEC), electrical conductivity (EC), and 
pH did not show any differences among the treatments.
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Table 2. Chemical and physical soil properties at the different irrigation treatments in 2015. 

Treat. 
OC 

(g kg-1) 
NTOT 

(g kg-1) 
CEC  

(meq 100g-1) 
Ca 

(g kg-1) 
Mg 

(g kg-1) 
K 

(g kg-1) 
Na 

(g kg-1) 
Pavail 

(mg kg-1) 
EC 

(mS cm-1) 
pH 

T1 10.8 a 0.6 b 48.9 a 5.2 b 2.9 a 1.2 b 1.8 a 56.0 a 0.32 a 8.1 a 
T2 10.3 a 0.3 c 43.3 a 7.8 a 1.7 b 1.0 b 0.9 b 42.9 ab 0.26 a 8.3 a 
T3 12.7 a 1.6 a 46.1 a 5.8 b 2.1 ab 1.9 a 1.3 b 44.9 ab 0.27 a 8.3 a 
T4 8.8 b 0.8 b 40.0 a 4.9 b 2.7 ab 1.9 a 1.6 a 39.9 b 0.25 a 8.5 a 

OC: Organic carbon; CEC: Cation exchange capacity; EC: Electrical conductivity. Values in the 
same column followed by different letters were significantly different (p < 0.05). 
Soil in T4 (PRD) showed lower organic carbon (OC) content than the other treatments, whereas 
T3 (RDI) showed higher NTOT values. The highest available phosphate content (P) was observed 
in T1 and the lowest in T4. 
The amount of available water (AWA) in the investigated soil profile was maintained around 80% 
in T1, 71% in T2, 58% in T3, 43% in T4 East, and 46% in T4 West (Figure 3).
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Figure 3. Seasonal evolution of the amount of available water 
(AWA) in the soil profile of the DI treatments. DOY: Day of 
the year. 
In T1, T2, and T3, the soil volumetric water content (θv) 
remained very close to field capacity (θFC) condition, while 
θv in T4 was characterized by the expected alternation 
between drying and wetting cycles (T4, East and West), 
decreasing slightly below the threshold of the wilting point 
(θWP) (minimum θv value of 0.11 cm3 cm-3). Figure 4 reports 
the cumulative plant transpiration (TSF) for T1 and T4, 
obtained with heat pulse method (HPV) method. 
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Figure 4. Cumulative values of TSF and ETc rates in T1 and 
T4. DOY: Day of the year. 
Results evidenced that T4 transpired 92 mm during the 
irrigation season, about 58% less than ETc, while T1 
transpired about 49% less than ETc. The discrepancy between 
TSF rate in T1 and crop evapotranspiration (ETc) was mainly 
due to soil evaporation. As reported in Table 3, fresh and dry 
weights of the leaves were similar among the different 
irrigation treatments during the monitoring. 
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Table 3. Physiological plant response indicators to DI. Values (average and standard deviation) of 
the same columns for each DOY followed by different letters were significantly different (p < 
0.05). 

DOY Treatment 
Fresh 

Weight 
(g/leaf) 

Dry Weight 
(g/leaf) 

Total Stomata 
(number/m2) 

Opened 
Stomata 

(%) 

LAI 
(m2 m-2) 

PAR 
(%) 

174 

T1 0.8 ± 0.2 b 0.3 ± 0.1 b 372.3 ± 52.2 66.6 4.7 ± 0.9 71.5 ± 4.6 
T2 1.1 ± 0.3 a 0.4 ± 0.1 a 369.3 ± 51.0 77.9 5.2 ± 0.3 75.2 ± 2.8 
T3 0.9 ± 0.2 ab 0.3 ± 0.1 ab 358.9 ± 60.8 68.5 5.5 ± 0.8 75.3 ± 2.0 
T4 0.9 ± 0.3 ab 0.3 ± 0.1 ab 382.4 ± 51.2 69.9 5.0 ± 0.7 73.4 ± 3.6 

215 

T1 1.1 ± 0.3 0.4 ± 0.1 328.8 ± 51.0 36.6 4.0 ± 0.6 69.5 ± 6.3 
T2 1.8 ± 0.4 0.4 ± 0.2 294.6 ± 77.9 31.1 4.3 ± 0.3 74.8 ± 1.7 
T3 1.1 ± 0.2 0.4 ± 0.1 320.1 ± 90.1 39.7 4.5 ± 0.7 79.1 ± 7.1 
T4 1.2 ± 0.2 0.5 ± 0.1 344.4 ± 61.1 38.9 4.9 ± 0.3 80.4 ± 13.3 

244 

T1 1.2 ± 0.4 0.4 ± 0.14 279.0 ± 50.8 ab 36.8 3.4 ± 0.5 69.1 ± 8.2 
T2 1.1 ± 0.3 0.4 ± 0.14 260.5 ± 54.0 b 24.8 4.1 ± 0.6 74.7 ± 1.3 
T3 1.1 ± 0.3 0.4 ± 0.10 324.3 ± 53.4 a 35.9 3.3 ± 0.7 70 ± 3.8 
T4 1.1 ± 0.2 0.4 ± 0.11 333.0 ± 56.9 a 27.8 3.6 ± 0.7 69.3 ± 9.6 

272 

T1 1.6 ± 0.3 a 0.6 ± 0.1 a 356.6 ± 39.4 ab 61.5 2.2 ± 0.3 44.7 ± 9.6 
T2 1.2 ± 0.2 b 0.5 ± 0.1 b 354.6 ± 48.5 b 75.5 2.6 ± 0.9 54.4 ± 12.2 
T3 0.9 ± 0.2 b 0.4 ± 0.1 b 405.9 ± 70.7 a 56.5 2.4 ± 0.3 53.7 ± 11.3 
T4 0.9 ± 0.2 b 0.4 ± 0.1 b 397.8 ± 78.8 ab 63.1 2.0 ± 0.5 43.3 ± 6.5 

As an exception, a slight increase of the T2 indicators compared to T1 was detected at the 
beginning of the irrigation season and at the end of September (day of the year (DOY) 272). The 
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open stomata were fairly constant, while the total stomata 
decreased slightly in T2. Leaf are index (LAI) and 
photosynthetically active radiation (PAR) were fairly similar 
among the different treatments during the monitoring, with 
the exception of a certain reduction after DOY 174, due to 
pruning. Total yield and equatorial section (ED) did not show 
any difference among the DI treatments and T1 (Table 4). 
Table 4. Plant production characteristics at harvest (February 
2016). Values refer to average and standard deviation. 

Treatment Mean Fruit 
Weight (g) 

Total Yield  
(t ha-1) 

Equatorial 
Section 

(ED mm) 
T1       259.3 ( ± 7.6)  24.6 ( ± 1.78)  77.3 ( ± 0.78)  
T2 264.8 ( ± 11.1)  22.7 ( ± 1.38)  78.7 ( ± 1.46)  
T3 276.0 ( ± 10.4)  23.5 ( ± 2.48)  79.2 ( ± 1.09)  
T4 253.0 ( ± 12.0)       24.7 ( ± 3.80)  77.6 ( ± 1.30)  

The values of stem water potential (Ψstem) resulted fairly 
similar during the monitoring and among the different 
treatments. The lowest values (–1.8/–2.2 MPa) were recorded 
at DOY 160, before the beginning of the irrigation season 
(DOY 166 to DOY 289). In all the treatments, Ψstem ranged 
between –1.4 and –2.2 MPa (Figure 5). 
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Figure 5. Stem water potential (Ψstem) for leaves of orange 
trees at the different irrigation treatments. Vertical bars are 
standard deviation. For each date, the average values that 
share a letter are not statistically different. DOY: Day of the 
year. 
During the monitoring, gs varied from a maximum of about 
224 mmol m-2 s-1 in T1 to a minimum of 40 mmol m-2 s-1 in 
T4 (Figure 6). 



58 
 

 
Figure 6. Stomatal conductance (gs) for sunny leaves of 
orange trees at the different irrigation treatments. Vertical 
bars are standard deviation. For each date, the average values 
that share a letter are not statistically different. DOY: Day of 
the year. 
ABA and Proline Detection in Orange Leaves 
Total ABA, free ABA, and ABA-GE contents in leaves are 
reported in Figure 7a–c, respectively. 
During DOY 272 (late irrigation season), a sharp increase in 
free ABA was registered in T4 (PRD). During the monitoring 
period, ABA components did not show differences among the 
irrigation treatments; only during DOY 215 free ABA of RDI 
leaves (T3) increased compared to the other treatments 
(Figure 7b). ABA-GE was generally higher in T1 (Figure 
7c) and at DOY 215 it was not detected in treatments T3 and 
T4. At the end of the irrigation season, in all the investigated 
treatments, ABA-GE was completely hydrolyzed into free 
ABA to contrast water stress conditions. 
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Proline content in leaves of all the irrigation treatments 
increased during the monitoring period, reaching a maximum 
at DOY 272 (Figure 8) for T1 and T2. At the end of irrigation 
season, T1 and T2 treatments increased their proline content, 
respectively, 3.7-fold and 6.8-fold compared to previous 
values (DOY 244). At DOY 215, T1 resulted to be higher 
than other treatments, whereas at DOY 244, T4 showed 
values of proline around twice as high than others. 
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Figure 7. Total ABA (a), free ABA (b) and conjugated ABA 
(c) in leaves of orange trees at the different irrigation 
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treatments. For each date, the average values that share a 
letter are not statistically different. DOY: Day of the year.  

 
Figure 8. Proline content in leaves of orange trees at the 
different irrigation treatments. For each date, the average 
values that share a letter are not statistically different. DOY: 
Day of the year. 
The Use of ERT to Identify Soil Drying Pattern under PRD 
Figure 9 shows the % of increase (ration higher than 100%) 
or decrease (ratio lower than 100%) of electrical resistivity 
(ER) in the investigated soil volumes in T1 and T4, during 
the electrical resistivity tomography (ERT) surveys, 
compared to the initial conditions (background, ratio of 
100%), when no irrigation was applied. 
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Figure 9. Electrical resistivity (ER) changes on the 
investigated soil volumes in T1 and T4. 
The main effects of the simultaneous phenomena occurring 
within the soil of T1 and T4 (i.e., infiltration and root water 
uptake) were wetting (ER decrease) and drying (ER increase) 
patterns. At the end of the irrigation phase, about 35% (± 
9.1%) of the soil volume in T1 presented a marked decrease 
in the ER due to the progression of the infiltrated irrigation 
front. At the same time, on average, 13% (± 13%) of soil 
volume in T4 was increased by wetting patterns, with a 
decrease in ER. Recognizable soil drying pattern, 
corresponding to an increase in ER values, interested on 
average more than 25% (± 10%) of the soil volume in T4 and 
less than 15% (± 5%) of the soil volume in T1. Figure 10 
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shows the comparison between free ABA accumulation and 
the % of decreasing ER in the soil volumes in T1 and T4. 

 
Figure 10. Free abscisic acid (ABA) accumulation in leaves 
(pmol gFW-1) and % of wetted soil by electrical resistivity 
tomography (ERT) in T1 and T4. 
Discussion 
The results obtained during the research encourage the 
adoption of DI criteria for high-value Mediterranean crops, 
like orange orchards, particularly susceptible to the 
occurrence of climatic change scenarios. This study confirms 
and builds upon previous research carried out on the same 
issue by the same authors in the same study area (Consoli et 
al., 2014, 2017; Stagno et al., 2015). Additionally, it 
introduces new observations while identifying new 
possibilities of irrigation for the minimization of the negative 
effects of severe water deficit (i.e., 50% of ETc in T4). 
First of all, this study shows that it is possible to maintain soil 
fertility even in severe deficit irrigated treatments, as already 
shown in different works (Farooq et al., 2009). As a matter of 
fact, despite its lower OC with constant and equilibrate NTOT 
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(Stevenson et al., 1994), T4 sustained yield. This can be 
explained by previous studies, which demonstrated that the 
effects on soil physical–chemical composition affecting root 
water uptake, under severe and prolonged water deficit 
conditions but frequent soil rewetting, allow partial 
compensation of induced side effects (Austin et al., 2004; 
Borken et al., 2009). 
Second, the study provides useful information on the various 
irrigation methods, in particular on surface drip irrigation vs. 
sub-surface drip irrigation, or T1 vs. T2. The SDI (T2) 
treatment, by eliminating about 25% of water losses for 
evaporation, is quite similar to T1. As suggested by Consoli 
et al. (2014,2017) and García-Tejero et al. (2011), the plants 
in T1 and T2 had similar physiological, biochemical, and 
productive responses. 
Third, the study gives useful information about the 
physiological response (i.e., Ψstem, gs, and stomata 
open/closure) of the deficit irrigated orange orchards. The 
physiological indicators are very sensitive in these kinds of 
studies; the response to deficit conditions is snap and show 
coherence between stem water potential and stomata 
conductance. As expected, the most negative Ψstem of about –
1.8 MPa was recorded for T4 in the middle of the irrigation 
season. Generally, values of Ψstem and gs are consistent with 
moderate water stress conditions, as confirmed by several 
studies (Consoli et al., 2017; Ortuño et al., 2006; Capra et al., 
2008; Damour et al., 2010). Opened stomata (%) as well as 
total stomata (number) were not influenced by water deficit 
conditions (Table 3), although Xu and Zhou (2008) and 
Damour et al. (2010) found a certain degree of leaf trait 
plasticity (i.e., determining adaptation) in response to 
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environmental changes, including water stress conditions 
(Ahmad et al., 2016). Plants in T4 acquired a stomatal control 
mechanism and lower water content in the soil that allowed 
them to regulate the TSF mechanism on the released water 
availability (TSF in T4 is about 15% less than in T1). 
The synchronization of stomatal resistance and Ψstem may 
occur due to a hydro-active, negative feedback response, 
involving a biochemical- (e.g., proline) and hormonal- (e.g., 
ABA) mediated response of guard cells to perturbations of 
the leaf water potential or hydro-passive (Steppe et al., 2006). 
In our case, the Ψstem changes were not associated with 
proline accumulation, suggesting the hypothesis of a 
physiologic accumulation of this osmolite, as confirmed by 
the literature (Hanson et al., 1994; Ben Hassine et al., 2008; 
Parida et al., 2008; Hayano-Kanashiro et al., 2009; Mattioli 
et al., 2009). Some authors have shown that the proline 
accumulation can occur in physiological conditions related to 
growth purposes, since a significant amount of this amino 
acid increased its concentration in the reproductive organs of 
different non-stressed plant species (Mattioli et al., 2009; 
Chiang et al., 1995; Schwacke et al., 1999). This is in line 
with the results obtained in this study in T1 and T2 treatments 
of DOY 272. 
Fourth, this study involved an interesting aspect regarding the 
ABA contents found in leaves of the different irrigation 
treatments. Generally, in experimental open-field conditions 
like ours, numerous abiotic stress conditions co-occur 
simultaneously, producing a unique plant response. For 
example, as suggested by Zandalinas et al. (2016), while 
water stress could induce ABA accumulation in citrus tissues, 
heat stress may inhibit ABA accumulation; thus, stressed 
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citrus leaves may undergo substantially different programs 
regulating ABA homeostasis. 
Under water stress conditions, apoplastic pH increases 
resulting in greater retention of ABA, functioning as a signal 
to reduce transpiration in leaves (Finkelstein et al., 2013). 
Endogenous free ABA levels are regulated through the 
coordinated action of biosynthesis, catabolism, and 
conjugation that mainly produces ABA-GE, which is 
considered one of the major inactive forms of ABA 
(Finkelstein et al., 2013; Hartung et al., 2002). Recently, 
Romero et al. (2012) found that in Citrus sinensis L. Osbeck, 
the response to moderate dehydration in ABA-deficient 
mutant included both ABA-dependent and independent 
pathways. Accordingly, our results support the hypothesis 
that, in orange trees, an ABA-independent pathway regulates 
the stress response in field, where different stressing factors 
along with water deficit irrigation occur. 
Moreover, our results showed that, with the exception of PRD 
(T4), all the investigated DI treatments, if compared to the 
control, do not induce any ABA stress signaling involved in 
an adaptive response. The effect of this increase of ABA 
levels at T4 can putatively trigger a later adaptive response, 
as suggested by Romero et al. (2012). In fact, at the end of 
September, plants reset their ABA-GE reserve, making it all 
available. 
Finally, recent studies indicate that prolonging the drying 
cycles during alternate PRD exposes more roots to severe soil 
drying, increasing root and leaf ABA accumulation, and 
enhancing crop yields and quality (Pérez-Pérez et al., 2018). 
As in our study case, leaf ABA accumulation was registered 
in the DI treatment, which substantially decreased the 
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transpiration rate (PRD transpires about 44% less than ETc) 
(Puértolas et al., 2014). These observations are consistent 
with a model that explains leaf free-ABA concentration of 
PRD plants as a function of xylem ABA concentrations 
emanating from the irrigated and drying parts of the root 
system and the relative sap flow from each plant (Dodd et al., 
2008; Pérez-Pérez et al., 2015). Moreover, in our study, an 
inverse relationship was observed between free ABA 
concentrations and soil wetting dynamics by ERT (Figure 
10), confirming that, as evidenced by Pérez-Pérez et al. 
(2018), prolonged exposure of half of the root system to 
drying soil combined with alternate re-watering can improve 
ABA accumulation (169.96 ± 24.83 pmol gFW-1 at the end of 
the irrigation season in T4). 
Conclusions 
The challenge for agriculture in the near future will be to 
combine water use efficiency with increased resilience in all 
the productive systems. In this view, the study herein 
presented focuses on the feasibility of the application of 
moderate (RDI) and severe (PRD) water deficit conditions to 
high-value cropping systems, like orange orchards, in 
Mediterranean climatic conditions. The main conclusions 
that can be pointed out are the following: 
• DI strategies (i.e., RDI and PRD) did not alter soil 

