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INTRODUCTION

In the Mediterranean area, the irrigated sec-
tor, which accounts for 30% of cultivated area, is 
the largest consumer of freshwater from the region 
[1]. In particular, in Tunisia, irrigated areas consume 
about 75% of the total available fresh water [2]. Cit-
rus is one of the main fruit tree species cultivated 
under irrigation in Tunisia, with a surface total of 
28.062 ha in 2020 (10% of total irrigated fruit tree 
areas), of which 69% are located in the Cap-Bon re-
gion (northern east of Tunisia). In addition, Cap-Bon 
is the main citrus producing region in Tunisia, with 
an average annual production of about 200,000 tons 

in 2023, which represents 73% of the national citrus 
production [3]. However, citrus production is ulti-
mately related to the availability of water resources, 
which are severely affected by climate change [4]. In 
this context, several studies have shown that water 
scarcity would reduce citrus yield and quality [5, 6], 
resulting in drastic economic losses. Regarding the 
reduction and irregularity of precipitation associated 
with the increase in crop water requirements in the 
Cap-Bon region [7], farmers are highly interested 
in adopting efficient irrigation systems and opti-
mal management of irrigation water to ensure the 
sustainability of water resources while maintaining 
near maximum agricultural production [8, 9, 10].
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Good knowledge on plant-soil-water relation-
ships is of paramount importance to enable effi-
cient irrigation water use and management [11]. 
Therefore, quantification of crop water require-
ments (ETc) or full irrigation (FI), which is deter-
mined by multiplying the reference evapotrans-
piration by a pre-determined crop coefficient, is 
highly required [6, 12]. In fact, FI stands as the 
conventional method that allows maximizing 
crop yield per unit of land [13]. However, to over-
come the problem of water scarcity, countries are 
looking to refine irrigation strategies and enhance 
water use efficiency (WUE) through shifting from 
full irrigation to more efficient strategies known 
as deficit irrigation (DI) [14]. In this regard, nu-
merous studies have highlighted the importance 
of using localized irrigation techniques (surface 
and subsurface drip irrigation) in association with 
water-saving strategies, such as deficit irrigation 
(DI), which includes sustained deficit irrigation 
(SDI), regulated deficit irrigation (RDI), and par-
tial root-zone drying (PRD), as effective alterna-
tives for growers [15–19].

DI strategies consist of reducing the amount 
of irrigation water either uniformly during the 
entire growth season (SDI) or in specific phe-
nological stages where trees are less sensitive 
to water stress (RDI), below the full crop water 
requirement for optimal plant growth [11, 14, 
20, 21]. Different studies, considering various 
crops, highlighted the success and advantages 
of adopting the DI technique, particularly when 
properly applied [22]. In fact, application of 
RDI imposes a deep knowledge of the crop 
physiological response to water stress in order 
to know in which periods this technique can be 
applied, hence minimizing the undesirable im-
pacts on crop yield and quality [23–25]. Pre-
vious study results point out that adoption of 
water restriction on citrus trees during the last 
phase of fruit growth and ripening reduces fruit 
weight and size, leading, therefore, to a yield 
decrease [26, 27]. However, Chen et al. [28] re-
vealed that the physical and chemical quality 
of citrus fruit might be improved when DI is 
applied at the young fruit stage and maturation 
stage, respectively. On the other hand, Chen 
et al. [29] found that the increase in terms of 
fruit quality under deficit irrigation is mainly 
associated with a decrease in crop yield. Ad-
ditionally, Obenland et al. [30] and Silveira et 
al. [31], for example, reported that the degree 
of water stress could significantly affect fruit 

quality. Depending on the species and the en-
vironments, adjusting irrigation amount dur-
ing drought-tolerant stages reduces the effects 
on yield and fruit sizes and improves water 
productivity [6]. According to Jamshidi et al. 
[32], applying DI for citrus trees with 80% of 
ETc could result in water saving to 15% of the 
seasonal irrigation with no significant yield re-
duction, while a yield decrease up to 28% was 
recorded with 50% of ETc irrigation strategy.

Regarding PRD technique, it relies on alter-
nating irrigation zones, with wetting one half of 
the plant roots whereas the other half is left dry 
[33]. It has been evidenced that the roots under 
dry soil trigger a root to shoot biochemical signals 
such as abscisic acid hormone (ABA) inducing 
stomatal conductance (gs) and plant transpira-
tion reduction [16, 34]. Jovanovic and Stikic [35] 
and Chen et al. [6] have reported that implement-
ing PRD can reduce crop water footprints and 
increase water productivity by 20–40% while 
maintaining or, in some cases, increasing yield. 
In addition, Mossad et al. [36] assessed the effect 
of using PRD and SDI techniques with 50% ETc 
on water status and growth of ‘Valencia’ orange 
trees grown in semi-arid conditions of Palermo-
Italy. Their findings show that adoption of PRD-
50% did not affect yield parameters, fruit size, or 
juice content compared to conventional irriga-
tion. However, juice-soluble solids and acidity, 
vitamin C and carotenoid concentrations, as well 
as sugar productivity per unit of irrigation water, 
were increased.

