
Abstract
The study aims to identify the responses of citrus orchards (C.

sinensis (L.) Osbeck), grown under typical Mediterranean climatic
conditions, to deficit irrigation (DI) regimes applied over more
than a decade (2010-2020). In particular, the DI regimes were
declined at the study site in terms of sustained deficit irrigation,
regulated deficit irrigation, partial drying of the root-zone, with
increasing severity of the water deficit, from 25% to 50% of the
crop evapotranspiration, using surface and sub-surface micro-irri-
gation techniques. Long-term monitoring was set up for identify-
ing the main processes acting at the soil-plant-atmosphere contin-
uum (SPAC) level through direct in situ measurements of mass
and energy fluxes (i.e., via micrometeorological technique) and
the estimation of ETc and transpiration fluxes (i.e., via sap flow
method), and the soil-plant-water processes (via geoelectrical
techniques). In addition, the main physiological, qualitative, and
quantitative parameters were evaluated since the beginning of the
experiment. The results of the long-term experiment demonstrated
the great adaptability of the crop species to sustain even the high-

est water reductions without substantial alterations of the main
marketable productive and qualitative characteristics, evidencing
the importance of controlling the SPAC dynamics for correctly
applying the water restriction regimes.

Introduction
Irrigated agriculture has to cope with the increasingly limited

availability of water resources, which is becoming worrying, espe-
cially in Mediterranean arid and semi-arid areas due to climate
change scenarios. In these environments, the success of citrus pro-
duction largely depends on adequate irrigation supply (Consoli et
al., 2014, 2017). Therefore, it is essential to manage the available
water resources in a sustainable way to optimise the productivity
of crops while enhancing their adaptation to water shortage condi-
tions. 

In this perspective, several studies have emphasised the role of
localised irrigation techniques for citrus groves (e.g., surface and
sub-surface drip irrigation) in combination with optimal manage-
ment of irrigation water [e.g., deficit irrigation (DI), including par-
tial root-zone drying (PRD), regulated deficient irrigation (RDI),
and sustained deficit irrigation (SDI)] (e.g., Saitta et al., 2021 and
references inside). It is known that DI strategies permit to main-
tain (or slightly reduce) crop production features by applying a
considerably lower amount of irrigation volume, with the conse-
quent increase of crop water use efficiency (WUE) (e.g., English,
1990). Adopting the RDI technique requires a deep knowledge of
the physiological crop response to water deficit conditions to iden-
tify the optimal phenological phase for the application of water
restrictions to minimise the negative effects on crop yield and
quality (Lo Cicero et al., 2016). 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), 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 and plant tran-
spiration reduction (e.g., La Malfa et al., 2011). 

Citrus groves, prevalent crops in Mediterranean regions, are
characterized by a particularly long productive vegetative cycle.
During Summer, if soil moisture is limited and roots are unable to
guarantee water supply, the evapotranspiration rate (ET) decreases
and, consequently, growth decreases (e.g., 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 (Capra et al., 2008;
Consoli et al., 2014). In particular, the characteristics of the soil-
plant-atmosphere continuum (SPAC) (e.g., hydraulic characteris-
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tics of the soil, air temperature, ET rates) influence the opening and
closing of stomata and, therefore, the assimilation of CO2 and its
levels. Thus, accurate estimates of the flux transfer exchanges act-
ing within the SPAC are needed to optimize DI criteria application.
Among the numerous techniques proposed in the literature,
micrometeorological methods, such as the eddy covariance (EC),
quantify the actual ET (ETEC) starting from the direct measurement
of the latent heat flow (LE) above the foliage. However, the easiest
and cheaper modelling approach used to estimate ET is the FAO-
56 method (Allen et al., 1998), including the single crop coeffi-
cient (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 at the
reference ET condition (ET0) and crop type and its characteristics
(included in Kc and Kcb), whereas soil texture and hydraulic char-
acteristics are included in Ke. Despite being the most widely used
approach up to date, the methodology requires crop-specific coef-
ficients and field validation in order to offer reliable estimates
(Vanella et al., 2019). As reported in numerous studies, the adop-
tion of the dual Kc approach results more appropriate in applying
DI scenarios, such as the partial zoot-zone drying (PRD) and the
adoption of drip irrigation technologies (Saitta et al., 2020). 