fertility among treatments and compromise the nutrients 
uptake by plants; 

• the sub-surface drip irrigation (SDI) and the control had 
similar behaviors, but SDI, allowing the reduction of soil 
evaporation losses, should be preferable to surface drip 
irrigation; 
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• the physiological response to water stress conditions did 
not show particular differences among the irrigation 
treatments, not inducing detrimental effects on crop 
production features; 

• proline accumulation in orange leaves results were not 
related to water deficit conditions; rather, proline reached 
the highest values in the well-irrigated T1 and T2 
treatments; 

• ABA levels in leaves were rather constant in all the 
treatments, except in T4 (PRD) during September; this 
response might produce a late adaptive crop production 
response; 

• prolonged drying cycles during alternate PRD exposed 
more roots to severe soil drying, thus increasing leaf 
ABA accumulation. 

Case study 2 
Frutticoltura - n. 1 – 2019 
Risposta fisiologica di un agrumeto allo stress idrico 
controllato 
6. Physiological response of a citrus grove to 
controlled water stress 
Helena Pappalardo, Elisabetta Nicolosi, Daniela Vanella, 
Biagio Torrisi, Maria Allegra, Fiorella Stagno, Daniela 
Saitta, Simona Consoli, Giancarlo Roccuzzo, Filippo Ferlito 
Introduction 
Citrus growing, with an area of about one million hectares in 
the Mediterranean area, represents one of the most 
economically relevant fruit growing realities (Roccuzzo et 
al., 2015). To ensure the competitiveness of the sector, the 
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agronomic inputs necessary for the optimal management of 
the citrus grove are huge. 
Among these, the irrigation contribution is undoubtedly a 
significant factor for the sustainability of the citrus grove. The 
adoption of "Deficit Irrigation" (DI) or controlled water 
deficit strategies, increasingly known in recent years, is a 
useful choice to allow reduction of management costs and 
improvement of the agro-ecological value of crops, as well as 
for the maintenance and improvement of some quantitative 
and qualitative characteristics of productions. 
Considering that the water resource in agriculture is 
increasingly limited due to the strong competition, for its use, 
with other sectors (industrial and tourism), in addition to the 
effects induced by the climate changes in progress, which 
increases in temperature, suboptimal distribution of rains and 
reduction of annual rainfall, the rational management of 
irrigation is a particularly important crop aspect. According 
to the Intergovernmental Panel on Climate Change (IPCC, 
2014), the concentration of atmospheric CO2 has increased, 
in less than 300 years, by 40%, and in the near future it will 
continue to grow with the same trend (Stich et al., 2008). 
Therefore, considering that the availability of water is the 
main factor for the assimilation of CO2 during photosynthesis 
(Lal et al., 2011), DI strategies become a useful tool to 
increase the "water use efficiency" of citrus groves and, in in 
particular, to obtain a positive balance between water saving 
and plant production. 
The orange is a species with a particularly long productive 
vegetative cycle and an irrigation season. During the summer, 
if the soil moisture is limited and the roots are unable to 
guarantee the water supply, the evapotranspiration rate (ET) 
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decreases and, consequently, growth decreases (Hsiao, 1973; 
Fereres and Soriano, 2007). Numerous researches have 
shown that the effectiveness of DI strategies depends on the 
phenological phase in which the stress is applied and on 
environmental factors (Consoli et al., 2014). In particular, the 
characteristics of the soil-plant-atmosphere (SPA) continuum 
(hydraulic characteristics of the soil, air temperature, 
evapotranspiration rates) influence the opening and closing 
of stomata and, therefore, the assimilation of CO2 and its 
levels. plant photosynthesis (Ribeiro et al. 2009; Consoli et 
al., 2017). Increasingly accurate estimates of 
evapotranspiration needs allow to optimize DI strategies. 
Among the numerous techniques examined, 
micrometeorological methods, such as the "Eddy 
Covariance" (EC), quantify the current ET (ETa) starting 
from the direct measurement of the latent heat flow (LE) 
above the foliage. 
This requires constant monitoring of water conditions soil 
and air temperature, as well as the monitoring of mass flows 
in the SPA continuum of the physiological state of plants 
(photosynthesis, transpiration and canopy temperature) 
during the irrigation season. 
The objective of the study was to evaluate the eco-
physiological response of a citrus grove subjected to 
controlled water stress conditions following the adoption of 
DI strategies, in a production reality, such as the citrus fruit 
of eastern Sicily, still too tied to massive water supplies, in 
order to offer protocols of sustainable irrigation management. 
Materials and methods 
Site, irrigation strategies and water consumption estimation 
The study is conducted at the Palazzelli experimental farm 
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(37 ° 17 'N, 14 ° 50' E; Lentini, Sr), of the CREA Centro di 
Ricerca Olivicoltura, Frutticoltura e Agrumicoltura di 
Acireale (Ct), in a plot of orange (Citrus sinensis (L.) Osbeck) 
aged 12 years, implanted with the cultivar Tarocco clone 
Sciara C1882, grafted on the rootstock Citrange Carrizo 
[Poncirus trifoliata (L.) Raf. X C. sinensis (L.) Osbeck] with 
a planting spacing of 6 x 4 m. The soil is sandy-loam and with 
good general fertility (Consoli et al., 2014, 2017). The 
climate is typically Mediterranean semi-arid, with annual 
rainfall sparsely distributed in autumn and winter. 
Since 2010, the following irrigation treatments have been 
tested in situ: control (C), in which 100% of the 
evapotranspiration is distributed cultivation (ETc), through a 
drip irrigation system superficial; “Sustained Deficit 
Irrigation” (SDI), in which 75% of ETc is administered, 
through a drip sub-irrigation system placed at a depth of 0.35 
m; “Regulated Deficit Irrigation” (RDI), in which the water 
deficit is modulated according to the phenological phases of 
the plant (subsequent phase the physiological drop of the 
fruit), returning 50% of ETc from half July to the end of 
September through a superficial drip micro-irrigation system; 
"Partial Root-zone Drying" (PRD), whose deficit water is 
equal to 50% of the ETC and irrigation is distributed through 
the alternate activation of two 2 water pipes placed laterally 
with respect to the rows. 
The programming of the irrigation volumes applied to the 
various treatments, in the summer period (June - September 
2018), is determined by resorting to the estimation of crop 
water needs (ETc) through the "mean crop coefficient" (Kc) 
approach (Allen et al., 1998, 2006). This provides for the 
estimate of the reference ET (ET0) calculated using the 
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climatic data from the weather station present on site through 
the Penman-Monteith formulation. Once the ET0 values are 
known, the ETC estimate is carried out, on a weekly basis, by 
applying specific reduction coefficients linked to the crop 
type (Kc = 0.7) and the crown / soil coverage ratio with 
respect to the planting layout (Kl = 0.7) and taking into 
account any meteoric contributions during the irrigation 
period. Control of distributed irrigation volumes is carried out 
by reading volumetric meters placed on the supply lines. 
Since 2016, the experimental field has been equipped with an 
“Eddy Covariance” (EC) system for monitoring the various 
components of the surface energy balance in the SPA 
continuum and the ETa flows. The EC system consists of a 
three-dimensional sonic anemometer (CSAT3-3D, Campbell 
Scientific Inc.) and an open circuit gas analyzer (Li-7500, Li-
cor Biosciences Inc.) for the high frequency measurement of 
the three components of the wind speed and concentrations 
of water vapor and CO2 (Figure 1). The raw data acquisition 
frequency is 10 Hz. Data processing and EC measurement 
processing is performed in accordance with Euroflux 
standard protocols (Aubinet et al., 2000). 
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Figure 1. Micrometeorological tower installed at the 
experimental site. 
Eco-physiological monitoring of plants 
The eco-physiological response relating to the DI regimes 
applied is assessed on 16 index plants (4 plants per 
treatment), through specific surveys carried out every two 
weeks in the irrigation period (June-September 2018). In 
particular, it was monitored the temperature of the canopy, 
transpiration and leaf photosynthesis. 
The canopy temperature was measured at noon using a laser 
thermometer on 4 leaves exposed to the sun in the direction 
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of the cardinal points (N-S-W-E). The canopy temperature 
values in the 4 directions were averaged per plant. 
Leaf photosynthesis and transpiration were detected by 
means of a portable gas exchange measurement system (LI-
Cor 6400, Li-Cor Inc., Lincoln, NE, USA) (Figure 2) 
consisting of a standard leaf chamber having an area of 6 cm2.  
Measurements were made on 3 leaves per plant. 
The instrument has been calibrated to maintain the balance 
between the CO2 inside and outside the chamber in the 
absence of measurements. The duration of the measurement 
of photosynthetic yield and leaf transpiration was 
approximately 2–3 minutes. The collected data was subjected 
to statistical analysis (Anova and Tukey's HSD test). 

 
Figure 2. Monitoring of eco-physiological parameters. 
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Application of "proximal sensing" techniques 
During the 2018 irrigation season an application of "proximal 
sensing" (acquisition of images in the visible and thermal 
infrared with portable instruments) was carried out to monitor 
the water status of the control and treatment PRD deficit. 
The visible images were acquired using a grayscale “global 
shutter” camera (oCam-1MGN-U), with 111 ° x65 ° optics 
and a spatial resolution of 1280 x 960 pixels. Thermal images 
were acquired using a camera thermal (Optris PI 160), with 
optics of 72 ° x52 ° and resolution of 160 x 120 pixels, with 
an accuracy of ± 2 ° C. 
The application of "proximal sensing" techniques made it 
possible to analyze an area of extension of approximately 900 
m2 including 18 plants respectively in the two treatments. 
Prior to the acquisition, ground benchmarks were identified 
using the GPS system (Leica GS15) with "real time" 
correction by RTK Italpos (reference ellipsoid WGS 1984 
and reported ellipsoidal height), to be used as a reference for 
the subsequent georeferencing of the images. been acquired 
at a distance such as to obtain a “ground sampling distance” 
(GSD) of 33 and 113 mm / pixel respectively in the visible 
and in the thermal. The individual frames were afterwards 
georeferenced and mosaics through photogrammetric 
procedures. The thermal characteristics of individual plants 
in the study belonging to the 2 irrigation treatments were 
extracted from the thermal image in the GIS environment 
through procedures manual typing of the foliage of the plants 
on the image in visible and extraction of zonal statistics from 
the thermal image. 
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Results and discussion 
Deficit irrigation strategies and water consumption. 
The applied DI strategies made it possible to obtain water 
savings of approximately 21, 32 and 52% in the SDI, RDI and 
PRD deficient treatments compared to the control (312.4 
mm). The flows of ET0, ETc and ETa recorded in the period 
under study (June-September 2018) are equal to 646, 317 and 
234 mm, respectively. 
Eco-physiological monitoring of the crops under study 
The applied DI strategies did not show conditions of 
prolonged stress to the plants. At the beginning of the 
irrigation season, the control showed foliage temperatures 
lower than the PRD treatment, but higher than the other 
treatments (SDI and RDI). Subsequently, the temperatures of 
all plants reached their highest peak from mid-July to the end 
of the month (average value 33 ° C), while starting from mid-
August, 
thanks also to significant and repeated rainy events, there was 
a constant cooling up to the end of September (average value 
26.7 ° C; Fig. 3). 
At the end of August compared to the control, the SDI and 
RDI treatments showed a decrease in temperature (3.5 and 
2.8%), while the PRD one showed an increase (1.2%) thus 
restoring between treatments, for a limited period, the 
conditions observed at the beginning of the irrigation season. 
In an inversely proportional way with respect to what 
reported for the temperature of the foliage, the photosynthetic 
rate remained at values lower than 4 mol CO2 m-2 s-1 from the 
start of monitoring until mid-August, reaching the highest 
peak (7, 62 mol CO2 m-2 s-1) at the end of this month (Fig. 4). 
As expected, the optimum for photosynthesis was recorded 
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with temperatures between 25 and 30 ° C as reported in the 
literature (Guo et al. 2006). 
Leaf transpiration was significantly affected by treatments 
(data not shown). This reaches its highest peak in mid-July 
with an average value of 1.24 µmol H2O m-2 s-1 and its lowest 
level in late July with an average value of 0.12 µmol H2O m-

2 s-1 (Fig. 5), moreover at the time when the leaf temperature 
was higher. In particular, on average, there was a reduction 
of 34% in PRD compared to the control, of 32 and 18% in 
SDI and RDI respectively. 
Compared to the control, perspiration in the last 2 dates 
significantly decreased in PRD (60.3% and 45.9%). 