Precision irrigation (PI) requires monitor-
ing in real-time plant and/or soil water status 
to determine the exact time and depth of irri-
gation [37]. In this sense, several plant-based 
indicators have been adopted by scientists and 
proven to be appropriate for irrigation sched-
uling [19], among them the canopy temper-
ature-driven crop water stress index (CWSI) 
suggested by Idso et al. [38]. CWSI has been 
identified to fit the irrigation amounts around 
mid-day hours [39], highly related to leaf water 
potential [40], stomatal conductance [41], and 
soil water depletion [42]. Besides, soil moisture 
sensors, for example, neutron probes, frequen-
cy domain reflectometry (FDR or capacitance 
probe), time-domain reflectometry (TDR) and 
fiber-optic sensors allowing direct soil water 
content measurement, have been extensively 
used in precise irrigation scheduling [24, 43]. 
However, site-specific calibration of sensors is 
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an essential step that consists on adjusting the 
sensor readings to fit the specific conditions and 
properties of the soil to ensure accurate measure 
of soil moisture [85, 86]. In this sense, Kizito et 
al. [87] emphasized that variations in properties 
such as bulk density, mineralogy, salinity, and 
organic content can lead to inaccuracies in soil 
moistures measurements.

Recently, innovative technologies, includ-
ing the IoT’s, along with sensor networks, have 
been developed to facilitate agricultural field 
management. Particularly, adoption of Internet 
of Things (IoT’s)-based precision irrigation sys-
tems has proven effective for monitoring real-
time data from sensors, consequently optimizing 
water use and enhancing irrigation water pro-
ductivity [44, 45]. Ndunagu et al. [81] designed 
a Smart Irrigation System controller (SIS) using 
drip irrigation technique. The system uses wire-
less sensor networks and an open-source Inter-
net of Things (IoT) cloud computing. Irrigation 
decisions were made based on web resources 
like the weather predictions and sensor values 
from soil samples, while, the system is con-
trolled and monitored by an android application 
edge or a web browser. The smart irrigation sys-
tem showed a prediction capability of crop wa-
ter need up to 98%. Kumar et al. [82], assessed 
and compared the performances of using sen-
sors and IoT-based drip irrigation system against 
an ETc-based drip irrigation system for brinjal 
crops cultivated in planter beds. They found 
that the adoption of IoT-based system improved 
pump operating time, leaf length and width of 
brinjal plant and saved water to 35% during a 
period of 31 days compared to the ETc-based 
system. Lakshmiprabha and Govindaraju [83], 
proposed IoT-based smart irrigation systems for 
hydroponic systems by monitoring the water and 
nutrients supply to enhance their productivity. 
To precisely estimate crop water requirements, 
[84], compared four machine learning ETO mod-
els (GNB, SVM, KNN, ANN) using real-time 
measurements of air temperature and relative 
humidity directly sensed by the proposed IoT ar-
chitecture against the standardized FAO-56 Pen-
man Monteith model. The authors revealed that 
the KNN model outperforms the other models, 
with a prediction accuracy of 92%.

Given the critical situation of water availability 
in the region, providing citrus growers with precise 
and technical knowledge on irrigation water-saving 
strategies and technologies is relevant to ensuring 

sustainable water and agricultural production. In-
tegrating IoT technology into soil moisture sen-
sors allows real-time irrigation data monitoring, 
contributing to optimize irrigation efficiency and 
agricultural production. In this context, this study 
seeks (i) to assess the effects of IoT-based DI and 
IoT-based PRD water saving techniques on soil 
water status, yield, and irrigation water productiv-
ity of citrus trees grown in semi-arid conditions 
of the Nabeul region; and (iii) to compare the re-
sponse of citrus fruit quality traits to different ir-
rigation water levels applied using double-line drip 
irrigation and PRD techniques.