The main aim of this study was to prove the degree of adapt-
ability of sweet orange on sustaining different levels of water
deficit after a decade of DI applications in Sicily (Italy) under a
Mediterranean semi-arid climate. The specific objectives of the
study are the following: i) to assess the sustainability of PRD, RDI,
and SDI integrated with surface and sub-surface micro-irrigation
techniques in maintaining adequate physiological and productive
crop responses; ii) to evaluate whether the integration among dif-
ferent methodologies is appropriate for accurately estimating the
irrigated orchard’s crop evapotranspiration (ETc) under the DI
regime; iii) to evaluate the application of innovative tools for mon-
itoring the soil-water status of the crops under study.

Materials and methods

Study site and irrigation regimes
The long-term monitoring of DI strategies application has been

conducted in 1 ha 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), since 2011. At the beginning of the
experiment, the plants were 3 years old and were planted with a
spacing of 6.0 m (between-row) × 4.0 m (within-row). The study
area is characterized by a Mediterranean climate with irregular
rainfall (i.e., a yearly average of about 580 mm within 2002-2020)
and an annual ET0 of about 1268 mm.

Irrigation scheduling was defined on a weekly basis using the
FAO-56 Penman-Monteith (P-M) approach (Allen et al., 1998).
Precisely, the ETc estimates were calculated by multiplying the
daily ET0 by the seasonal crop coefficient for orange orchard (Kc,
equal to 0.7 from Consoli et al., 2006) and other coefficients,
including a localized factor (Kl) and other irrigation technological
factors (i.e., referring to the irrigation efficiency and uniformity of
the used drip irrigation system, ranging between 90 and 95%). At
the beginning of each irrigation season, Kl was estimated as a func-
tion of the canopy area (i.e., fixed to 0.7 for the irrigation season
2020, Consoli et al., 2017). 

During the long-term experiment, irrigation was supplied, fol-
lowing a randomized block design (Figure 1), generally from mid-
June to the end of September, 3 times per week, early in the morn-
ing (in 2020, day-of-the-year, DOYs 160-275). Irrigation phases
were eventually skipped when rain occurrence fulfilled the ETc
needs. Details on the experimental irrigation design are reported in
Consoli et al. (2014). In particular, irrigation treatments included:
i) a fully irrigated treatment (FI), where irrigation rate was sup-
plied at 100% of ETc using two drip lines located close to the
trunk, each characterized by a flow rate of 4 L h–1 per emitter, with
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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; PRD, partial root drying). Details on the experimental setup are given in
Consoli et al. (2014).
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12 emitters per tree; ii) an SDI treatment irrigated at 75% of ETc,
using two buried drip lines (located at 0.35 m from the soil sur-
face), characterized by a flow rate of 2 and 4 L h–1, distributing a
total of 36 L h–1 per tree; iii) an RDI treatment (RDI), irrigated at
100% of ETc, except during the fruit growth phase, when irrigation
was supplied at 50% of ETc, emitting a total of 36 or 24 L h–1 per
tree using two surface drip line as in FI; iv) a PRD treatment (PRD)
irrigated at 50% of ETc, where wet and dry sides of the root-zone
were alternated every 7 days using two drip lines, emitting a total
of 24 L h–1 per tree. Each dripper was spaced at 0.6 m on the irri-
gation lines. During the irrigation seasons, the amount of irrigation
volume applied and the water pressure regime was measured using
in-line water meters and manometers, respectively. Figure 2 shows
the irrigation volumes supplied during the long-term application of
the DI strategies in the experimental field (from 2011 to 2020).
Average water savings (WS, %), calculated as in Eq. 1, reached 22
%, 26%, and 48% in SDI, RDI, and PRD, respectively:

                      
(1)

The soil water content (SWC) evolution has been measured on
an hourly basis and averaged at daily scale at the different irriga-
tion treatments using ECH2O probes (Decagon, Inc., Pullman,
WA, USA). Details on the setup of the SWC sensors and soil char-
acteristics (i.e., sandy loam texture) are reported in Consoli et al.
(2014, 2017) and Puglisi et al. (2019). Water supplied for irrigation
was characterized by a medium salinity (electrical conductivity of
about 2.0 dSm−1) and pH of about 7.0. In addition, soil texture and
hydraulic characteristics were investigated within the profile 0.05-
0.25 m. From laboratory determinations, soil samples were fairly
uniform, with a sandy-loam texture. The soil field capacity (FC)
and permanent wilting point (WP) were 28% and 14%, respective-
ly (D’Emilio et al. 2018).