 
Figure 3. Crown temperatures recorded during the irrigation 
season (*: significant differences p ≤ 0.05; ns: not 
significant). 
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Figure 4. Levels of photosynthesis recorded during the 
irrigation season. (*: significant differences p ≤ 0.05; ns: not 
significant). 

 
Figure 5. Transpiration rates recorded during the irrigation 
season. (*: significant differences p ≤ 0.05; **: significant 
differences p ≤ 0.001; ns: not significant). 
Application of "proximal sensing" techniques 
The analysis of the thermal maps obtained through the 
"proximal sensing" techniques allowed to highlight, as 
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expected, a higher thermal delta in the PRD treatment. Figure 
6 shows the information on the temperatures detected through 
the thermal image referring to the areas occupied by the 
canopy of the control and PRD treatment plants. The 
temperature tree crown average in C and PRD is respectively 
35.4 (± 0.24) and 36.1 ° C (± 0.18), compared to an air 
temperature of 33.3 ° C at time of monitoring. The thermal 
delta (ΔT) in C and PRD is equal to 2.1 (± 0.24) and 2.8 ° C 
(± 0.18) respectively. 

 
Figure 6. Crown temperatures of Control plants (1–18) and 
of “Partial Root-zone Drying” (19–36) obtained through 
“proximal sensing” techniques. 
Conclusions 
In conclusion, the study still in progress shows that when the 
climatic conditions are less limiting, the effects due to the 
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different insufficient irrigation strategies become more 
evident. Among the measured parameters the photosynthetic 
rate of the plant appears being the least subject to water stress 
and high temperatures, therefore the phases of growth of the 
fruit by cellular extension that require a good water status of 
the plant, can be effectively supported. 
In general, the strategies adopted guarantee positive feedback 
for the reduction of the volumes of water to be administered. 

Case study 3 
Journal of Irrigation and Drainage Engineering, 2020, 
146(7): 05020002 
7. Comparison of orange orchard 
evapotranspiration by eddy covariance, sap flow 
and fao-56 methods under different irrigation 
strategies 
Daniela Saitta, Daniela Vanella, Juan Miguel Ramírez-
Cuesta, Giuseppe Longo-Minnolo, Filippo Ferlito, and 
Simona Consoli 
Abstract 
The study evaluates the accuracy of measured and estimated 
crop evapotranspiration fluxes (ETc) on Citrus in a semiarid 
Mediterranean climate (Sicily, Italy). Specifically, ETc rates 
derived from in situ techniques [eddy covariance (EC) and 
sap flow heat pulse velocity (HPV)] and modelling 
approaches [Food and Agricultural Organization of the 
United States (FAO) Irrigation and Drainage Paper No. 56 
(FAO-56) single and dual crop coefficient (Kc)] were 
compared under deficit irrigation scenarios. Results of the 
comparison showed that the single and dual Kc approaches 
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provided similar ETc estimates (292 and 324 mm), even if 
these approaches overestimated ETc measured by EC (ETEC) 
(17% and 30% respectively). HPV was able to show 
transpiration (T) reductions caused by deficit irrigation 
strategies when compared with T under full irrigation 
condition (ranging from 70% to 82%). Overall, the assessed 
methodologies were able to capture ETc trends, but the 
selection of the most appropriate one will depend on the 
specific crop and study site characteristics. 
Author keywords: Deficit irrigation; Crop coefficients; 
Transpiration; Micrometeorology; Citrus orchards. 
Introduction 
Citrus orchards, widely diffused in Mediterranean regions 
covering around 1,000,000 ha, have a major role in the 
economy of these areas (FAO, 2003). With the peculiarity of 
its semi-arid climate, Sicily (Southern Italy) has an excellent 
potential for orange production. This region is characterized 
by rainfall scarcity conditions and therefore Citrus trees need 
of irrigation to guarantee profitable production. Limited 
water availability is the results of concomitant factors such as 
periodic drought, increasing competition for water resources, 
irrigation infrastructure failures, and climate change 
scenarios. This latter, in particular, implies air temperature 
and evapotranspiration (ET) increases and precipitation 
reduction (Faurés et al., 2013). Such a scenario needs more 
efficient uses of the limited water resources, which imply the 
accurate determination of water requirements of Citrus 
orchards (i.e. ET) and the adoption of sustainable irrigation 
strategies (i.e. controlled deficit irrigation) (Capra et al., 
2008; Consoli et al., 2016; Consoli and Papa 2013; Consoli 
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and Vanella 2014; Er-Raki et al., 2009; Maestre-Valero et al., 
2017; Motisi et al., 2012).  
The easiest and cheaper approach to estimate ET is the FAO-
56 method (Allen et al., 1998, 2006). FAO-56 includes a 
single crop coefficient (Kc) approach, and a more complex 
dual Kc approach (basal crop coefficient, Kcb; and 
evaporation coefficient, Ke) that splits the ET in crop 
transpiration (T) and soil evaporation (E) (Allen et al. 1998). 
Both approaches account for climatic variables in the 
reference ET (ET0) and for crop type and its characteristics 
(included in Kc and Kcb), whereas soil texture and hydraulic 
characteristics are included in Ke. Despite being the most 
widely used approach up to date, the methodology requires 
crop-specific coefficients and field validation in order to offer 
reliable estimates.  
As reported in numerous studies, the adoption of the dual Kc 
approach results more appropriate in case of application of 
deficit irrigation scenarios, such as the partial zoot-zone 
drying (PRD), and the adoption of drip irrigation 
technologies (Anderson et al., 2017; Ding et al., 2013; 
Ferreira et al., 2012; O’Connell and Goodwin 2007; 
Odhiambo and Irmak, 2012; Paco et al., 2012). Different 
studies have analysed the results provided by the FAO-56 
approach (i.e. single or dual) and those derived from 
methodologies based on the Surface Energy Balance, sap 
flow, Eddy Covariance (EC), Surface Renewal, and Bowen 
Ratio (Casa et al., 2000; Consoli et al., 2006; Consoli and 
Papa 2013; Er-Raki et al., 2009; Maestre-Valero et al., 2017; 
Motisi et al., 2012; Paco et al., 2006; Vanella and Consoli 
2018). Among the different methodologies, EC is considered 
as the most reliable and accurate method for measuring ET of 
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tree crops, if, of course, measurement requirements are met 
(Baldocchi et al., 1988; Snyder et al., 2000). Nevertheless, 
this technique does not distinguish between T and E, being 
necessary to use other methods for assessing each component 
separately. Thus, T can be effectively evaluated using sap 
flow methods (Agam et al., 2012; Heilman and Ham 1990; 
Thompson et al., 1997; Rafi et al., 2019). A variety of 
methods are available to calculate water mass flow within 
stem using heat as a tracer (Heat Balance Method, Vieweg 
and Ziegler 1960; and Heat Pulse Velocity, HPV, Swanson 
and Whitfield 1981; Green 1998; among others). 
Measurements can be carried out in herbaceous and woody 
plants and in any conductive organ, including roots. The up-
scaling of T fluxes to field scale is generally carried out via 
crop specific characteristics, such as leaf area index (LAI) 
(Motisi et al., 2012; Oishi et al., 2008; Soegaard and Boegh 
1995). 
When direct measurements are not available, separate 
evaluations of E and T fluxes can also be obtained by using 
agro-hydrological models, like, for example, the surface-
vegetation-atmosphere-transfer (SVAT) model, which 
determines the temporal dynamics of the two separated fluxes 
using physically-based schematizations (Crow et al., 2008; 
Rallo et al., 2012). 
In literature it is possible to find numerous studies on the 
comparison of different methods for estimating ETc under 
full irrigation conditions (Poblete-Echeverría et al., 2013; 
Raki et al., 2009; Tian et al., 2016), but non consensus has 
been achieved about the effectiveness of these methods under 
deficient irrigation conditions. Therefore, one of the main 
novelties of this study is to bring to light new information 
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about the performance of different methods for ETc 
determination under deficit irrigation strategies in 
heterogeneous crops. More specifically, in this study we 
focused on the comparison between single and dual Kc FAO-
56 approaches, EC and sap flow techniques to obtain reliable 
crop ET (ETc) fluxes of orange orchards in Eastern Sicily 
(Italy). The objectives were (1) to evaluate whether the 
integration among different methodologies is appropriate for 
accurately estimating the ETc over an irrigated orchard in the 
semi-arid climatic conditions and (2) to identify the impact of 
the applied deficit irrigation strategies on the performance of 
the proposed methodologies. 
Materials and methods 
Site description 
The study site is a 1.0 ha experimental orange orchard in 
Eastern Sicily, Italy (37° 20’ N, 14° 53’ E; Fig. 1). Orange 
trees cv Tarocco Sciara, grafted on Carrizo citrange, 
[Poncirus trifoliata (L.) Raf. × C. sinensis (L.) Osbeck], were 
planted with a spacing of 6.0 m (between-row) x 4.0 m 
(within-row). The site has a semi-arid Mediterranean climate 
with irregular rainfall (i.e. yearly average of about 500 mm) 
an annual ET0 of about 1,400 mm (Capra et al., 2013).  
The trial was a randomized block design, which includes four 
irrigation treatments, replicated three times (Consoli et al. 
2014): (i) a control, irrigated at full (T1, 100% ETc), adopting 
surface drip irrigation; (ii) sustained deficit irrigation (SDI, 
T2) irrigated to replenish 75% ETc, adopting subsurface drip 
irrigation; (iii) regulated deficit irrigation (RDI, T3) irrigated 
at 100% ETc except during the fruit growth (50% ETc); and 
(iv) partial root-zone drying treatment (PRD, T4) irrigated at 
50% ETc where wet and dry parts of the root-zone were 
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alternated at 7 days interval. Each treatment consists of 24 
plants, distributed in three rows of eight trees each (Figure 
1). Two irrigation seasons were considered in the study 
(2018-2019). Irrigation was applied early in the morning 
three times per week from mid June (DOY 169 and 168 for 
2018 and 2019, respectively) to end September (DOY 273 
and 280 for 2018 and 2019, respectively). 

 
Figure 1. Layout of the deficit irrigation experimental site 
(T1–T4) and EC flux footprint: (a) the point marks the EC 
tower, around which the lines indicate the quartile contour 
lines of flux EC footprint contributions averaged over 2018; 
and (b) corresponding three-dimensional (3D) flux footprint 
contribution. 
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Water derived for irrigation was characterized by a medium 
salinity (electrical conductivity of about 2.0 dS m−1) and pH 
of about 7.0. Soil texture and hydraulic characteristics were 
investigated within the profile 0.05-0.25 m. From laboratory 
determinations soil samples resulted fairly uniform with a 
sandy-loam texture. The soil field capacity and permanent 
wilting point were respectively of 28% and 14% (Aiello et 
al., 2014; D’Emilio et al., 2018). 
Evapotranspiration estimates by the FAO-56 approaches 
Reference ET (ET0, mm d-1) was estimated using the 
Penman-Monteith formula (Allen et al., 1998; Allen et al., 
2006) (Eq. 1). 
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Meteorological data (i.e. solar radiation, Rs, W m-2; air 
temperature, Ta, °C; relative humidity, RH, %; wind speed, 
u2, m s-1; and rainfall, mm) were measured hourly from an 
automatic weather station nearby the experimental field. 
In Eq. 1, ∆ is the slope of the saturation vapour pressure at 
the Ta (kPa oC-1); Rn is the net radiation (MJ m-2 d-1); G is the 
soil heat flow (MJ m-2 d-1); γ is the psychrometric constant 
(kPa oC-1); es-ea is the vapour pressure deficit (kPa), and u2 
refers to wind speed at 2 m height (m s-1). 
ETc was derived using the single Kc FAO-56 approach (ETc, 

Kc) by multiplying daily ET0 by the seasonal crop coefficient 
for orange orchard (Kc) (i.e. 0.7 as observed by Consoli et al. 
2006; Consoli and Papa 2013). Irrigation rates were then 
adjusted according to rainfall and to a localization factor 
depending on the canopy area (Kl) (i.e. 0.7). 
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The dual Kc FAO-56 approach determines ETc (ETc, dual Kc) 
by separating Kc in two coefficients accounting for T (Kcb) 
and E (Ke), as follows:  
ETc,dual Kc = (Kcb + Ke)  ∙ ET0            (2) 
In Eq. (2), Kcb is the ratio between ETc and ET0 in conditions 
of soil surface dry and soil water content adequate to maintain 
full T (Allen et al., 1998). Ke depends on the available water 
at the topsoil and its requires a daily soil water balance 
(SWB) in order to determine the cumulative E, or depletion 
from the wet condition, as follows: 

Ke = Kr�Kc,max − Kcb�              (3) 
Kc,max is the maximum Kc value after rain or irrigation while 
Kr represents the reduction on E depending on the 
evaporation process, as follows: 

Kr = TEW−De,i
TEW−REW

              (4) 

where TEW = 1000 (θFC − 0.5 θWP) Ze, is the total evaporable 
water (i.e., maximum depth of water that can be evaporated 
from the soil surface layer), with θFC and θWP measured at the 
study site (28 and 14%, respectively) and Ze equals to 0.1, as 
reported in Allen et al. (1998). REW is the readily evaporable 
water (fixed at 10 mm for the study site soil, i.e. sandy loam; 
Allen et al., 1998); and De,i is the cumulative depth of E from 
the topsoil (mm) at the end of the ith day and it is solved, as 
follows: 

De,i = De,i−1 − (Pi − ROi) −
Ii
fw

+ Ei
few

+ Tew,i + DPe,i       (5) 

where De,i-1 is the cumulative depth of E after a total wetting 
from the exposed and wetted fraction of the topsoil at the end 
of day i-1 (mm); Pi is rainfall (mm); ROi is runoff from the 
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soil surface (mm); Ii is irrigation which infiltrates the soil 
(mm); Ei is evaporation (i.e., Ei = Ke ET0) (mm); Tew,i is depth 
of T from the exposed and wetted fraction of the soil surface 
(mm); DPe,i is deep percolation loss from the topsoil layer if 
soil water content exceeds θFC (mm); fw is fraction of soil 
surface wetted by irrigation (0.1 based on the wet bulb area 
as observed in Vanella et al. 2019); few is exposed and wetted 
soil fraction, computed as the lowest value between the 
average exposed soil fraction not covered and fw. 
Eddy Covariance Evapotranspiration fluxes 
In 2016, a 7 m-tall EC tower (Fig. 1) was installed at the study 
site (about two times the canopy height). EC flux footprint 
(Figure 1) was calculated using a cross-sectional approach, 
which considers the atmospheric stability, measurement 
height, surface roughness length (Hsieh et al., 2000) and the 
lateral flux dispersion (Eckman 1994; Schmid 1994; Detto et 
al., 2006). 
The EC tower consists of one three dimensional sonic 
anemometer (CSAT3-3D, Campbell Scientific Inc., Logan, 
UT, USA) and one infrared open-path gas analyzer (Li-7500, 
Li-cor Biosciences Inc., Lincoln, NE, USA) to measure high 
frequency (10 Hz) wind components and the H2O and CO2 
concentrations. Low frequency energy fluxes (30-min), Rn 
(W m-2) and G (W m-2) were measured using one net 
radiometer placed 7 m above the ground (CNR-1 Kipp & 
Zonen, Delft, The Netherlands) and three self-calibrated soil 
heat flux plates (HFP01SC, Hukseflux, Delft, The 
Netherlands) placed in the exposed, half-exposed and 
shadowed soil, at a depth of about 0.05 m. High and low 
frequency data were collected in a CR1000 logger (Campbell 
Scientific Inc., Logan, UT, USA). 
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The standard EUROFLUX corrections (Aubinet et al., 2000) 
were adopted for EC measurements and data processing. The 
sensible heat flux (H, W m-2) was computed as: 

wTpcH σρ ⋅⋅=               (6) 

with ρ (g m-3) the air density, cp (J g-1 K-1) the air specific heat 
capacity at constant pressure, and σwT (m s-1 K) the covariance 
between the vertical wind speed and air temperature. 
The latent heat flux (λET, W m-2), was: 

wqσλETλ ⋅=               (7) 

with λ (J g-1) the latent heat of vaporization and σwq (g m-2 s-

1) the covariance between the vertical wind speed and water 
vapour density. 
The surface energy balance closure ratio (CR) is computed 
as: 