MATERIALS AND METHODS

Description of the study area and 
experimental layout

The experiment was conducted during 2023 
at the agricultural experimental unit of the Na-
tional Institute for Research in Rural Engineer-
ing, Water, and Forestry (INRGREF) of Oued 
Souhil, Nabeul, Tunisia (long. 32°37’03’’ N; lat. 
10°42’22’’ E, altitude 25 m a.s.l.). The climate of 
the investigated area is Mediterranean semi-arid, 
with an average annual precipitation of about 440 
mm and an average annual reference evapotrans-
piration (ETo) of 1350 mm. The experiment was 
performed on 27-year-old orange trees at Wash-
ington Naval (Citrus sinensis L., Osbeck). The 
field area is up to 0.26 ha, with trees planted at a 
spacing of 6.0 × 6.0 m. The trees are characterized 
by similar growth rates, with an average height of 
2.5 m and a maximum rooting depth of 0.55 m. 
The highest root density is at 0.35 m depth. Irriga-
tion water was pumped from a well located near 
the experimental site and characterized by electri-
cal conductivity ECw = 2.77 mS·cm-1.

Data relative to the soil physical properties of 
the experimental site are summarized in Table 1. 
According to the United States Department of Ag-
riculture (USDA) textural classification system, 
the soil texture in the experimental field is sandy 
loam (71.3% sand16% silt 11.7% clay). Aver-
age values of soil water contents at field capacity 
(SWCfc) and permanent wilting point (SWCwp) 
are equal to 0.26 and 0.06 cm3cm−3, respectively. 
The soil bulk density is 1.4 g cm-3.

The experimental field was divided into two 
large adjacent plots defined according to irriga-
tion technique (deficit irrigation “DI” and partial 
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root-zone drying “PRD”). Each plot (72 × 18 m) 
included four irrigation treatments with three ad-
jacent rows each (three trees per row). In order 
to avoid border effect, observations were limited 
to the three trees of the middle row of each treat-
ment. For each trees row, irrigation water was 
applied using two lateral pipes, one on each side 
of the tree, at 0.5 m from the trunks. Each lateral 
contains two auto-regulated emitters per tree 
with flow rate of 4 l·h-1 at a pressure of 100 kPa. 
On the head of each lateral a micro-valve was 
installed to control water supply. 

The experimental irrigation treatments in-
cluded: full irrigation (FI) with 100% of crop 
evapotranspiration (ETc), deficit irrigation (DI) 
with DI-75%, DI-50% and DI-25% of ETc, re-
spectively, and PRD-100%, PRD-75%, PRD-
50% and PRD-25% of ETc respectively. Flow-
ering and fruitlet abscission have been widely 
stated as the most water stress sensitive stages 
in citrus [48–50]. These stages span from mid-
February until the end of June in the region of 
study. Additionally, daily evaporative climatic 
demand (ETo) was very high in July. Hence, all 
tress were fully irrigated from February to July. 
The trees were subjected to the irrigation levels 
from August to December (DI-75%, DI-50%, 
DI-25% and PRD-75%, PRD-50% and PRD-
25%, respectively of ETc). For PRD technique, 
irrigation was alternated between the two sides 
of tree every week. While one side of the root 
zone was wetted at the desired amount, the other 
side was kept dry. Irrigation was applied twice a 
week from early March to the end of December. 
Except for irrigation, all trees were treated simi-
larly according to standard orchard pesticide 
management practices in the area.

Daily data of minimum and maximum air 
temperature, relative air humidity, global solar 
radiation, wind speed and precipitation were col-
lected from a standard agro-meteorological sta-
tion located within the experimental unit. These 
data were used to estimate daily reference evapo-
transpiration (ETo), according to the FAO-56 
Penman Monteith model [12].
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 (1)

where: Δ [kPa·°C-1] is the slope of saturation va-
por pressure curve, Rn [MJ·m−2·d−1] is 
the net radiation at the crop surface, G 
[MJ·m−2·d−1] is the soil heat flux density, 
(es – ea) [kPa] is the actual vapor pressure 
deficit, γ [kPa·°C−1] is the psychrometric 
constant and U2 [m·s−1] is the wind speed 
measured at 2 m height. 

Crop evapotranspiration (ETc) was computed 
using the FAO-single crop coefficient approach 
[12] as follow:
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Crop coefficient (Kc) values of 0.65 at the 
initial stage, 0.6 during the mid-season, and 0.65 
during the late season [51] were considered based 
on the percentage of ground cover of the experi-
mental field (50%). The experimental plots were 
irrigated on the same day. For fully irrigated treat-
ment, the irrigation amount per time was calculat-
ed on 10 days intervals using the simplified water 
balance equation:
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where: I, irrigation (mm); P, precipitation (mm); 
θ1 and θ2 and are the volumetric soil wa-
ter contents (SWC) at two consecutive 
measurements (cm3·cm−3); ΔZ is the 
thickness of soil layer (mm). 

For deficit irrigation treatments, ETc is re-
duced to actual evapotranspiration (ETa) using 
a deficit irrigation coefficient (d) equal to 0.75, 
0.5 and 0.25 for (DI-75%, PRD-75%), (DI-50%, 
PRD-50%) and (DI-25%, PRD-25%) treatments, 
respectively.