Long-term monitoring of the soil-plant-atmosphere
continuum

Eddy Covariance evapotranspiration fluxes 
An EC tower was installed at the study site in 2016 (Vanella

and Consoli, 2018). The EC instrumentation consisted of one
three-dimensional (3-D) sonic anemometer (CSAT3-3D, Campbell
Scientific Inc., Logan, UT, USA) and one infrared open-path gas
analyser (Li-7500, Li-cor Biosciences Inc., Lincoln, Nebraska) to
measure high-frequency data (10 Hz), including wind components
and gas concentrations (H2O and CO2), respectively. According to
the procedure described in Saitta et al. (2020), the EC flux foot-
print was calculated using a cross-sectional approach, which con-
siders the atmospheric stability, measurement height, surface
roughness length, and lateral flux dispersion.

The standard EUROFLUX corrections and data processing
procedures (Aubinet et al. 1999) were applied to the high-frequen-
cy data for determining the turbulent EC fluxes (latent heat flux,
LE, and sensible heat flux, H), as follows:

H = ρ ∙ cp ∙ σwT                                                                        (2)

LE = λ∙ σwq                                                                               (3)

where, ρ is the air density (g m−3); cp is the air specific heat capac-
ity at constant pressure (J g−1 K−1); σwT is the covariance between
the vertical wind speed and air temperature (m s−1 K); λ is the

latent heat of vaporization (J g−1), and σwq is the covariance
between the vertical wind speed and water vapour density (g m−2

s−1).
In addition, the available energy (Rn -G), i.e., net radiation (Rn,

W m−2) and soil heat flow (G, W m−2), were measured at low fre-
quency (30 min) using one net radiometer placed 7 m above the
ground (CNR-1 Kipp and Zonen, Delft, Netherlands) and the aver-
age of three self-calibrated soil heat flux plates (HFP01SC,
Hukseflux, Delft, Netherlands) placed in the exposed, half-
exposed, and shadowed soil, at a depth of about 0.05 m. High and
low-frequency data were recorded and managed by a CR1000 log-
ger (Campbell Scientific Inc.). 

The observed surface energy balance fluxes were checked by
comparing the sum-up of the turbulent EC fluxes (LE and H) with
the available energy (Rn - G), as follows:

                      
(4)

where, CF is the energy-closure fraction; LE, H, Rn, and G repre-
sent the semi-hourly latent heat flux, sensible heat flux, net radia-
tion, and soil heat flux components of the surface energy balance.

Half-hourly surface energy balance fluxes (Rn, G, H, and LE)
were aggregated daily scale, and LE rates were then transformed to
an equivalent rate of actual ET (ETEC, mm d−1). The lack of closure
(Figure 3), which indicates the inconsistency and lack of strength
of EC data, was about 22% during the last irrigation seasons 2018-
2020 (June 1 - September 30), providing evidence for the validity
of the obtained ETEC measurements. 

Sap flow estimates
Water consumption at the tree level was continuously mea-

sured using the heat pulse velocity (HPV) sap flow technique
(Swanson and Whitfield, 1981). In general, the HPV technique is
based on the measurement of temperature variations (DT), pro-
duced by a heat pulse of short duration (1-2 s), in a couple of tem-
perature probes installed asymmetrically on either side of a linear
heater that is inserted into the trunk. Semi-hourly data were pro-
cessed according to Motisi et al. (2012) for integrating the sap flow
velocity over sapwood area for the T flux estimations, then aggre-
gated at hourly and daily scales within the irrigation season 2020
(DOYs 160-275). Details of the adopted sap flow sensors and the
descriptions of the methodological approaches are reported in
Consoli et al. (2014, 2017) and Saitta et al. (2020; 2021).
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Figure 2. Irrigation rates (mm) supplied at the different treat-
ments during the long-term deficit irrigation period (2011-2020)
(FI, full irrigation; SDI, sustained deficit irrigation; RDI, regu-
lated deficit irrigation; PRD, partial root drying).
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The use of electrical resistivity tomography to identify soil-root
interactions 