( )
( )GR

ETHCR
n −
+

=
λ                (8) 

CR allows to determine how well the turbulent fluxes of heat 
and water vapour account for the available energy (Rn-G) 
(Prueger et al., 2005). 
Half-hourly fluxes were daily aggregated and λET data were 
then transformed to equivalent depth of actual ET (ETEC, mm 
d-1). 
Using the ETEC measurements, the corresponding Kc (Kc,EC) 
was estimated as in the follows: 

Kc,EC =  ET 𝐸𝐸𝐹𝐹
ET0

               (9) 

Sap flow estimates 
Water consumption was continuously measured in two trees 
per irrigation treatment using the HPV sap flow method 
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(Swanson and Whitfield 1981). The HPV technique is based 
on measurements of temperature variations (ΔT), caused by 
a heat pulse of short duration (1-2 s), in two probes installed 
asymmetrically into the tree trunk. Each probe consists of one 
4 cm sensor with two thermocouples embedded (Tranzflo NZ 
Ltd., Palmerston North, NZ. It was wired to a data-logger 
(CR1000, Campbell Sci., Logan, UT, USA) for heat-pulse 
measurement at 30-minute sampling intervals. Sap Data were 
runned according to Green et al. (2003) and sap flow velocity 
was integrated over the sapwood area for estimating 
transpiration (T) fluxes. For this purpose, fractions of wood 
(FM=0.48) and water (FL=0.33) in the sapwood were 
evaluated on the trees where sap flow probes were posed. FM 
and FL were measured in wood samples (5 mm diameter, 40 
mm length) taken with an increment borer in the proximity of 
the probe sets (Consoli et al., 2017). This requires the input 
of fresh weight, oven-dried weight, and immersed weight (Si 
et al., 2009). 
Results 
Irrigation rates supplied during 2018 at the different 
treatments were 312 mm (T1), 248 mm (T2), 211 (T3) and 
150 mm (T4). The percentages of water saving obtained 
respect to the fully irrigated control (T1) were about 20% for 
SDI (T2), 32% for RDI (T3) and 52% for PRD (T4). For 2019 
irrigation rates supplied at the different treatments were 302 
mm (T1), 250 mm (T2), 225 (T3) and 142 mm (T4), with 
savings respect to the control (T1) of 17% for SDI (T2), 25% 
for RDI (T3) and 53% for PRD (T4). The evolution of ET0 
(mm d-1), which is critical in the determination of crop water 
requirements, is illustrated in Figure 2. 
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Figure 2. Daily ET0, ETc, Kc, ETc, dualKc, and ETEC during the 
period 2018–2019 at the experimental site. 
At the orchard level, the temporal ET0 pattern is typical of 
semi-arid conditions, characterized by high evaporative 
demand, with a cumulative ET0 of about 2,580 mm for the 
period January 1, 2018 (DOY 1, 2018) to October 7, 2019 
(DOY 280, 2019). Within the considered period, the lowest 
and highest ET0 values occurred during winter 2019 (0.1 mm 
d-1) and summer 2018 (8.6 mm d-1), respectively. The 
cumulative rainfall for the same period was 696 mm. The 
cumulative ETc,Kc obtained for the reference period using the 
single Kc approach was 1,264 mm, while ETc,dual Kc derived 
from the dual-Kc method was about 1,485 mm. The rainfall 
regime occurred at the study site indicates the necessity to 
adopt irrigation strategies for optimizing water allocation, 
while maintaining profitable yield. 
Surface energy balance CR was checked by comparing the 
λET and H measured by EC technique with Rn and G [Figs. 
3(a)(b)]. In our study, the lack of closure, which indicates the 
consistence and strength of EC data, was about 18% and 19% 
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[Figs. 3(a)(b)] for 2018 and 2019, respectively. Therefore, 
the present energy balance CR was considered to provide 
evidence for the validity of the results on λET.  

 
 
Figure 3. Energy balance closure with half-hourly fluxes 
measured during June–September (a) 2018; and (b) 2019 at 
the experimental site. 
According to the footprint analysis, almost 40% of the fluxes 
sensed by the EC system come from the experimental area 
(Figure 1). The analysis also showed that EC fluxes 
measured at 7 m height were mainly affected (75%) by fluxes 
coming from an upwind area (NE-SW wind direction) at a 
distance of about 150 m from the tower, in part characterized 
by ground cover heterogeneity.  
Measured ETEC (mm d-1) for the considered period ranged 
from 0.1 to 5.0 mm d-1 (Figure 2), with a cumulative value 
of 1,281 mm. During the irrigation periods, mean daily ETEC 
values were 2.4 and 2.8 mm d-1 for 2018 and 2019, 
respectively; with a cumulated value of 250 mm (2018) and 
303 mm (2019). For both the irrigation seasons, the mean 
daily ET rates retrieved by the single and dual-Kc approaches 
were 2.8 and 3.1 mm d-1. Cumulative rates of ETc,Kc and 
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ETc,dual Kc were 17 and 30% higher than ETEC during the 2018 
irrigation period (with values of 292 and 324 mm, 
respectively) and 4 and 17% higher during the 2019 irrigation 
season (with values of 316 and 356 mm, respectively). 
The temporal pattern of the daily mean Kc for the two 
different irrigation seasons, obtained from the different 
approaches, are illustrated in Figure 4. For In 2018, the single 
Kc, Kc,dual, and Kc,EC were 0.70, 0.79 and 0.45, respectively; 
whereas in 2019, these values were 0.70, 0.82 and 0.54, 
respectively. Kc,EC values were 23-36% and 34-43% lower 
than the estimated values by the single and dual Kc 
approaches. 
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Figure 4. Daily Kc (Kc, Kc,dual, and Kc,EC), rainfall and 
irrigation during the irrigation season for (a) 2018; and (b) 
2019 at the experimental site. 
Figure 5 reports the daily T rates (mm d-1) for the different 
irrigation treatments (T1-T4) by HPV, compared with ETEC 
(mm d-1) and T estimated by the dual Kc FAO-56 approach 
(Tdual,Kc). According to sap flow data, the fully irrigated 
treatment (T1) transpired a mean of 1.36 mm d-1 during late 
August (DOY 237) to the end of September (DOY 273) 2018; 
whereas T fluxes in the deficit irrigated treatments T2 (SDI), 
T3 (RDI) and T4 (PRD), were respectively of 1.11, 1.03 and 
0.94 mm d-1, about 82, 76 and 70% of T rates measured in 
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T1. In 2019, the full irrigation treatment (T1) transpired a 
mean of 1.40 mm d-1 during late August (DOY 237) to early 
October (DOY 280), whereas T fluxes in the deficit irrigated 
treatments T2 (SDI), T3 (RDI) and T4 (PRD), were 0.92, 0.80 
and 1.01 mm d-1, for T2, T3 and T4, respectively (about 66, 
57 and 72% of T rates measured in T1, respectively). In 
addition, T fluxes in T1 were on average about 57 and 50% 
lower than ETEC, in 2018 and 2019, respectively. 
In 2018, daily mean T and E rates obtained by the dual-Kc 
approach were respectively of 1.93 (mean Kcb = 0.60) and 
0.74 mm d-1 (mean Ke = 0.24), with a mean ETc,dual,Kc of 2.68 
mm d-1. In 2019, daily mean T and E rates obtained by the 
dual-Kc approach were respectively of 1.81 (mean Kcb = 0.64) 
and 0.64 mm d-1 (mean Ke = 0.24), with a mean ETc,dual,Kc of 
2.44 mm d-1. Results from the dual-Kc approach revealed that 
E accounts for about 20% and 36% of the measured ETEC for 
2018 and 2019, respectively (Consoli et al., 2013a; Consoli 
et al., 2013b; Consoli and Papa 2013). 
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Figure 5. Daily T values (mm d−1) of the different irrigation 
treatments by HPV sap flow (T1–T4), Tdual,Kc, and ETEC for 
(a) 2018; and (b) 2019. 
Discussion 
During the irrigation seasons 2018-2019, the ETc fluxes, 
obtained from the FAO-56 Kc approaches, and the EC 
showed different patterns as a result of the different ways in 
which Kc is estimated. 
In the single Kc approach, crop coefficient followed a 
constant pattern, even if irrigation or rainfall occur, since this 
methodology only considers tabulated values as a function of 
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the crop stages (Allen et al., 1998). On the other hand, Kc,dual  
and Kc,EC showed the same behaviour when irrigation and/or 
rainfall occurred as an increase in the soil evaporative 
fraction (Ke component). However, when both irrigation and 
rainfall occurred the same day, Kc,dual increases showed less 
amplitude than Kc,EC (e.g. DOYs 176, 257, 263, in Fig. 4). 
These differences are related to fw parametrization (Eq. 5). In 
fact, the dual Kc approach assumes that, when the soil surface 
is wetted by both irrigation and rain, fw corresponds to the 
tabulated value, function of the adopted irrigation system 
(Allen et al., 1998). Additionally, the role of E component is 
particularly important for crops with incomplete vegetation 
fraction cover, as the study case, especially during the rainy 
season (Paço et al. 2014). Under these conditions, where 
irrigation or intense precipitation occurs (> 3-4 mm), the 
entire surface of the soil, including the area under the canopy, 
will be reached by it. It is precisely for this reason that it 
makes sense to assume fw equal to 1 (Allen et al., 2006). 
Then, FAO 56 model represents a generalist procedure for 
ETc estimation. Therefore, the estimations derived from this 
method must be considered with caution since this approach 
necessarily implies some generalizations that could not 
reflect the site specificities (Paco et al. 2006; Rafi et al. 2019) 
In general, for both irrigation seasons, Kc,EC values were 
lower than those obtained with single and dual Kc, which may 
be due to (i) an overestimation of the tabulated Kc,single and 
Kc,dual values, or to (ii) an underestimation in the ETEC. 
Several authors have observed overestimations of FAO-56 
tabulated values (Anderson et al., 2017; Consoli et al., 2006; 
Rosa et al., 2016; Vanella et al., 2019). For the dual Kc 
approach, these discrepancies are mainly caused by an 
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overestimation of tabulated Kcb and fw, resulting in higher T 
and E estimates, respectively, the latter being more evident in 
the presence of sub-surface irrigation treatments (Cancela et 
al., 2015; Phogat et al., 2016). 
On the other hand, several authors have highlighted the 
critical role of EC tower installation requirements for flux 
measurements (Burba and Anderson 2010; Giannico et al., 
2018). A fundamental assumption in flux measurements 
based on aerodynamic principles (as EC) considers the area 
surrounding a tower as flat, large, and homogenous (Lee et 
al., 2004). However, even official flux networks, as 
FLUXNET, find difficulties for meeting these requirements, 
since such an ideal location rarely exists across global 
terrestrial surfaces (Giannico et al., 2018). Therefore, 
although EC technique is considered one of the most 
appropriate and accurate techniques for the direct 
measurement of ETc (Novick et al. 2014; Perez-Priego et al., 
2017; Zitouna-Chebbi 2017), it requires of large surfaces 
(especially for tall crops where the EC tower height is high), 
in order to minimize the influence of surrounding areas. The 
footprint analysis performed in this study indicated that the 
flux contribution area includes a heterogeneous region 
located outside the experimental site (Figure 1). Such 
heterogeneity, especially due to the presence of bare soil, 
resulted in a underestimation of ETc,EC and in a H 
overestimation, which explains the fact that at certain times 
Tdual,Kc component was higher than ETc,EC (Figure 5). 
Additionally, the ETc estimated from both single and dual Kc 
approaches assumes no stress conditions (e.g. stress 
coefficient, Ks, equals to 1). However, this assumption is 
partially met, since the deficit irrigation treatments (T2-T4) 
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introduce some water stress into the agro-system, so it is 
expected that Ks is lower than 1, resulting in closer 
agreements among ETc, single and ETc,dual estimations and 
ETEC. 
The influence of the deficit irrigation treatments is also 
observed in T observations obtained from sap flow. Thus, T 
from T2-T4 were lower than T corresponding to the fully 
irrigated treatment (T1). These results are in agreement with 
those found by other authors, who also observed T reductions 
when deficit irrigation strategies were applied (Espadafor et 
al., 2017; López-López et al., 2018; Roccuzzo et al., 2014). 
Moreover, when comparing the T estimated by sap flow in 
T1 and Tdual,Kc, an overestimation of the latter is observed 
(Figure 5), supporting the hypothesis of an overestimation of 
the tabulated Kcb values (Abrisqueta et al., 2013). However, 
sap flow technique provides specific point-based 
measurements representative of single trees that are often 
linked to uncertainties related to the probe location (Burgess 
et al., 2001; Ren et al., 2017).  Therefore, these punctual 
measurements need to be up-scaled to represent the field 
scale. In addition, the installation of a high number of probes 
in the field would also help to reduce errors caused by the 
malfunction of some probe or by the wound effect (Green et 
al., 2003; Marañón-Jiménez et al., 2017; Testi et al., 2009). 
However, its elevated costs limit the number of probes that 
may be installed in the field, reaching a compromise of using, 
as in this study, a pair or two pairs of them per experiment 
(Ballester et al., 2013; Lopez-Bernal et al., 2015). Another 
alternative is the use of approaches that directly provide 
spatially distributed ETc estimations, as those based on 
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remote sensing techniques (Allen et al., 2007; Bastiaannssen 
et al., 1998; Ramírez-Cuesta et al., 2019). 
Conclusion 
Different methods for estimating ETc were compared, based 
on the single and dual Kc FAO-56 approaches and in situ 
observations (EC and sap flow techniques), in an orange 
orchard under deficit irrigation strategies during the irrigation 
seasons (2018-2019). The main findings of this study are 
summarized, as follows: 
• the single and dual Kc approaches provided similar ETc 

estimates, even if these approaches tended to 
overestimate ETc respect to ETEC; 