Soil water contents measurements

During the entire growing season, soil wa-
ter content was measured gravimetrically at 

Table 1. Soil physical properties of the experimental site
Depth (cm) Θfc (%) Θwp (%) da (g cm–3)

0–20 27.80 5.06 1.37

20–40 24.76 6.16 1.42

40–60 26.55 5.85 1.51
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weekly intervals. For all treatments, soil sam-
ples were taken at depths of 0–20, 20–40, and 
40–60 cm from the soil surface. Soil samples 
were immediately shifted to the laboratory for 
weighing before and after being dried in an 
oven at 105 °C for 24 hours. Starting from Au-
gust, soil-water dynamic was assessed in real-
time based on soil-water sensors and Internet of 
Things (IoT) system (ZL6 device from METER 
GROUPE). Twelve capacitive sensors 10HS 
(METER Group Inc., Pullman WA, USA), pre-
liminarily calibrated, were used to monitor soil 
water content at 20 and 40 cm depth, with a 
time resolution of about 15 min. Two sensors 
were installed in each of treatments DI-100% 
and PRD-100%, while two sensors were po-
sitioned on each side of PRD-75% and PRD-
50% treatments. Each set of six sensors was 
connected to one ZL6 data logger enclosed in 
a weather-proof casing. Records obtained from 
10HS sensors are stored in the ZL6 data log-
ger and, then, transferred to Zentra Cloud via 
IoT technology. The Zentra cloud platform web 
application allows visualizing, managing, and 
sharing the near-real-time measurements.

Fruits sampling and quality traits analysis

The crop load was measured from the har-
vested fruits at the end of the season (January 
2024). For fruit characteristics, the three trees 
of the middle row of each treatment were con-
sidered, and five fruits per tree were collected to 
ensure a representative sample. In the laboratory, 
the following parameters were measured: fruit 
weight (g), polar and equatorial diameter (mm) 
(fruit size), form index (fruit shape), peel thick-
ness (mm), and firmness (kg·cm-2).

The polar (length) and equatorial (width) di-
ameters (mm) were measured using a caliper. The 
Shape Index was calculated by determining the 
length-to-width ratio, with a value of 1 indicating 
a spheroid shape. The Firmness was measured on 
three opposite fruit sides of the equatorial zone 
using a table penetrometer (Fruit Texture Analy-
ser, GÜSS Manufacturing, South Africa) with an 
11 mm diameter plunger tip connected to a com-
puter and guided by software. Values are speci-
fied in kg·cm-2 (exerted force/surface).

Then, the fruits were sliced in the equatorial 
area and the peel thickness (in mm) was mea-
sured, at 3 equatorial points, by assessing the 
thickness of both the flavedo (outer part of the 

fruit) and the albedo (fibrous part of the fruit) us-
ing a digital caliper. 

The fruits were juiced using electric citrus 
juices, and then the juice was stained through 
1mm mesh sieve. The five juices of each tree 
were mixed and considered as a single sample for 
the juice quality analysis, to obtain 3 replications 
per treatment. The juice parameters analyzed in 
this study are: juice weight, total titratable acidity 
(citric acid content), total soluble solids, ascorbic 
acid (vitamin C) and maturity index. The maturity 
index (MI) was calculated as:
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where: TSS (g·l-1) represents the content of total 
soluble solids (sugar) in the juice which 
was measured by using a digital refrac-
tometer (Atago) at 25 °C and TA (g·l-1) 
represents the titratable acidity, was de-
termined by titration with NaOH and phe-
nolphthalein indicator according to con-
ventional methods [51].

The vitamin C has the raw formula C6H8O6, 
also known as ascorbic acid, is a water-soluble 
vitamin. The concentration of vitamin C can be 
determined by using a redox titration with a solu-
tion of 2, 6-dichlorophenol-indophenol (DCPIP). 
The titration is complete when the DCIPIP chang-
es color to pale pink or purple, indicating the 
amount of ascorbic acid present in the solution. 
Vitamin C is indicated as mg ascorbic acid per 
100 ml of juice [52].

Irrigation water productivity

Irrigation water productivity (WPirrig) is de-
fined as the total yield produced per unit of irriga-
tion water [53, 54].