Electrical resistivity (ER) methods (e.g., electrical resistivity
tomography, ERT - see, e.g., Binley and Kemna, 2005 - electrical
resistivity imaging, ERI, and mise-a-la-masse, MALM) were
intensively applied both in static and time-lapse mode at the study
site using a Syscal Pro Switch 72 resistivity meter (IRIS
Instruments). These methods have allowed determining the soil
resistivity distribution, which represents an indirect proxy of soil
properties and states (e.g., soil porosity, SWC, and pore water
salinity). In general, ER methods are based on injecting an electri-
cal current in the subsoil by a pair of electrodes and the subsequent
measurement of the electrical potential. This acquisition is repeat-
ed through many combinations of transmitting and receiving elec-
trodes in order to acquire data that can then be inverted to produce
two-dimensional (Vanella et al. 2020) or 3-D (e.g., Consoli et al.,
2017; Mary et al., 2019; Puglisi et al., 2019; Vanella et al., 2018,
2019) ER images of the subsoil. Borehole electrodes enhance res-
olution at depth (Consoli et al., 2017; Puglisi et al., 2019; Vanella
et al., 2018, 2019). In this study, the finding of a 3-D ERT survey
is provided as an example of non-invasive monitoring tool that can
be applied for capturing the subsurface soil-water variability. In
particular, the used ERT setup consisted of 72 electrodes (includ-
ing 24 surface and 48 buried electrodes) bordering the root zone of
two orange trees located at the study site both under FI and PRD
conditions. The ERT acquisitions were performed before the irri-
gation phase (time 00) and in time-lapse mode during an irrigation
test conducted on July 29, 2016.

Physiological measurements, production responses, and
water use efficiencies

Plant water status has been monitored by measuring stem
water potential (Ψstem) with a pressure chamber (SKPM 1405/40,
SkyeInstruments, UK) (Scholander et al., 1965) since the begin-
ning of the application of the water regimes understudy in 2011.
Measurements were performed twice a month during the irrigation
period (June-September) on fully exposed sunlit leaves (i.e., gen-
erally at mid-day); leaves were wrapped in plastic bags and cov-
ered with silver foil for at least one hour prior to measurements. A
total of six trees per treatment and two leaves per tree were anal-
ysed (Figure 1). 

Responses of orange trees to DI regimes were monitored at the

harvest periods (February-March) in terms of fruit yield (i.e., yield,
fruit weight, and equatorial diameter-ED) and quality (i.e., titrat-
able acidity, TA and total soluble solids, TSS) using the standard
methods proposed by Kimball (1999). The main quality features
were obtained at harvest time by analysing ten fruits per tree from
twelve trees per treatment and replication. 

The water use efficiency (WUEY) was determined as a ratio
between yield (kg) and irrigation volume applied per unit area
(mm ha–1) for evaluating and comparing the impact of the different
DI regimes on the productive features of the orange trees.
Similarly, WUE was estimated based on the qualitative features as
the ratio between TA and TSS (g) and irrigation volume distributed
(m3), named as WUETA and WUETSS, respectively.

The ‘Statistica’ software package (version 6.0, Statsoft Inc.)
was applied for data analysis, and the analysis of variance
(ANOVA) was performed, with means separated by Tukey HSD
test at probability levels (P) of 0.001, 0.01, and 0.05.

Results and discussion
Numerous methodologies have been applied at the study site

during the long-term monitoring 2010-2020 for characterizing
both the surface energy balance fluxes acting within the SPAC sys-
tem and the crop response under DI conditions. As showed in
Figure 4, these methodologies have included micrometeorological
measurement techniques combined with estimation models based
on satellite-type approaches for deriving the ETEC and ETc at the
study site (Vanella and Consoli, 2018). In addition, these approach-
es have offered the best performance when integrated with ancil-
lary data referring to soil and weather characteristics. Specifically,
Vanella et al. (2019) reported that the combined use of geophysical
techniques for tracking the soil wetting distribution patterns and
satellite information improved the ETc estimations using the dual
FAO-56 approach (Allen et al., 1998). In addition, the implemen-
tation of using the dual FAO-56 approach with weather forecast
data provided slight overestimates of ETc estimates compared with
the use of measured meteorological data (Longo-Minnolo et al.,
2020). These findings offer the possibility of employing alternative
soil and weather data sources in addition to the use of traditional
ground-based observations. 

With reference to the more recent irrigation season (2020, day-
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Figure 3. Energy balance closure referring to the irrigation seasons 2018-2020 (June 1 - September 30 periods).