• EC measurements were affected by local specificity due 
to heterogeneity of the flux contribution area 
characterized by the deficit irrigation treatments and the 
surrounding bare soil fields; 

• the partitioning between T and E in the dual Kc approach 
was in good agreement with T from sap flow and E 
determined as the difference between ETEC and T from 
sap flow; 

• the effects of water deficit applied at the different 
irrigation treatments were well-detected by the sap flow 
method at tree level and also influenced the performance 
of the different approaches (FAO-56 and EC) by 
reducing the ETc rates at field scale; 

• the selection of the most appropriate method for ETc 
determination will depend on the crop specificities and 
the study site characteristics. 
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Case study 4 
Agricultural Water Management, 2021, Vol. 247, 106734 
8. Adaptation of citrus orchards to deficit 
irrigation strategies  
Daniela Saitta, Simona Consoli, Filippo Ferlito, Biagio 
Torrisi, Maria Allegra, Giuseppe Longo-Minnolo, Juan 
Miguel Ramírez-Cuesta, Daniela Vanella 
Abstract 
In this study, the adaptation characteristics of orange trees, 
related to the application over a decade of deficit irrigation 
(DI) strategies, have been explored. To this purpose, the 
analysis of a minimal dataset composed of physiological 
information (stem water potential - Ψstem and sap flow - SF 
measurements), yield (fruits number and weight) and 
qualitative parameters (titratable acidity, TA; and total 
soluble solids, TSS) was performed with reference to the last 
irrigation seasons (i.e. 2018-19). The applied irrigation 
treatments were the following: sustained deficit irrigation 
(SDI); regulated deficit irrigation (RDI); partial root-zone 
drying (PRD), each distributing a water deficit of about 19%, 
29% and 52%, respectively, compared to the control 
treatment (FI) supplying the full irrigation level (100% ETc). 
In general, higher water use efficiencies (WUE) have been 
obtained in DI treatments, which guarantee greater water 
savings (up to 50%), without affecting yield and quality 
characteristics. In particular, the most stressed treatment 
(PRD), while reaching the lowest Ψstem values (-1.8 - -2.0 
MPa), as also shown by SF versus Ψstem clusters, resulted in 
WUE values for yield (WUEY), TA (WUETA) and TSS 
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(WUETSS) parameters of approximately 2.6, 2.9, and 3.1 
times greater than FI, respectively. 
Overall, this study allowed identifying the cumulative 
adaptation characteristics of the orange trees under study to 
the application of long-term DI strategies and showing that 
trees were able to achieve yields and qualitative features 
similar to those obtained with FI, even after 10 years of 
application of deficient irrigation regimes. 
Keyword: Sustainable citrus production; Semi-arid climate; 
Orange groves; Water deficit 
Introduction 
Nowadays, irrigated agriculture has to cope with the 
increasingly limited availability of water resources, which is 
becoming worrying especially in arid and semi-arid areas due 
to climate change (CC) scenarios (Galindo et al., 2018). 
Indeed, the intensification of drought events expected under 
the CC scenarios will contribute to the development of stress 
conditions for crops following the increase in the thermal 
gradient, the reduction of precipitation, with consequent 
negative effects on productivity (Fracasso et al., 2020). In the 
Mediterranean semi-arid environment, the success of citrus 
production largely depends on adequate irrigation (Rallo, et 
al., 2017). It is, therefore, essential to manage the available 
water resources in a sustainable way, in order to optimise the 
productivity of the citrus groves, while enhancing their 
adaptation to water shortage conditions.  
In this perspective several studies have emphasised the 
importance of adopting localised irrigation techniques for 
citrus groves (e.g. surface and sub-surface drip irrigation), in 
combination with innovative operating methods (e.g. use of 
very low flow/pressure drippers) and the optimal 
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management of irrigation water (e.g. deficit irrigation, DI, 
including partial root-zone drying, PRD and regulated 
deficient irrigation, RDI) (Provenzano et al., 2005; Consoli et 
al., 2017, Vanella et al., 2018, Vanella and Consoli, 2018). It 
is known that DI strategies, such as RDI (Gasque et al., 2016; 
García-Tejero et al., 2010; Consoli et al., 2014) and PRD 
(Marsal et al., 2008; Romero et al., 2012; Consoli et al., 
2017), permit to maintain (or slightly reduce) crop production 
features by applying a considerably lower amount of 
irrigation volume, with the consequent increase of crop water 
use efficiency (WUE) (English, 1990; Consoli et al., 2012; 
2014; García-Tejero, et al., 2011; Ballester et al., 2011). The 
adoption of the RDI technique requires a deep knowledge of 
the physiological crop response to water deficit conditions, in 
order to identify the optimal phenological phase for the 
application of water restrictions in order to minimise the 
negative effects on crop yield and quality (Navarro et al., 
2010; 2015; Aguado et al., 2012, Pérez-Pérez et al., 2009). In 
particular, several studies have shown that the application of 
moderate water stress conditions on citrus fruits during the 
flowering and fruit set phases generally compromises the 
yield due to the increase in fruit fall (Doorenbos and Kassam, 
1979; Ginestar and Castel, 1996; Romero et al., 2006a; Pérez-
Pérez, et al., 2008). On the other hand, water restrictions 
applied during the last phase of fruit growth and ripening 
decrease yield by reducing fruit weight and size (González-
Altozano and Castel, 1999; Treeby et al., 2007a; Pérez-Pérez 
et al., 2009; García-Tejero et al., 2010), while the period 
following fruit fall was less sensitive to water restrictions 
(Cohen and Goell, 1988). 
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Considering the PRD strategy (i.e., irrigation is alternatively 
applied to only one half of the root-zone, while the other half 
is kept dry) (Blackman and Davies, 1985), several studies 
have shown that in the root system under drying soil, 
biochemical signals are triggered by the roots to shoot, 
causing physiological responses for plant adaptation, such as 
stomatal conductance (gs) and plant transpiration reduction 
(Dry et al., 2000; Hutton 2011; Mossad et al., 2018, 2020; 
Gotur et al., 2018). The main component of the biochemical 
signalling process involves the abscissic acid hormone 
(ABA), also known as "plant stress hormone" (Prgomet et al., 
2020; Chai et al., 2016). In general, higher ABA 
concentrations in the roots and in the leaf tissues have been 
found during the application of severe DI conditions 
(Romero-Conde et al., 2014; Puglisi et al., 2019) and 
prolonged PRD, with the consequent increase in the root-
shoot ratio and greater WUE (Peréz-Peréz et al., 2018).  
Leaf (Ψleaf) and stem water potential (Ψstem) are the most 
significant physiological indicators, capable of monitoring 
and identifying plant water status (Taylor et al., 2015; 
Jamshidi et al., 2020). Specifically, Ψstem measurements are 
more sensitive to slight differences in plant water status than 
Ψleaf as it is less affected by the evaporative demand (and by 
leaf-to-leaf variations in stomatal opening), and it is more 
representative of the tree water status than the Ψ of an 
exposed leaf (Naor, 2006; Ortuño et al., 2006; García-
Orellana et al., 2013). Thus, Ψstem has become a valuable 
indicator for irrigation scheduling, and has been used as a 
threshold for both conventional and DI management (Girona 
et al., 2006a, 2006b). However, Ψstem refers to a specific 
moment of the day, requiring also frequent repetitions during 
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the irrigation season for a proper crop monitoring (Ballester 
et al., 2013; Ortuno et al., 2006). Therefore, alternative water 
stress indicators are required to overcome these limitations. 
Sap flow (SF) techniques allow indirectly measurements of 
plant water losses. In particular, automated SF systems permit 
to continuously monitor the transpiration activity of both 
well-watered and deficit irrigated plants (Smith and Allen, 
1996; Goldhamer et al., 1999; Ortuno et al., 2004a, 2004b). 
SF is related to external weather conditions, such as vapour 
pressure deficit (VPD) (Kang et al., 2003; González-
Altozano et al., 2008; Du et al., 2008; Dragoni et al., 2009; 
Köhler et al., 2010; Motisi et al. 2012), soil water content 
(SWC) and physiological parameters such as Ψstem and gs (Liu 
et al., 2009; Ortuño et al., 2010). 
DI strategies in some cases reduce the fruit quality 
(Mougheith et al., 1977), mainly influencing the qualitative 
parameters of citrus production such as total soluble solids 
and acidity (Chartzoulakis et al., 1999). For example, Romero 
et al. (2006b) observed a dependency between the decrease 
in clementine fruit quality and the phenological stage in 
which DI is applied. Other studies have shown that DI 
conditions may lead to a greater number of smaller fruits 
(Treeby et al., 2007b). Conversely, Peng and Rabe (1998) 
concluded that, in Satsuma mandarin, fruit size was not 
affected by water restrictions. Therefore, variations in the 
fruit weight or diameter at any stage of development can 
depend on the species and change depending on the times and 
the water restriction imposed by the irrigation regimes.  
Although there is a large number of studies conducted in 
Mediterranean semi-arid climatic conditions, analysing the 
effects of the adoption of DI strategies on citrus (Ballester et 
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al., 2014; Gasque et al., 2016; Gonzalez-Dugo et al., 2018), 
is important to explore the physiological, productive and 
qualitative adaptation characteristics that this type of crop can 
acquire after a long term DI application. Table 1 reports a 
number of study cases evaluating the long-term effects of DI 
on citrus crops. 
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Table 1. Roundup of studies on deficit irrigation (DI) strategy applied on citrus orchards and main 
findings 

Study Irrigation treatment Duration Crop/Location Main results 

Garcia-Tejero 
et al., (2011) 

Control (C) = 100% 
ETc; Sustained deficit 
irrigation (SDI): SDI-
75%; SDI-65%; SDI-
50%. 

2004-08 
Orange trees  
Guadalquivir river 
basin, Spain 

No significant differences in fruit yield 
between SDI and C. 
Significant differences between SDI and C 
in total soluble solids (TSS) and titratable 
acidity (TA) and significant relationships 
between Ψstem and irrigation. SDI-50% 
increases the water productivity. 

Aguado et al., 
(2012) 

C = 100% ETc; DI 
treatment with a water 
stress ratio of 0.75. 

2009-10 

‘Navelina’ orange 
trees  
El Campillo, 
(Huelva), Spain 

The final yield was not affected by water 
deficit. No negative effects were found on 
organoleptic and nutraceutical fruit 
properties in both treatments. DI showed 
higher values of the maturity index (MI) due 
to the maintenance of the ratio between TSS 
and TA contents. 

Ballester et al., 
(2014) 
 

C = 100% ETc; 
moderate Regulated 
deficit irrigation RDI-1 
applied from mid July to 
mid September at 50% 
of C; severe RDI-2 with 
trees irrigated at 35% of 
C. 

2007-12 
Clementina de 
Nules  
Valencia, Spain 

RDI-2 led to lower fruit size, yield and 
economic return. RDI-1 did not significantly 
reduce the cumulative yield and the 
economic yield compared to C, allowing a 
water saving of 15%. Overall RDI has 
greater TSS and TA and reduced the relative 
trunk growth and weight of the pruning by 
about 20% compared to C. 

Consoli et al., 
(2014) 

C = 100% ETc; 
subsurface SSDI = 75% 2011-12 Tarocco Sciara 

Siracusa, Italy 
Moderate to severe water deficit conditions 
applied in a young orange orchard have 
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ETc; RDI = 50% or 
100% ETc; PRD = 50% 
ETc on one side of the 
root-zone while the 
other side was kept dry. 

permitted water savings up to 41% (PRD) 
without determining significant negative 
effects on plants physiology, yield and fruit 
quality characteristics. Fruit size was 
reduced in RDI and PRD, which showed 
higher levels of TSS and TA. 

Stagno et al., 
(2015) 

C = 100% ETc; 
subsurface SSDI = 75% 
ETc; RDI = 50% or 
100% ETc; PRD = 50% 
ETc on one side of the 
root-zone while the 
other side was kept dry. 

2011-12 Tarocco Sciara 
Siracusa, Italy 

SSDI was quite comparable to FI in terms of 
irrigation performance. PRD and RDI 
showed difference in terms of measured 
physiological parameters (gs and Ψstem) in 
comaparison to FI and SSDI, although they 
were within the sustainable range for citrus 
orchards 

Gasque et al., 
(2016) 

C = 100% of the 
irrigation dose (ID); 
RDI 40%/60% ID. 
During the last 2 years, 
C at 100%ID and the 
RDI further reduced by 
20% respect to the 
previous years. 

2007-11 

‘Navelina’ orange 
trees  
Senyera, 
Valencia, Spain 

Long-term RDI strategies during the 
summer (initial phases of fruit enlargement) 
were successfully applied in commercial 
Navelina citrus trees. No negative effects are 
observed if a threshold value Ψstem = −2.0 
MPa is not exceeded. Mild level of stress 
lead to water savings around 20% without 
crop detriment. 

Consoli et al., 
(2017) 

C = 100% ETc; PRD = 
50% ETc on one side of 
the root-zone while the 
other side was kept dry 
alternating the sides 
every week.  

2013-14 Tarcocco Sciara 
Siracusa, Italy 

PRD technique has allowed significant 
water savings in relation to full irrigation 
treatment without causing a significant 
reduction in crop production and improving 
fruit quality features and WUE. 
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Gonzalez‐Dug
o et al., (2018) 

C = full water 
requirements; RDI-1 
50%C from mid-June to 
early September; RD-I2 
at 37%C. 

2009-12 
Orange trees and 
hybrid mandarin  
Seville, Spain 

Transpiration has been reduced. The 
tangerine and late orange yields were 
sustained when irrigation was reduced to 
50–55%. The relationship between yield and 
transpiration indicates that mandarin is less 
sensitive to water stress than late orange 
probably due to a change in the dynamics of 
growth and fruit development. 

Mossad et al., 
(2018) 

C at 100%ETc; PRD 
50%C only on one 
alternated side of the 
root zone; continuous DI 
at 50%C. 

2007-12 Orange trees  
Palermo, Italy 

Tree daily water consumption was 
significantly lower in PRD and DI than in C. 
PRD shows more sustainable fruit growth 
than DI. PRD did not induce any significant 
advantage in terms of final yield over a 
simple reduction of irrigation volumes. 

Grilo et al., 
(2019)  

C at 100% ETc; PRD 
50%ETc to one 
alternated side of the 
root-zone; continuous 
DI= 50% ETc. 

 
2007-13 

Orange trees  
Palermo, Italy 

No differences in Ψstem were found among 
irrigation treatments. SF density was higher 
in DI than in C and PRD. In May, fruits of 
the DI and PRD treatments showed a lower 
relative daily growth rate (RGR) than fruits 
of the C treatment due to a possible lack of 
carbon and nutrients. SF was directly related 
to fruit RGR at low SF rates, but inversely 
related to RGR at SF rates. 

Mossad et al., 
(2020) 

C at 100%ETc; PRD at 
50% ETc to one 
alternated side of the 
root-zone; continuous 
DI = 50%ETc . 