 

1 
 

𝐸𝐸𝐸𝐸0 = 

=  
0.408∆(𝑅𝑅𝑅𝑅 − 𝐺𝐺) + 𝛾𝛾 ( 900

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 + 273) 𝑢𝑢2(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎)

∆ + 𝛾𝛾(1 + 0.34𝑢𝑢2)  

(1) 

𝐸𝐸𝐸𝐸𝑐𝑐 = 𝐾𝐾𝐾𝐾 × 𝐸𝐸𝐸𝐸𝑜𝑜       (2) 

𝐼𝐼 = 𝐸𝐸𝐸𝐸𝑐𝑐 − 𝑃𝑃 ± ∑ (𝜃𝜃2 − 𝜃𝜃1)𝑛𝑛
𝑖𝑖=1 ∆𝑍𝑍𝑖𝑖     (3) 

𝑀𝑀𝐼𝐼 = 𝑇𝑇𝑇𝑇𝑇𝑇 × 10
𝑇𝑇𝑇𝑇   (4) 

𝑊𝑊𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎 (𝑘𝑘𝑘𝑘 · 𝑚𝑚−3) = 𝑌𝑌
𝐼𝐼      (5) 

 
 (5)

where: Y – total harvestable fresh yield (kg·ha-1); 
I – total amount of irrigation water (m3·ha-1).

Statistical analysis

The data collected were statistically analyzed 
using IBM SPSS 20.0 Statistical package. One-
way analysis of variance (ANOVA) followed by 
Tukey’s multiple test (P < 0.05) were performed 
to assess differences between treatments. Before 
ANOVA, the normality of data was checked us-
ing the Shapiro-Wilk test.
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RESULTS AND DISCUSSION

Site agro-environmental characteristics and 
soil water status 

Agro-climatic characterization

Daily meteorological variables (average tem-
perature, vapor pressure deficit (VDP), reference 
ETo and precipitation (P) for the entire growing 
period are depicted in Figure 1. Initial analysis of 
the data shows that the air temperatures were cool 
in the first two months of the year, with values 
lower than 15 °C. Progressively, Tavg increases 
to reach maximum values during the initial fruit 
enlargement phase (July-August), then, gradually 
decrease until harvesting. The VPD values follow 
the same pattern as Tavg. 

The seasonal variation of reference evapo-
transpiration is typical of a semi-arid climate. 

The calculated daily FAO-56 PM ETo data did 
not exceed 2 mm d-1 during winter season, while, 
values higher than 5 mm·d-1 were reached in sum-
mer. The cumulated ETo was equal to 1092 mm; 
indicating high evaporative demand, and while, 
total precipitation was limited to 390 mm.

Soil water status

During the experiment, the cumulated pre-
cipitation was 390 mm. The lowest and highest 
monthly precipitation values were registered in 
July (0.2 mm) and December (144.6 mm), respec-
tively. For the entire growth season, irrigation was 
applied at 10 days intervals with amounts esti-
mated based on the FAO-56 approach [12]. Total 
available water (TAW) and readily available wa-
ter (RAW) in the root zone were equal to 80 mm 
and 54 mm, respectively. Daily patterns of root 
zone water depletion under different irrigation 

Figure 1. Dynamics of daily average air temperature (Tavg), vapor pressure deficit (VPD), 
reference ETo and precipitation along the study period
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regimes and for the entire fruit growth season are 
depicted in Figure 2. During the initial and sec-
ond stages, all plots were fully irrigated (100% 
ETc) and no water deficit treatment has been ap-
plied. Therefore, all plots were characterized by 
relatively similar daily water depletion patterns 
remained always higher than RAW threshold (54 
mm), reflecting well watering conditions during 
that period. As shown in the Figure 2, applied 

irrigation depth was not always sufficient to refill 
soil to field capacity, as the irrigation dose was 
calculated indirectly according to ETc and not 
based on the actual soil water content [22, 55]. 
For the remaining period of fruit growth, soil wa-
ter depletion values exhibited different patterns in 
response to irrigation treatments. It was clear that 
the depleted water was the lowest in the FI treat-
ment followed by the DI-75% and PRD-75%, 

Figure 2. Daily patterns of soil water depletion (mm) in the root zone under full irrigation (FI), deficit irrigation 
with 75%, 50% and 25%ETc (DI-75%, DI-50%, DI-25%), and partial root-zone drying with 25%, 50% and 75% 

ETc (PRD-75%, PRD-50%, PRD-25%) alternating at 10 days, treatments. TAW: total available water, 
RAW: readily available water
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DI-50% and PRD-50%, and then DI-25% and 
PRD-25%. This result aligns with the finding of 
Nagaz et al. [56] who found that the soil water de-
pletion values decrease with increasing irrigation 
amounts. Similarly, Du et al. [58] stated the soil 
water content recorded for RDI and PRD treat-
ments were lower than those of the fully irrigated 
treatments.