Non
-co

mmerc
ial

 us
e o

nly



of-the-year, DOYs 160-275), the daily average (±standard devia-
tion) ETEC and T rates were 2.6±0.6 and 1.0±0.2 mm d–1, respec-
tively (Figure 5). During the same season, the daily average (±stan-
dard deviation) ET0 and ETc fluxes calculated by the P-M FAO
single Kc approach were 5.5±1.5 and 2.7±0.7 mm d–1, respectively.
Interestingly, the same decreasing temporal patterns observed for
the T and ETc fluxes were mainly driven by the reduction of the
atmospheric demand (ET0) during the reference period. On the
other hand, ETEC fluxes showed great variation throughout the sea-
son (from 1.30 to 4.90 mm d–1), which was mainly associated with
rainfall events (Maestre-Valero et al., 2017). Figure 5 also showed
the daily average SWC values observed in the upper soil layer
(0.10-0.30 m) at the level of the treatment. As expected, all irriga-
tion treatments had daily SWC values ranging between the FC and
the WP, showing similar average daily SWC conditions, varying
from 0.21 (for SDI and PRD) to 0.22 cm3 cm–3 (for FI and FI RDI).

As reported in Figure 4, during the long-term monitoring (from
2015 to 2020), geophysical techniques (including ERT, ERI, and
MALM) were successfully applied at the study site in order to
identify the roots interactions and mass exchanges in the soil-plant
system at the different irrigation regimes (refer to Consoli et al.,
2017; Mary et al., 2019, Vanella et al., 2018, 2019, 2020). As an
example, Figure 6 shows the ERT acquisition time steps and the
hourly ETEC rates measured at the study site together with the 3-D
time-lapse ER images obtained during an irrigation test conducted
under FI (B and C) and PRD conditions (D and E). Specifically, the

3-D time-lapse ER images show the identified ER changes (in
terms of ER increasing or decreasing patterns) observed at finer
spatial and temporal scale at selected time steps (time 01 and 02,
Figure 6A) in comparison with the initial condition (before irriga-
tion, time 00, Figure 6A). The ER decreases were evident in the
soil volumes of both the explored treatments (FI and PRD) during
the irrigation phase, allowing to track the irrigation infiltration pro-
gresses in depth (Figure 6B-E). At FI, the soil volume affected by
ER changes was 50% greater than that in PRD; this may be asso-
ciated with the smaller soil volume explored by the root system of
PRD trees. In addition, the observed ER increases in FI at time 02
(Figure 6C) can be related to the root water uptake process; thus,
they followed the same temporal evolution of ETEC fluxes (Figure
6A) (data refers to July 29, 2016), giving useful information about
time-varying nature of the soil-plant system.

In general, crop response monitoring plays a fundamental role
in adopting sustainable irrigation criteria (Adeyemi et al., 2017).
During the long-term monitoring at the study site (2010-20), some
plant-based water status parameters were tested, such as Ψstem,
stomatal conductance, sap flow, leaf photosynthesis, and canopy
temperature (refer to Saitta et al., 2021 and reference inside). In
general, from a physiological point of view, Ψstem variations occur
when soil water potential is reduced, and leaf stomata adjust leaf
gas exchange through partial closure (Klein, 2014). Although sev-
eral physical and chemical signals trigger stomatal closure, it is
well-known in the literature that the interspecific feedback mecha-
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Figure 4. Timeline of the experimental activities carried out at the study site.

Non
-co

mmerc
ial

 us
e o

nly



[page 6]                                                [Journal of Agricultural Engineering 2021; LII:1193]                          

                             Article

Figure 5. (A) Daily evapotranspiration (ET; reference ET, ET0; crop ET, ETc; and actual ET, ETEC) and transpiration (T) fluxes meas-
ured and estimated at the experimental site during the irrigation season 2020 (day-of-the-year, DOYs 160-275); (B) daily soil water
content (SWC, cm3 cm–3) observed at the different irrigation treatments (FI, full irrigation; SDI, sustained deficit irrigation; RDI, reg-
ulated deficit irrigation; PRD, partial root-zone drying, including on the left and right sides of the PRD system, PRDleft, and PRDright,
respectively). FC and WP refer to the field capacity and permanent wilting point, respectively.