2007-12 Orange trees  
Palermo, Italy 

Yield parameters were generally not 
affected by PRD, and only yield per tree was 
lower in DI than C. Fruit size and juice 
content were reduced by DI, but not by PRD. 
Both PRD and DI increased juice soluble 
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solids and acidity, vitamin C and carotenoid 
concentrations, as well as sugar productivity 
per unit of irrigation water.  

Silveira et al., 
(2020) 

T100 at 100 %ETc, T75 
at 75 % ETc, T50 at 50 
%ETc, T25 at 25 % ETc 
and T0 rainfed. 

2013-18 
Grove of Pêra 
sweet orange  
Sao Paulo, Brazil 

DI improved yield in 3 out of 5 seasons. 
Yield increments due to irrigation ranged 
from 15 to 64 %. Full irrigation and DI 
yielded 30.8% more than rainfed after 5 
seasons. DI resulted in lower acidity and 
higher maturation index compared to 
rainfed. T50 increases yield, quality and 
water saving. 

Jamshidi et al., 
(2020) 

5 treatments with 
different irrigation 
amounts based on the 
fraction of ETo : I100, I90, 
I75, I60, I45. 

2016-17 Orange trees  
Kazeroon, Iran  

In the period of high demand for 
evaporation, the trees of treatments I100, I90, 
I75 reduced their gs (0.11–0.07 mol m-2 s-1) to 
maintain a relatively constant Ψleaf, while the 
trees of treatments I60 and I45 (severely 
stressed). Ψleaf significantly reduced when gs 
dropped below 0.07-0.08 mol m-2 s-1. I60 was 
recommend for sustainable citrus 
production. 
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The main objective of the study was to evaluate the ability of 
citrus groves (C. sinensis (L.) Osbeck), grown in typical 
semi-arid climatic conditions, to adapt to the application of 
moderate / severe water deficit regimes after a decade (since 
its plantation in 2010). In particular, the cumulative adaption 
characteristics of the orange groves was assessed on a 
minimum set of physiological (stem water potential - Ψstem 
and sap flow - SF measurements) and productive/qualitative 
indicators considered significant for identifying the water 
status and water use efficiency features of the crops under 
study. This purpose was achieved: (i) by comparing the 
behaviour of DI trees with those under FI strategies during 
two irrigation seasons (i.e. 2018-19), and (ii) by evaluating 
whether deficit irrigated trees have changed their response 
over time. 
Materials and methods 
Study site and irrigation treatments 
The long-term experiment on DI strategies application was 
carried out in an orange orchard (Citrus sinensis (L.) Osbeck, 
Tarocco Sciara grafted on Carrizo citrange Poncirus 
trifoliata (L.) Raf. × C. sinensis (L.) Osbeck) located in 
Eastern Sicily (insular Italy; 37° 20' N, 14° 53' E). The study 
covered a time phase of the orange groves from 3 to 12 years 
old, corresponding to the irrigation seasons of the years 2010-
19.  
The climate of the study site is typical semi-arid 
Mediterranean, with warm and dry summers, where generally 
precipitation does not occur (Table 2). Mean air temperature 
(Tair) and mean annual precipitation during the years 2010-19 
were about 18 °C and 581 mm, respectively (Ciaccia et al., 
2019). A reference weather station, located about 2 km far 
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from the study site and managed by Servizio Informativo 
Agrometeorologico Siciliano (SIAS), was used for 
calculating the reference evapotranspiration (ET0) at the 
study site (Table 2). Irrigation scheduling was based on the 
FAO-56 Penman-Montetih (P-M) approach (Allen et al., 
1998), adjusted by the crop coefficient (Kc, equal to 0.7 from 
Consoli et al., 2006a, 2006b), the localised factor (i.e. mean 
of 0.7, Consoli et al., 2017) and eventually for rain 
occurrence. SWC measurements were collected at hourly 
basis at the different irrigation treatments through ECH2O 
probes (Decagon, Inc., Pullman, WA, USA); data were then 
averaged at daily scale for monitoring the soil moisture 
changes and for applying corrections to the calculation of the 
irrigation dose, when appropriate. Details on the setup of the 
SWC sensors and soil texture and hydrological characteristics 
(i.e. sandy loam texture, with field capacity, FC, and wilting 
point, WP, of 0.28 and 0.14 cm3 cm-3, respectively) are 
reported in Consoli et al., (2017), Longo-Minnolo et al. 
(2020) and Saitta et al. (2020). 
Table 2. Irrigation volumes (mm) and water saving respect 
to full irrigation treatment (%, in brackets) at the irrigation 
treatments during the long-term deficit irrigation period 
(2011-2019) (FI = full irrigation; SDI = sustained deficit 
irrigation; RDI = regulated deficit irrigation; and PRD = 
partial root drying), seasonal reference evapotranspiration 
(ET0), precipitation (P). 

Year FI SDI RDI PRD ET0 (mm) P (mm) 
2011 182 150 (17.4%)* 158 (13.2%)* 108 (40.6%)* 700 80 
2012 261 210 (19.4%)* 207 (20.6%)* 161 (38.3%)* 900 40 
2013 259 154 (40.5%)* 154 (40.5%)* 109 (57.9%)* 703 68 
2014 266 240 (10.1%)* 232 (12.7%)* 111 (58.5%)* 730 61 
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2015 279 204 (26.8%)* 174 (37.6%)* 158 (43.4%)* 697 100 
2016 279 213 (24.0%)* 198 (29.0%)* 155 (45.0%)* 723 100 
2017 209 158 (24.0%)* 163 (22.0%)* 125 (40.0%)* 783 37 
2018 312 248 (20.6%)* 211 (32.4%)* 150 (51.9%)* 596 93 
2019 302 250 (17.4%)* 226 (25.4%)* 142 (53.0%)* 636 115 

* water saving (%) was defined as [1 – (irrigation in SDI, RDI 
or PRD/irrigation in FI)] × 100 
During the last irrigation seasons 2018-19, irrigation was 
supplied, following a randomized block design experiment 
(Figure 1), from mid June (Day of Year, DOY, 169 and 168 
in 2018 and 2019, respectively) to the end of September 
(DOY 273 and 280 for 2018 and 2019, respectively), 3 times 
per week, early in the morning. The experimental irrigation 
treatments include: (i) a fully irrigated treatment (FI), where 
irrigation rate corresponds to 100% of ETc; (ii) a sustained 
deficit irrigation treatment (SDI) irrigated at 75% of ETc; (iii) 
a RDI treatment (RDI), irrigated at 100% of ETc, except for 
the II phenological stage (i.e., fruit growth, starting from 
DOYs 204 and 217 in 2018 and 2019, respectively), in which 
irrigation rate corresponds to 50% of ETc) and; (iv) a PRD 
treatment (PRD), irrigated at 50% of ETc, alternating the use 
of the dripper lines located at the both sides of the trees trunk 
with a switching time of 7 days (e.g., Consoli et al. 2014, 
2017; Dzikiti et al. 2006; El-Otmani et al. 2020; Sampaio et 
al. 2010). FI, RDI and PRD were irrigated by a surface drip 
irrigation system, the SDI with a sub-surface drip irrigation 
system. Each dripper emitted 4 L h-1, for a total of 8 L h-1 in 
FI, with an operational pressure of 1 bar. DI treatments 
actually began in 2011, in order to allow in the transplanting 
year 2010 a regular adaptation of trees in the open field. Table 
2 reports the irrigation volumes supplied during the long-term 
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application of the DI strategies at the experimental field (from 
2011 to 2019). 

 
Figure 1. Experimental irrigation design with the location of 
the sample trees for the monitoring campaigns (FI = full 
irrigation; SDI = sustained deficit irrigation; RDI = regulated 
deficit irrigation; and PRD = partial root drying). 
The morphological aspects of the trees under study (see 
sample trees in Figure 1), i.e., trunk cross-sectional area 
(TCSA), canopy diameter and tree heights, showed similar 
values at the end of the last irrigation season among the 
irrigation treatments (Table 3).  
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Table 3. Trunk cross-sectional area (TCSA), canopy 
diameter and plant height and their standard error (FI = full 
irrigation; SDI = sustained deficit irrigation; RDI = regulated 
deficit irrigation; and PRD = partial root-zone drying); 
different letters indicate statistically significant differences 
among the irrigation treatments according to Tukey's test (p 
≤ 0.05). 

Treatment TCSA 
(cm2) Canopy diameter (m) Plant height 

(m) 
FI 183.06 ±19.38 (a) 3.54 ±0.17 (a) 4.48 ±0.34 (a) 
SDI 182.06 ±18.04 (a) 3.53 ±0.12 (a) 4.51 ±0.24 (a) 
RDI 165.39 ±18.35 (a) 3.35 ±0.11 (a) 4.68 ±0.22 (a) 
PRD 166.29 ±17.90 (a) 3.56 ±0.02 (a) 4.48 ±0.05 (a) 

Physiological measurements  
Ψstem measurements (MPa) were performed at midday, every 
15 days during the irrigation seasons 2018-19, using a 
pressure chamber (Scholander et al., 1965), on fully exposed 
mature leaves (2 leaves per tree, 1 tree per treatment and 
replica), for a total number of 12 leaves per treatment (Figure 
1). Leaves were previously wrapped in aluminium foil bags, 
at least an hour before the measurements. 
Semi-hourly SF data obtained using the heat pulse velocity 
method (Swanson and Whitfield, 1981), were derived using 
sap flow probes (Tranzflo NZ Ltd., Palmerston North, NZ) 
installed on 2 trees for each treatment. Details of the adopted 
SF sensors and the descriptions of the methodological 
approaches are reported in Consoli et al. (2014, 2017) and 
Saitta et al. (2020). SF data were aggregated at hourly and 
daily scales. For daily scale, only daylight values were 
considered. 
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Crop yield and qualitative characteristics  
Yield and qualitative fruit characteristics were analysed 
during the 2019-20 harvest periods. Fruits were collected by 
sampling each tree for treatment and replica (for a total 
number of 24 trees) to determine the number of fruits and 
their average weight. The equatorial section (ED, mm) was 
measured through a calibre tape. 
For sampling, 10 fruits per tree were selected (2 trees per 
treatment and replica, for a total number of 24 trees and 60 
samples per treatment, Figure 1) for determining the fruit 
main qualitative parameters (i.e. total soluble solids, TSS; 
and titratable acidity, TA). TSS was obtained with a digital 
temperature compensated refractometer (Atago RX5000 Co. 
LTD Washington, US State), while TA was determined on 
the orange juice by titration with 0.1 N NaOH. The maturity 
index (MI) was expressed as the ratio between TSS and TA. 
Water use efficiency calculation 
In order to evaluate and compare the impact of the different 
DI regimes on the productive features of the orange trees, the 
water use efficiency (WUEY) was determined as the ratio 
between yield (kg) and irrigation volume applied per unit area 
(mm ha-1) (Heydari, 2014; Fernández et al., 2020). Similarly, 
WUE was estimated on the basis of the qualitative features as 
the ratio between TA and TSS (g) and irrigation volume 
distributed (m3), named as WUETA and WUETSS, 
respectively. 
Statistical analysis 
One-way analysis of variance (ANOVA) was carried out on 
physiological and qualitative/productive dataset for assessing 
the differences among the irrigation treatments. A post-hoc 
analysis based on Tukey HSD test (Tukey Honest Significant 
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Differences) was performed at significance level (p value) of 
0.05, 0.01 and 0.001, respectively. In addition, the strength 
and direction of VPD/SF and Tair/SF relationships were 
identified by Spearman rank order (rho) and Pearson (r) 
correlation analyses. The above-mentioned statistical 
analyses were performed using Minitab software package (v. 
16, Minitab, Inc., State College, PA, USA). 
Results 
Long-term physiological responses of orange orchards to 
water deficit 
Figure 2 shows the average Ψstem values (MPa) measured at 
the irrigation treatments during 2018 and 2019 irrigation 
seasons. FI and RDI showed similar average Ψstem values, 
ranging from -1.36 to -1.62 MPa, with the exception of DOY 
225 (2018) when RDI presented significantly lower Ψstem 
values than FI (-1.46 and -1.57 for FI and RDI, respectively). 
The differences between the two treatments in terms of Ψstem 
are evident and when the RDI was supplied with 50% of ETc. 
RDI treatment was irrigated at full (i.e. 100% of ETc) until 
DOY 204 and DOY 217 in 2018 and 2019, respectively. SDI 
and PRD evidenced more negative Ψstem values than FI, with 
values varying between -1.37 and -1.78 MPa in 2018 and 
between -1.56 and -2.04 in 2019. 
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Figure 2. Average Ψstem values (MPa) measured at the 
irrigation treatments during 2018 and 2019 irrigations 
seasons (FI = full irrigation; SDI = sustained deficit 
irrigation; RDI = regulated deficit irrigation; and PRD = 
partial root-zone drying). Shaded regions indicate when RDI 
was applied. The error bars indicate the standard deviation of 
the average. Different letters indicate significant differences 
according to Tukey's test (p ≤ 0.05). Significant p values (p ≤ 
0.05, 0.01 and 0.001) are indicated with *, ** and ***, 
respectively; ns indicates not significant differences. 
Figure 3 shows the different clusters obtained by plotting 
Ψstem values and their corresponding hourly SF data. Note 
that the clusters present specific distributions, mainly as 
function of the different SF rates due the different degree of 
water deficits applied. In particular, the SF - Ψstem cluster for 
FI is mainly located in the upper right part of Figure 3, 
denoting higher SF rates (from 0.141 to 0.165 mm h-1) with 
low water stress effects (Ψstem ranging from -1.3 to -1.6 MPa). 
For SDI and RDI the SF - Ψstem clusters were distributed 
between similar Ψstem values from -1.3 to -1.8 MPa, and in 
PRD the SF - Ψstem clusters were recognized between Ψstem 
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ranging from -1.6 to -1.8 MPa (with few exceptions which 
presented Ψstem values lower than -1.9 MPa). However, these 
DI treatments presented different SF fluxes, with RDI having 
the lowest values (0.076-0.087 mm h-1), followed by SDI 
(0.100-0.106 mm h-1) and PRD (0.115-0.131 mm h-1), 
respectively.  

 
Figure 3. Sap flow (SF) – Stem water potential (Ψstem) 
clusters at the different irrigation treatments (FI = full 
irrigation; SDI = sustained deficit irrigation; RDI = regulated 
deficit irrigation; and PRD = partial root-zone drying). 
Physiological adaptation to abiotic conditions 
Figures 4 shows the relationship between VPD and SF 
observed during 2018-2019 at hourly (daylight) scale.  Two 
different stages can be differentiated in the SF-VPD 
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relationship. The first one corresponded with a linear 
increasing pattern, for VPD values ranged between 0 and 2 
kPa. At this stage, FI presented a significant higher slope term 
(0.058), followed by PRD (0.042) and SDI (0.037), 
respectively, being RDI the treatment with the lowest slope 
term (0.035) (Figure 4). 
Once this VPD threshold was exceeded (i.e. 2 kPa), the 
relationship between VPD and SF tended to become more 
stable, until reaching a certain point (SFmax) where VPD 
hardly influenced SF. SFmax depended also on the irrigation 
treatment. Thus, whereas SFmax was found approximately at 
0.14 mm h-1 for FI, DI treatments obtained lower values, 
being 0.11, 0.09 and 0.07 mm h-1 for PRD, SDI and RDI, 
respectively. 