More detailed analysis showed that soil wa-
ter depletion values of both treatments DI-50% 
and DI-25% increased immediately after treat-
ment initiation and remained approaching TAW 
limit till mid-December indicating that the trees 
were subjected to a severe water stress condition. 
Meanwhile, DI-75% treatment was characterized 
with intermediate water depletion values, rarely 
exceeding the RAW threshold. Our results are in 
accordance with those achieved by Nagaz et al 
[56], who found that adoption of DI-75% treat-
ment allowed intermediate soil water depletion 
values close to the RAW limit at the end of grow-
ing season. In addition, Piug-Sirera et al. [19] 
showed that the lowest values of soil water con-
tents as well as the predawn (PLWP) and midday 
(MLWP) leaf water potential of mandarin trees, 
grown in Mediterranean semi-arid climate, were 
achieved when DI-25% of ET treatment is ap-
plied in the stages II and III of fruit growth. 

Particularly in PRD treatments, an alternate 
increase and decrease of soil water depletion 
was observed for the two PRD lines as a result 
of alternate wetting and drying cycles. Further-
more, a clear difference in term of amplitude of 
depleted water between the wet and dry sides 
were reached. For example, in the second cycle 
of PRD-75% treatment, soil water depletion on 
the wetted side was equal to 15 mm, meanwhile, 
it reached approximately 60 mm on the side of 
trees row subjected to drying which correspond to 
a depletion of 12% below the RAW threshold. It 

is noteworthy that soil available water on the dry 
side of each PRD treatment presents a slight ten-
dency to increase following each watering event. 
This behavior might be explained by either the 
existence of lateral movement of water from the 
wet to the dry side after each irrigation or water 
redistribution through the root zone [22, 57, 58]. 
Although the considerable difference in depleted 
water between the left and right sides of the PRD, 
their average values were relatively comparable to 
their corresponding obtained in DI treatment, con-
firming that the amounts of consumed water were 
the same for the two treatments (PRD and DI).

Effects of irrigation water saving strategies 
on yield components, water productivity and 
fruit quality

Yield and water productivity response to PRD and DI

Results of the effects of irrigation level and 
practices on the harvested fruit weight, yield and 
irrigation water productivity of Washington Na-
val orange trees are summarized in (Table 2). 
Concerning fruit weight, some difference among 
treatments was observed. Unfortunately, the fruit 
weight did not show any clear relationship with 
the irrigation level. The DI-75% and PRD-100% 
trees yielded the highest fruit weight with values 
equal to 259.86 g and 252 g, respectively. These 
values were significantly higher than those ob-
tained under DI-25% and PRD-50% treatments. 
Although these differences in fruit yield, no statis-
tically significant difference in term of tree yield 
was recorded among studied treatments. When 
considering DI and PRD treatments separately, it 
was possible to identify a response of fruit yield 
per tree to irrigation level. As shown in Table 2, 
the tree yield tends to increase with increasing ir-
rigation level, when, unexpectedly, the tree yield 
under PRD-50% was higher than that achieved 

Table 2. Fruit weight, yield and water productivity of Washington Naval orange trees under different irrigation treatments
Treatment Irrigation (mm) Fruit weight (g) Fruit yield (kg tree-1) WPirrig (kg m-3)

FI 505 226.13b,c 123.56a 6.80a

DI-75% 439 259.86a 81.26a 5.14a

DI-50% 380 231.6a,b,c 86.2a 6.31a

DI-25% 310 218.4c 70.56a 6.33a

PRD-100% 515 252a,b 111.82a 6.03a

PRD-75% 451 239.53a,b,c 85.6a 5.28a

PRD-50% 390 209.33c 120.5a 8.6a

PRD-25% 327 236.43a,b,c 81.25a 6.9a
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under PRD-100%. This positive correlation be-
tween yield and irrigation amount corroborates 
the findings of Panigrahi [59]. In addition, Wang 
et al. [61] affirmed that irrigating citrus trees with 
PRD-50% ETc resulted in higher yield compared 
to DI-75% ETc strategy.