Figure 6. (A) Electrical resistivity tomography (ERT) dataset acquisition time steps and hourly actual evapotranspiration fluxes (ETEC,
mm h–1) measured by eddy covariance (EC) technique at the study site; (B-E) Electrical resistivity (ER) changes corresponding to
increase and decrease of ER at full irrigation (FI) and partial root-zone drying (PRD) conditions at two selected time instants (time 01
and time 02) in comparison to time 00. Data refer to July 29, 2016.
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nism between Ψstem and stomatal conductance is crop-dependent
(Ortuño et al., 2006; Zhang et al., 2013). Therefore, among the
analysed plant-based parameters, Ψstem was identified as the most
representative for evaluating the citrus water status understudy. In
fact, significant correlations were evidenced in Saitta et al. (2021)
between sap flow and Ψstem values, indicating specific clusters
mainly as a function of the different T rates due to the different
degrees of water deficits applied at the study site. 

Figure 7A shows the Ψstem values averaged over the last 3-
years of the trial (2018-2020) at the irrigation treatments (June-
September periods). The average Ψstem values and their standard
deviations show minimal and not significant variations among the
treatments, with significant differences observed only between the
control (FI) and the most stressed treatment (PRD, 50% of water
deficit). The annual mean values of Ψstem varied from –1.50 in FI
(full irrigation) to a minimum of –1.89 MPa in PRD (with 50% ETc
of water supply). This finding testifies how over time, the crops
have developed an important strategy of adaptation to the condi-
tions of irrigation volumes reduction without causing adverse
effects on the yield and fruit quality (Saitta et al., 2021). However,

the hypothesis that citrus trees can be supplied by external water
inputs (e.g., rain and capillary rise from shallow groundwater) can-
not be excluded. 

Figure 7B-F reports the main productive and qualitative plant
features identified during the most significant harvest campaigns
(2018-2021). As can be seen from this figure, the different irriga-
tion treatments did not show differences in the main quantitative
(yield and fruit weight, Figure 7B-C) during the last harvests,
except for ED observed at harvest 2020-21 (Figure 7D), that
showed higher values for PRD (86.5±2.9 mm) in comparison to FI
(79.3±3.0 mm). This significant difference may not be related to
the application of water restrictions regimes as observed by
García-Tejero et al. (2010) under the DI context. Furthermore, it is
interesting to note that the average ED values were always greater
than the minimum marketable diameter (i.e., 73-84 mm for blood
orange). No differences were observed in the qualitative (TSS and
TA, Figure 7E-F) parameters. These results testified to the eco-
nomic sustainability of the irrigation regimes applied. In order to
summarize the results of the study, Table 1 shows the WUE param-
eters obtained for the harvest 2020-21, which can well highlight
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Figure 7. (A) Mean stem water potential (Ψstem, MPa) values (and standard deviations) during the monitoring irrigation periods 2018-
20; (B) yield (t ha–1), (C) fruit weight (G), (D) equatorial diameter (ED, mm), (E) total soluble solids (TSS, Brix) and (F) titratable
acidity (TA, g L–1) monitored during the harvest phases (2019-21) at the study site. Different letters indicate statistically significant dif-
ferences among the irrigation treatments for each year according to Tukey’s test (P≤0.05). ns, not significant.
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the positive results achieved by applying the DI strategies. In par-
ticular, the WUEY values for harvest 2020-21 showed significant
differences between FI and PRD (23.0 versus 11.4 kg m–3) as
reported in Saitta et al. (2020) for the previous harvests 2018-19
and 2019-20. A similar trend was observed at harvest 2020-21 for
WUETA and WUETSS, which showed significantly higher values in
the most severe water deficit regime (PRD) than those referring to
the other irrigation treatments. In particular, WUETA values were
262.2 and 139.0±10.26 g m–3, for PRD and the average (±standard
error values) among FI, SDI, and RDI treatments; and WUETSS
values were equal to 1918.70 versus 1061.6±41.89 g m–3, respec-
tively. These results are in accordance with those obtained for the
irrigation season 2020 (Saitta et al., 2021). 

Conclusions
The main conclusions that can be drawn from the long-term

monitoring as reported as follows:
- The use of DI strategies (PRD, RDI, SDI) integrated with drip

irrigation technologies has permitted to maintain sustainable
physiological and productive crop responses and to enhance
the efficient use of water by citrus crops, reaching water sav-
ings of 48%;

- Multi-approach methods have provided accurate ET fluxes
using both measurement (eddy covariance and sap flow meth-
ods) and modelling approaches (P-M method) under DI condi-
tions;

- The application of innovative tools for soil-plant monitoring
(ERT) has provided fine-scale spatial and temporal images of
the subsoil changes driven by irrigation and the soil water
redistribution processes under FI and DI conditions.
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