 
Figure 4. Hourly correlation between vapour pressure deficit 
(VPD) and sap flow fluxes (SF) for the period 2018-2019 at 
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the different irrigation treatments (FI = full irrigation; SDI = 
sustained deficit irrigation; RDI = regulated deficit irrigation; 
and PRD = partial root-zone drying). The significance of 
Spearman rank order (rho) correlation values is also reported 
(ns: not significant; *, **, ***: significant at p ≤ 0.05, 0.01 
and 0.001, respectively). 
The relationship obtained during 2018-2019 between the 
hourly SF and Tair values (Figure 5) followed almost linear 
patterns, with R2 ranging from 0.58 (RDI) to 0.74 (SDI). As 
for the hourly SF and VPD relationship, the SF and Tair trends 
showed different magnitudes (i.e. slope terms) in relation to 
the adopted irrigation strategy. In this sense, FI presented the 
higher slope term (= 5.33E-03), followed by PRD (= 4.06E-
03) and SDI (= 3.46E-03), respectively, being RDI the 
treatment with the lowest slope term (= 2.58E-03). 
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Figure 5. Hourly correlation between air temperature (Tair) 
and sap flow fluxes (SF) for the period 2018-2019 at the 
different irrigation treatments (FI = full irrigation; SDI = 
sustained deficit irrigation; RDI = regulated deficit irrigation; 
and PRD = partial root-zone drying). The significance of 
Pearson (r) correlation values is also reported (ns: not 
significant; *, **, ***: significant at p ≤ 0.05, 0.01 and 0.001, 
respectively). 
Similar correlation trends to those obtained at hourly scale for 
VPD and Tair with SF were observed also at daily scale, but 
with higher R2 values (0.68-0.74 vs 0.55-0.63 for SF-VPD at 
daily and hourly scale, respectively; and 0.75-0.83 vs 0.58-
0.74 for SF-Tair at daily and hourly scale, respectively) 
(Figure 6). Specifically, for daily mean SF-VPD relationships 
(Figure 6a), it can be observed that SFmax values were 1.4, 
1.1, 0.9 and 0.8 for FI, PRD, SDI and RDI, respectively. 
Regarding the daily mean SF-Tair relationships (Figure 6b), 
the slope terms followed the same relative pattern as at hourly 
scale (Figure 5), ranging from 0.05 (for FI) to 0.02 (for RDI). 
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Figure 6. Daily mean correlation between (a) vapour 
pressure deficit (VPD) and (b) air temperature (Tair) with sap 
flow fluxes (SF) for the period 2018-2019 at the different 
irrigation treatments (FI = full irrigation; SDI = sustained 
deficit irrigation; RDI = regulated deficit irrigation; and PRD 
= partial root-zone drying). The significance of Spearman 
rank order (rho) and Pearson (r) correlation values are also 
reported (ns: not significant; *, **, ***: significant at p ≤ 
0.05, 0.01 and 0.001, respectively). 
Figure 7 shows the changes in SWC observed in the upper 
soil layer (0.10-0.30 m) during the 2018 and 2019 irrigation 
seasons. As expected, all treatments had daily SWC values 
ranged between the FC and the WP. In particular, all 
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treatments were characterised by similar average daily SWC 
conditions, ranging between 0.22 (for SDI and PRD) to 0.24 
cm3 cm-3 (for FI and RDI) (Table 4). When comparing the 
SWC trends of the different irrigation treatments it was 
evidenced that they differed in the amplitude of the drying 
and wetting cycles, which were more pronounced in SDI and 
especially in PRD treatment. Despite these differences, a 
constant SWC trend along the irrigation seasons were 
observed for all treatments. 

 
Figure 7. Daily mean soil water content (SWC, cm3 cm-3) for 
(a) 2018 and (b) 2019 irrigation seasons at the different 
irrigation treatments (FI = full irrigation; SDI = sustained 
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deficit irrigation; RDI = regulated deficit irrigation; and PRD 
= partial root–zone drying). 
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Table 4. Daily mean values of soil water content (SWC, (cm3 cm-3) (with standard deviation in 
brackets), cumulative irrigation and rain (mm) per treatment during irrigation seasons 2018-19. 
(FI = full irrigation; SDI = sustained deficit irrigation; RDI = regulated deficit irrigation; and PRD 
= partial root-zone drying). 

  FI SDI RDI PRD Rain (mm) 

2018 
SWC 

(cm3 cm-3) 0.24 (0.02) 0.22 (0.02) 0.24 (0.02) 0.21 (0.02) 78 
Irrigation (mm) 311 248 211 150 

2019 
SWC 

(cm3 cm-3) 0.25 (0.02) 0.22 (0.02) 0.24 (0.02) 0.22 (0.01) 
83 

Irrigation (mm) 301 250 224 141 
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Crop yield, qualitative and WUE features 
In 2019, total yield varied from 25.5 to 31.7 t ha-1, and no 
significant differences were observed among the different 
irrigation treatments (Table 5). Fruit weight, number of fruits 
and ED, also without differences among the irrigation 
treatments, ranged from 249 to 280 g, from 286 to 434 and 
from 77 to 79 mm, respectively (Table 5).  The yield 
parameters obtained in 2020 were similar to those obtained in 
2019 (Table 5). Specifically, total yield ranged from 29.9 to 
34.5 t ha-1, fruit weight from 243 to 289 g, number of fruit 
from 302 to 407 and ED from 78 to 82 mm.  
Table 5. Effect of irrigation treatments on yield parameters 
(yield, fruit number and weight and equatorial section, ED) 
and their standard error for 2019 and 2020 (2018 and 2019 
irrigation seasons) (FI = full irrigation; SDI = sustained 
deficit irrigation; RDI = regulated deficit irrigation; and PRD 
= partial root-zone drying). Different letters indicate 
statistically significant differences among the irrigation 
treatments for each year according to Tukey's test (p ≤ 0.05). 

Year Treatment Yield (t ha-1) Fruit weight 
(g) N. of fruits ED (mm) 

2019 

FI 25.5 ± 1.3 (a) 280 ± 9 (a) 286 ± 22 (a) 79 ± 1 (a) 

SDI 31.7 ± 1.6 (a) 252 ± 12 (a) 434 ± 27 (a) 77 ± 1 (a) 

RDI 27.9 ± 2.2 (a) 268 ± 10 (a) 358 ± 37 (a) 79 ± 1 (a) 

PRD 26.6 ± 1.7 (a) 249 ± 8 (a) 398 ± 31 (a) 77 ± 1 (a) 

2020 

FI 30.1 ± 4.7 (a) 289 ± 28 (a) 302 ± 33 (a) 82 ± 2 (a) 

SDI 34.5 ± 2.4 (a) 277 ± 15 (a) 407 ± 23 (a) 82 ± 2 (a) 

RDI 31.3 ± 1.4 (a) 243 ± 14 (a) 336 ± 33 (a) 78 ± 2 (a) 
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PRD 29.9 ± 2.1 (a) 245 ± 12 (a) 353 ± 31 (a) 78 ± 2 (a) 

The quality parameters, i.e., TA (g L-1), TSS (°Brix) and MI, 
referring to the 2019 and 2020 harvests (2018 and 2019 
irrigation seasons) are reported in Table 6. Referring to TA, 
similar values were obtained for both years, varying between 
1.1 and 1.3 g L-1. The same behaviour was observed for TSS 
and MI, with values ranging from 10.1 to 11.2 °Brix and from 
8.6 to 9.8 for both harvest periods, respectively. Additionally, 
despite the different levels of water deficit applied, no 
significant differences were observed in qualitative terms 
between the different irrigation treatments. 
Table 6. Effect of irrigation treatments on fruit quality 
parameters (titratable acidity, TA; total soluble solids, TSS; 
and maturity index, MI) and their standard error for the 2019 
and 2020 harvest (FI = full irrigation; SDI = sustained deficit 
irrigation; RDI = regulated deficit irrigation; and PRD = 
partial root-zone drying). Different letters indicate 
statistically significant differences among the irrigation 
treatments for each year according to Tukey's test (p ≤ 0.05). 

Year Treatment TA (g L-1) TSS (°Brix) MI 

2019 

FI 1.2 ± 0.1 (a) 10.8 ± 0.2 (a) 9.1 ± 0.4 (a) 
SDI 1.2 ± 0.0 (a) 11.1 ± 0.1 (a) 9.0 ± 0.3 (a) 
RDI 1.2 ± 0.1 (a) 11.2 ± 0.2 (a) 9.3 ± 0.5 (a) 
PRD 1.3 ± 0.1 (a) 11.1 ± 0.2 (a) 8.8 ± 0.3 (a) 

2020 

FI 1.2 ± 0.0 (a) 10.6 ± 0.2 (a) 9.1 ± 0.3 (a) 
SDI 1.2 ± 0.1 (a) 10.1 ± 0.6 (a) 9.0 ± 0.6 (a) 
RDI 1.2 ± 0.1 (a) 10.4 ± 0.2 (a) 8.6 ± 0.3 (a) 
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PRD 1.1 ± 0.0 (a) 10.9 ± 0.2 (a) 9.8 ± 0.4 (a) 

Table 7 reports the WUE obtained for the productive (yield, 
WUEY) and qualitative features (TA, WUETA, and TSS, 
WUETSS) at the different irrigation treatments during the 
2019 and 2020 harvest periods (2018 and 2019 irrigation 
seasons). In particular, in 2019 the WUEY ranged from 8.2 to 
17.7 kg m-3, whereas values obtained in 2020 were slightly 
higher, varying from 10.0 to 21.2 kg m-3. When comparing 
the WUEY values obtained for the different irrigation 
treatments, significant differences were obtained between FI 
(8.2 and 10.0 kg m-3 for 2019 and 2020, respectively) and 
PRD (17.7 and 21.2 kg m-3 for 2019 and 2020, respectively). 
Regarding WUETA, the obtained values ranged from 47.7 to 
120.7 g m-3 for 2019; and from 66.6 to 138.8 g m-3 in 2020, 
being WUETA for PRD significantly higher than those 
referring to the other irrigation treatments for the harvest 
periods. Finally, WUETSS ranged from 433 to 1,047 g m-3 in 
2019, whereas higher values were obtained in 2020, varying 
from 601 to 1,346 g m-3. As for WUETA, significant 
differences were found for WUETSS between PRD and the 
other irrigation treatments. 
Table 7. Effect of irrigation treatments on water use 
efficiency on yield (WUEY) and titratable acidity (WUETA) 
and total soluble solids (WUETSS) and their standard error in 
2019 and 2020 (FI = full irrigation; SDI = sustained deficit 
irrigation; RDI = regulated deficit irrigation; and PRD = 
partial root-zone drying). Different letters indicate 
statistically significant differences among the irrigation 
treatments for each year according to Tukey's test (p ≤ 0.05). 
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Year Treatment WUEY (kg m-3) WUETA (g m-3) WUETSS (g m-3) 

2019 

FI 8.2 ± 0.8 (b) 47.7 ± 4.7 (b) 433 ± 42 (c) 
SDI 12.8 ± 0.4 (ab) 81.2 ± 10.0 (b) 726 ± 77 (b) 
RDI 13.2 ± 2.0 (ab) 81.3 ± 14.1 (b) 745 ± 123 (b) 
PRD 17.7 ± 1.9 (a) 120.7 ± 15.3 (a) 1047 ± 113 (a) 

2020 

FI 10.0 ± 1.3 (b) 66.6 ± 9.7 (b) 601 ± 85 (b) 
SDI 13.8 ± 2.2 (ab) 83.8 ± 13.1 (b) 726 ± 96 (b) 
RDI 14.0 ± 0.6 (ab) 95.2 ± 5.3 (b) 817 ± 39 (b) 
PRD 21.2 ± 1.8 (a) 138.8 ± 10.2 (a) 1346 ± 92 (a) 

Discussion 
In this study, the adaptation effects related to the adoption of 
DI strategies applied over a decade in an orange orchard have 
been explored through the analysis of a dataset composed of 
physiological information (i.e., including the main 
representative plant water status indicators) and 
yield/qualitative parameters with reference to two last 
irrigation seasons (2018-2019), which are influenced by a 
decade of application of DI strategies. The different amount 
of irrigation volumes supplied during the long-term DI 
application at the study site (Table 2) resulted mainly 
dependent on the year-specific climatic conditions and on the 
progressive growth of the orange trees (i.e., affecting the 
localised factor and the Kc values).  
Previous studies conducted at the experimental site under 
study have intensively analysed the specific effects due to the 
application of different levels of water deficit conditions on 
different physiological parameters, such as, gs, Ψstem, SF, leaf 
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photosynthesis, and canopy temperature (i.e. for the irrigation 
seasons 2011-12 in Consoli et al., 2014; for 2011-12 in 
Stagno et al., 2015; for 2013-14 in Consoli et al., 2017; for 
2015 in Puglisi et al., 2019; for 2018 in Pappalardo et al., 
2019). From these studies, Ψstem and SF were identified as 
physiological proxies due to their ability to detect the 
responses to water deficit among the irrigation treatments 
under study. As shown in Puglisi et al., (2019) for orange 
orchards growing in Mediterranean semi-arid conditions, the 
mean Ψstem values for FI (full irrigation) showed a similar 
trend to RDI, presenting almost constant values during the 
irrigation season, both before and after the application of the 
water restriction (Figure 2). This decrease in Ψstem differences 
over time, between the DI treatments (specifically RDI) and 
FI, could be directly ascribed to the adaptation features 
developed by the crop, following the long term DI 
application, since the influence of phenology and the crop 
size had a minimal effect on Ψstem behaviour. In fact, Ψstem 
measurements were carried out always during the same 
phenological stage (from mid-June to September) and, the 
main morphological parameters were quite constant during 
the last irrigation seasons (Table 3) and stable during the 
years because trees were commonly subjected to a minimal 
harvest. A simple evaluation of the Ψstem values observed 
after intense rain events has permitted to determine the Ψstem 
behaviour under “no water stress” conditions at the study site. 
In particular, the Ψstem value in FI after a rain event of 33 mm 
(DOY 217, 2018, Figure 7) was around -1.46 MPa. Focusing 
also during other rain events, occurred during previous 
irrigation seasons, similar Ψstem values were reached, as for 
instance in Consoli et al., (2014), with Ψstem values of -1.4 - -
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1.5 MPa in FI after rain events of 8 and 13 mm, on DOYs 224 
and 247, 2012, respectively. Similarly, Consoli et al. (2017) 
found Ψstem values of about -1.6 MPa after a rain event of 37 
mm on DOY 260, 2013. Finally, after a rain event of 43 mm 
on DOY 223-224, 2015 (Puglisi et al., 2019), Ψstem values of 
-1.3 MPa were measured. These findings support the 
hypothesis that FI properly corresponded with a close-to-non 
water stress conditions, since Ψstem values measured in FI 
during the study period were within this range of values. The 
Ψstem behaviour at FI condition is reflected in SWC (Figure 
7), being this treatment characterized by higher SWC values 
than the other DI treatments, thus showing less resistance to 
root water uptake. This was confirmed also by the SF 
observations (Figures 3, 4, and5). In comparison to FI, SDI 
showed slightly more negative Ψstem values according to the 
lower SWC condition (Figure 7). Other studies have shown a 
simultaneous reduction in Ψstem and gs rates due to the SWC 
deficit (Ballester et al., 2013; Garcia-Tejero et al., 2011; 
Gasque et al 2016). The lower SWC condition observed at 
SDI in comparison to FI and RDI is probably due to a higher 
root density concentrated in the most upper part of the soil, 
until 40 cm of depth, where the SDI drip lines are located.  
This hypothesis was supported by visually observations 
carried out on excavated pits that showed higher 
concentration of fine roots covering the buried drips in SDI 
than in FI and RDI soil profiles. As expected, the lowest Ψstem 
values (Figure 2) were recorded in the most severe DI 
treatment (PRD) (DOY 214 and 231 in 2019, with values of 
-1.95 MPa and -2.04 MPa respectively, Figures 2-3), in which 
the SWC reached the lowest values (Figure 7). However, the 
general trend observed for SWC, always ranged between the 