Furthermore, the yields under PRD treat-
ments were slightly higher than their correspond-
ing obtained under DI treatments. That behavior 
might be related to alternating wetting and drying 
cycle under PRD, which stimulates abscisic acid 
(ABA) synthesis and its root-to shoot transport. 
However, the fact that concentration of ABA is 
higher in trees subjected to PRD compared to 
those under DI is not always true [62]. Jamshidi 
et al. [18] pointed out that ABA synthesis and 
effects is more pronounced with higher water 
stress level. In our study, PRD-25% water sav-
ing strategy produced lower yield compared to 
PRD-50%, emphasizing that PRD-50% can be 
considered as the optimum strategy for simulat-
ing ABA synthesis in citrus trees. With regard to 
FI treatment, a clear reduction of tree yield was 
registered under DI-25% and PRD-25% treat-
ments with values equal to 43% and 34.2%, re-
spectively. However, these reductions were not 
statistically significant. Our results are in accor-
dance with those reported by Saitta et al. [25]. 
The authors showed that adoption of RDI, SDI-
75% and PRD-50% ETc irrigation strategies did 
not significantly affect the final yield of orange 
tree as compared to full irrigated conditions 
with final yield values ranging from 26.6±1.7 to 
31.7±1.6 t·ha-1 and from 29.9±2.1 to 34.5±2.4 
t·ha-1 respectively under PRD-50% and SDI-
75% treatments in 2019 and 2020. Similarly, 
Agado et al. [62] and Puglisi et al. [63], found 
that the final yield of citrus trees subjected to DI 

treatments were not statistically different from 
normally irrigated trees. In this sense, Adu et al. 
[47] reported that crop species and soil texture 
are the main determinant factors in crop yield 
response to water-saving irrigation strategies.

The irrigation water productivity values var-
ied from 5.14 to 8.6 kg·m-3 under DI-75% and 
PRD-50% treatments, respectively, which are 
clearly higher than those obtained by Nagaz et 
al. [56] for citrus trees conducted in arid condi-
tions in Tunisia. Except for FI and PRD-100%, 
irrigation water productivity “WPirrig” values 
achieved under PRD treatments were higher than 
their corresponding in DI treatments. However, 
there were no significant differences among all 
studied treatments. In accordance with our re-
sults, Consoli et al. [64] found that IWP in citrus 
trees increases under PRD technique and justified 
this response by the lower wetted soil volume. In 
fact, the higher WPirrig under PRD-50% is ex-
plained by the higher final yield with less applied 
water compared to other treatments. Our finding 
is strengthened by that reported by Consoli et al. 
[65] who revealed that PRD-50% ETc water sav-
ing strategy allows increase in WUE of a young 
orange orchard with no yield reduction. Similar-
ly, Zapata-Sierra and Manzano-Agugliaro [66,] 
showed that adoption of DI in mature orange or-
chard did not affect WUE and yield. 

Fruit quality parameters response to PRD and DI

Fruit shape, firmness, peel roughness and color 
are among the main attributes, of an agricultural 
food product, that should meet a minimum stan-
dard of visual acceptance or palatability to satisfy 
the consumer quality preferences [67,68]. Table 3 
shows the effects of different irrigation practices 
and levels applied during phase III of fruit growth 

Table 3. Fruit quality parameters of Washington Naval orange trees under different irrigation treatment
Treatment PD (mm) FI PT (mm) Firmness (kg cm-2)

FI 73.2b 0.94a 4.58a,b 0.13b

DI-75% 78.6a 0.96a 5.11a 0.13b

DI-50% 72.38b 0.94a 5.02a 0.13b

DI-25% 72.6b 0.96a 4.78a,b 0.14b

PRD-100% 75.32a,b 0.94a 4.37a,b 0.14b

PRD-75% 76.1a,b 0.98a 4.83a,b 0.57a

PRD-50% 71.66b 0.96a 3.77b 0.5a

PRD-25% 74.21a,b 0.96a 5.38a 0.42a

Note: PD, polar diameter; FI, form index; PT, peel thickness. Different letters within columns indicate significant 
differences by Tukey test at P ≤ 0.05
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on some fruit quality parameters. Polar diameter 
presents a slight tendency to decrease with increas-
ing water stress level. As seen in Table 3, PD under 
DI-50%, DI-25% and PRD-50% were significant-
ly lower than that under DI-75% treatment. Indeed, 
it was widely reported that citrus trees subjected to 
water stress yielded a smaller mean fruit diameter 
[16]. Additionally, Navarro et al. [23] noted sig-
nificant decrease in fruit size when the trees expe-
rienced severe water shortage during Phase II. In 
spite of the existence of significant differences in 
polar diameter among treatments, the form index 
which is defined as the ratio between (Equatorial 
diameters) ED and (Polar diameter) PD was not 
significantly affected by irrigation treatment. For 
all treatments, the form index values were close 
to 1 showing that the fruits are characterized by a 
nearly spheroid shape.