133 
 

WP and FC, during the irrigation seasons at all treatments 
(Figure 7), demonstrating the suitability of the adoption of the 
FAO-56 ETc method for scheduling the irrigation in 
combination with the use of site-specific adjusting 
parameters for taking into account the crop and soil 
characteristics. This was also confirmed by no drainage 
patterns observed in the soil profile by electrical resistivity 
imaging technique (Vanella et al. 2020). 
Overall, as shown in the SF - Ψstem clusters (Figure 3), crops 
were able to maintain a certain degree of water stress. Our 
results proof that over time the citrus grove has been adapted 
to water stress, without affecting yield and quality 
characteristics (Tables 5-6). Similar Ψstem values have been 
observed by Ballester et al. (2014) and Gasque et al. (2016), 
who showed that Ψstem values in citrus should not exceed -1.5 
MPa and -2.0 MPa, respectively, in the Mediterranean semi-
arid environment.   
As for the Ψstem, the transpirative response was able to reflect 
the DI conditions occurring at the study site as function of the 
different magnitude of the applied water deficit and the 
evaporative demand, (see, the correlations between the SF 
and the climatic parameters, VPD and Tair, Figures 4 and 5), 
which coincides with the findings of Saitta et al. (2020). 
These results are in accordance with several researches, 
showing a general decrease of the SF rates due to the 
application of DI strategies (Espadafor et al., 2017; Lopez-
Lopez et al., 2018; Roccuzzo et al., 2014a, b). Herein, it is 
possible to note that the SF rates of the DI treatments were 
lower than the SF fluxes observed in FI, which depends on 
the level of accumulated water stress throughout the day and 
environmental demand. A peculiar trend was observed in 
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PRD, in which 50% of the irrigation volume of FI was 
applied, that showed SF fluxes greater than the other DI 
treatments (SDI and RDI). This is probably due to the PRD 
operational mode that used alternating two dripper lines 
located at the eastern and western side of the trees. This 
permits the root system to explore a larger soil volume and to 
have access to more water resources (Mingo et al., 2004), that 
otherwise they would not be able to reach. In this sense, Mary 
et al. (2019) observed privileged direction of root 
development in PRD, with greater rooting extent in 
comparison to full rate conditions. In addition, according to 
Chai et al. (2016), the application of the PRD strategy causes 
a compensatory effect on SF fluxes. Specifically, the SF rate 
tends to increase when the roots have directly access to water 
(wetted area), whereas SF is reduced when the root system is 
in dry conditions (dry area) with poor access to water. The 
alternation of the wet/dry portions due to the PRD strategy 
contributes to maintain, as in our case, higher SF rates. In 
accordance to other studies (e.g. Kang et al., 2003; González-
Altozano et al., 2008; Du et al., 2008; Dragoni et al., 2009; 
Köhler et al., 2010), a close relationship between the SF 
fluxes and the weather factors was observed (such as VPD 
and Tair). However, a great variability of the SF rates for any 
VPD was observed, mainly due to the stomatal adjustment, 
as shown in Figures 4 and 5. In particular, it can be noted that 
FI is characterised by higher SF-VPD and SF-Tair positive 
trends than the DI treatments (SDI, RDI and PRD). This 
behaviour is mainly due to the applied DI conditions, that for 
Tair and VPD increasing, may lead to stomatal closure and 
therefore to SF rates reduction (Consoli et al., 2014). 
Stomatal closure in response to the VPD increases could be 
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an effective strategy to avoid excessive water loss in drought 
conditions and prevent that the Ψstem falls to dangerous water 
stress levels (Tyree and Sperry, 1988; Granier et al., 2000) 
(Figure 3). 
From the crop productivity point of view, previous studies 
carried at the same experimental orchard have shown 
statistically significant differences among the different DI 
treatments and FI (Consoli et al., 2014; Consoli et al., 2017), 
mainly showing slighter fruit weight for the DI trees. For the 
last two irrigation seasons under study, the productive 
features (i.e., yield parameters, fruit weight, number of fruits 
and ED) did not show significant differences among the 
irrigation treatments, as also reported in Puglisi et al., (2019). 
This could indicate that plants have adapted over time to these 
stresses, eliminating the differences in terms of production 
compared to the FI. These evidences are also confirmed by 
the similar morphological characteristics obtained among the 
treatments under study (Table 3). Similar results were 
obtained by Garcia-Tejero et al. (2011) and Aguado et al. 
(2012), who showed that the DI application conditions did 
not influence the final yield for citrus in comparison to the 
well irrigated conditions. However, Adu et al. (2018) argued 
that yield response under water-saving irrigation strategies is 
context-specific and mainly depends on crop species and soil 
texture. 
Water productivity has become a key requirement in 
sustainable crop production and environmental management 
(Adu et al., 2019). The applied water deficit in fruit crops has 
been associated with WUE increasing, not only in terms of 
WUEY (García-Tejero et al., 2010; Carr, 2012), but also 
considering WUETSS and WUETA. In general, the effects of 
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DI strategies on the fruits qualitative characteristics have 
been studied in a wide range of crop types, including olives 
(Wahbi et al., 2005), grapes (Salon et al., 2004) and various 
citrus varieties, such as Valencian orange (Castel and Buj, 
1990), lemon (Sánchez Blanco et al., 1989), mandarin (Peng 
and Rabe, 1998). Within the qualitative aspects, TSS and TA 
contents increases represent a consolidated response to water 
deficit in citrus fruits, even if the water deficit is applied 
during the whole season or during fruit growth stages (Hutton 
et al., 2007, 2011; Garcia-Tejero et al., 2010). A meta-
analysis on the effects of FI and DI on quality attributes 
conducted by Adu et al. (2019) reported that DI strategies 
reached higher improvements than FI when considering 
improvement in TSS without significantly altering TA or pH 
of fruits. The increase of TSS and TA in response to water 
deficit is a very well established response in citrus fruits, 
particularly when the water deficit is imposed during the 
whole season (Hutton et al., 2011) or during some fruit 
growth phases (Hutton et al., 2007; Garcia-Tejero et al., 
2010). For example, in studies conducted by Hutton et al. 
(2011) on navel orange, the concentrations of TSS and acid 
(g of citric acid / 100 ml of juice) were higher in trees treated 
with PRD with values respectively of 13.9 and 1.59 compared 
to normally irrigated trees whose values were respectively 
13.5 and 1.42.  
Conversely to previous studies conducted in the same orchard 
where the TSS values for SDI, RDI and PRD were 
respectively 1.02, 1.11 and 1.10 times higher than the FI 
treatment (Consoli et al., 2014; Consoli et al. , 2017) and 
according to studies conducted by other authors (Ballester et 
al., 2014; García-Tejero et al., 2010; Yakushiji et al., 1996; 
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Mossad et al., 2020), which found a significant increase of 
TSS and TA in the context of DI strategies, in this study no 
statistically significant differences were observed between DI 
and FI treatments in terms of quality parameters. 
This evidences the adaptation effects of the citrus orchard 
under study due to the application of the long-term DI 
strategies. The mitigation of the differences in crop quality 
and production features among the DI treatments and the 
control over the years can be interpreted as an adaptation 
measure adopted by the plants for facing the water deficit 
conditions for increasing stress tolerance, including 
molecular mechanisms and concomitant growth adjustment 
(Osakabe et al. 2014). These latter include stomatal 
responses, ion transport, activation of stress signalling 
pathways (i.e. ABA, Puglisi et al. 2019), and response to 
reduce photosynthetic activity. This adaptation effect is also 
interpreted in WUE terms, (Table 7), which shows higher 
values for DI treatments (SDI, RDI and PRD) and increases 
over time with higher WUE values for 2019 compared to 
2018. This increase over time is evident by comparing the 
WUE values of each irrigation treatment for the study years 
2018-2019 with the lower values reported in Consoli et al. 
(2014, 2017) for the same experimental site. In particular, 
PRD, in which the most severe water restriction was imposed, 
showed the highest WUE values highlighting the advantages 
of the PRD adoption for obtaining significant water savings 
(up to 50%). This result is in accordance to most of the studies 
carried out on PRD strategies in the context of fruit trees that 
have experienced higher WUE values in DI conditions, being 
the applied irrigation volumes the critical component for the 
WUE increasing (Santos et al., 2005; Spreer et al., 2009).  
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In addition, the application of the PRD in areas with reduced 
water availability is useful not only to guarantee water 
savings, improve the use of nutrients and increase/maintain 
yield, but also for the production of foods with better 
characteristics nutritional and health (Jovanovic et al., 2018). 
Finally, the results of this study contribute to describe the 
effects on crop characteristics due to the long-term DI 
conditions, highlighting the success of the applications of the 
DI strategies, in terms of yield, quality and water savings for 
citrus crops in Mediterranean semi-arid environments where 
water resources are limited such as in Sicily.  
Conclusion 
The main conclusion that can be drawn from this study are 
reported, as follows: 

• the long-term DI strategies can be successfully 
applied to high-value cropping systems, like orange 
orchards, in semi-arid climatic conditions; 

• overall, from the observed SF - Ψstem clusters, crops 
were able to maintain a certain degree of water stress 
without causing negative effects on the yield and fruit 
quality; 

• the DI treatments have modified the relationships that 
link the SF-VDP and SF-Tair, showing lower trends 
compared to the fully irrigated treatment; 

• the application of the DI strategies allowed water 
savings up to 53% for the PRD treatment, with 
consequent increases in the WUE, without 
compromising yield and fruit main quality parameters 
(TA and TSS). 
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The present study suggests the usefulness of starting the 
application of DI to young citrus plants, from the beginning 
of their transplantation in the open field, in order to favour 
the progressive adaptation of the crop to the imposed water 
regimes. This long-term study sets the basis for the transfer 
of research knowledge about DI application to the 
real citrus context. 
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9. Main conclusions of the PhD Thesis 
This PhD work has allowed us to analyze the physiological, 
biochemical and production responses, for one of the most 
important plant species in the Mediterranean region, Citrus 
sinensis L. (cv Tarocco Sciara grafted on Citrange Carrizo), 
in the context of deficit irrigation strategies (case study 1-2), 
also providing interesting suggestions about the long-term 
applications of these strategies to the real context of citrus 
fruits (case study 4). 
Furthermore, the research has allowed to evidence new 
information regarding the performance of the different 
methods for the determination of ETc (case study 3). 
For the case study 1, the results show that the application of 
DI strategies does not cause significant physiological 
differences in the plants monitored under the different 
irrigation treatments. A very interesting aspect concerns the 
contents of leaf ABA which have remained almost constant 
in all irrigation treatments. This is because in our open field 
conditions several abiotic stress situations are very likely to 
occur simultaneously, so factors such as water stress would 
result in a foliar accumulation of ABA, and factors such as 
heat stress would inhibit it (Zandalinas et al., 2016). The 
accumulation of proline in the leaves was not related to the 
water deficit since its accumulation was found in well 
irrigated treatments (SDI and SSDI), and as demonstrated in 
Mattioli et al., (2009) the accumulation of this amino acid 
could occur even in non-stressed physiological conditions for 
developmental purposes. 
As regards the technological aspect of the irrigation system, 
SSDI was quite comparable, in terms of performance, with 
SDI; the behavior of trees growing under SDI (full irrigation) 
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and SSDI (which provides 75% of ETc) was quite similar 
with the advantage of the latter to also guarantee water 
savings of approximately 27%. 
In case study 2, among the monitored parameters, the 
photosynthetic rate of the plant seems to be among the 
physiological parameters less subjected to water stress and 
high temperatures; a factor that would allow the crop to cope 
with water restriction during the II phase of growth of the 
fruit that requires a good water condition of the plant. 
In case study 3, the effects of water deficit overall influenced 
both the performance of the different approaches (FAO-56 
and EC) by reducing the ETc rates at the field scale and the 
transpiration flows at tree level where they were always lower 
in DI compared to the correspondents measured in FI. 
The results obtained from the FAO -56 approach showed that 
both the single and dual Kc provided similar estimates of 
ETc, whose values however tended to overestimate the ETc 
compared to ETEC. Important aspects emerge from the work 
regarding the use of one approach rather than another. 
Although the FAO-56 model is considered among the 
simplest and cheapest approaches, the estimates derived from 
this method must be considered with caution as they 
necessarily imply some generalizations that may not reflect 
the specificities of the site. 
With regard to the choice of an EC system, however, attention 
must be paid to some precautions before proceeding with its 
installation on site. In addition to taking into account the 
greater economic investment necessary for the installation of 
the detection sensors, it is essential to evaluate the conditions 
of the experimental site. Generally we recommend the 
installation of the EC station for large companies, or for a 
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group of small consortium companies falling into a 
homogeneous area. 
The study, also, clarifies the impossibility of indicating in an 
absolute sense the most appropriate method for determining 
ETC, but the selection will depend on the specific 
characteristics of the crop and the study site. 
Case study 4 made it possible to identify the adaptability of 
orange trees to the application of long-term DI strategies on 
the basis of a minimum, but absolutely significant, set of 
physiological indicators (Ψstem and SF measures) and on 
production / qualitative parameters (eg weight, number of 
fruits, TA and TSS content). Differently from the results 
obtained in previous studies conducted on the same 
experimental site, in this study it was possible to observe 
negligible differences between the treatment of full irrigation 
(FI) and the treatments of deficit irrigation in cumulative 
terms after a decade of application of the same, indicating that 
the crop has adapted well to the imposed water regime. 
Therefore it is advisable to apply these DI strategies to orange 
plants from the beginning of their transplantation in the open 
field, in order to favor a gradual and progressive adaptation 
of the crop to the irrigation strategies applied. 
Overall, the results obtained in this PhD work allow us to 
affirm that DI strategies are valuable tools in order to improve 
the WUE, obtaining significant water savings and maintain 
sustainable production levels especially in those areas where 
agriculture is heavily dependent on irrigation.
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