Firmness, as an important sensory characteris-
tic determining citrus fruit ripeness, was assessed 
in this study. Results showed that the treatments 
PRD-75%, PRD-50% and PRD-25% of ETc 
reached significantly higher fruit flesh firmness 
compared to FI, PRD-100% and DI treatments. 
This can be directly related to a loss of peel mois-
ture, becoming dryer and consequently firmer, 
but not of the juice vesicles’ content. It is well 
known that the fruit’s water content is influenced 
by leaves transpiration which draws water from 
the fruit in addition to the fruit transpiration itself. 
Fruit moisture lost during these processes comes 
primarily from the peel where the juice vesicles, 
anatomically isolated from the vascular system 
compared to the peel, do not change water status 
as rapidly [69]. In addition, application of PRD 
technique enhances ABA hormone synthesis that 
works as metabolic inhibitor by inducing stomata 
closing and reducing transpiration rates [16,34], 
enhancing therefore fruit firmness. In apparent 
contradictions with our results, Kusakabe et al. 
[70] found that the application of PRD technique 
in grapefruit trees during phase II decreases citrus 
fruit firmness. In addition, Morianou et al. [71] 
observed that citrus fruit firmness significantly 
increases when DI strategy during is adopted dur-
ing Phase II of different citrus cultivars.

Internal fruit quality parameters under PRD and DI

Figure 3 shows the response of internal fruit 
quality parameters (juice (%), Vitamin C contents 
(Tc), acidity and TSS) of Washington Navel or-
ange tree to various irrigation levels and practic-
es. Vitamin C is one of the important antioxidants 

reflecting the fruit nutritional quality [72]. It var-
ied from 55 to 78.4 mg/100 ml under DI-75% and 
FI treatments, respectively. However, these dif-
ferences among treatments were not statistically 
significant. Referring to the extracted fruit juice, 
obtained values were significantly higher than the 
minimum acceptable value (33%) recommended 
by UNECE [73] for navel oranges and was com-
parable to those reported for orange varieties 
in different studies. PRD-100% and PRD-75% 
produced significantly higher contents (54.3 and 
51.7%) compared to PRD-50%. The reduction in 
juice content in citrus fruits with decreasing ir-
rigation amounts was also reported by several 
authors among them [26, 74] and [75]. Further-
more, for the same irrigation level, no significant 
difference was observed between DI and PRD ir-
rigation technique. In addition, it can be specu-
lated that juice contents and TSS are negatively 
correlated. Relatively the same has been observed 
by Panigrahi [59]. The authors reported that juice 
percentage diminish is accompanied by an incre-
ment in the soluble solids concentrations in fruits.

Maturity index (MI), recognized as the main 
relevant fruit’s internal quality indicator, is deter-
mined as the ratio between the total soluble solids 
(TSS) and the titratable acidity (TA) since TSS in-
creases toward harvest while acid content declines 
because of catabolism of citric acid and dilution 
phenomena [71,67]. In our case study, reducing ir-
rigation amount by 25, 50 and 75% of ETc during 
the stage III of fruit development of Washington 
Naval orange tree did not show any significant ef-
fect on MI. In overall, the MI values fall within 
the standard range (8–10) suitable for commercial 
harvest as suggested by UNECE [73]. Kusakabe 
et al [70] showed that the effect of DI strategy on 
MI depends widely on the crop variety. An in-
crease of MI might be considered as an advantage 
for the market value of juice and the profit of an 
early harvest. However, higher MI values indicate 
late harvest and flavor loss as acids concentration 
declines toward harvest, whereas, sugars accu-
mulate [67] which is the case under DI-50% and 
DI-25% treatments. With the regard to the effect 
of water irrigation level and practices on TSS fea-
ture, there were no significant differences among 
all adopted treatments, except for PRD-75% treat-
ment in which a significant reduction is observed 
(Figure 3). This finding aligns with that reported 
by Saitta et al [25] and Gasque et al. [76] who 
found that TSS and MI in citrus fruit was not af-
fected by DI. It is worth to note that in overall, FI 
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and DI treatments resulted in higher means of TSS 
compared to their corresponding achieved under 
PRD technique. According to Lado et al. [67], the 
increase in sugars is always associated with an in-
crement in TSS. Hence, our result suggests that 
adoption of PRD techniques would decline sugar 
accumulation in the fruits. Further analysis shows 
that means of TSS increased under PRD-50% and 
PRD-25% compared to PRD-100%. However, in 
this study a clear decrease in TA trait with increas-
ing stress level was registered. The higher TSS 
and lower acidity of fruits were observed in DI-
50% and DI-25%. This is might be related to the 

boosted process of transformation of acids to sug-
ars in dehydrated juice sacs responsible in main-
taining the osmotic pressure of fruit cells [77]. The 
impacts of deficit irrigation on fruits qualitative 
parameters have been investigated in a large range 
of crop types. In fruit citrus, the increase of TSS 
and TA traits under water deficit applied either dur-
ing the whole season or during fruit growth stages 
has been widely evidenced [15, 23, 26, 64]. Hut-
ton and Loveys [16], reported that TSS and acid 
concentrations were higher in navel orange trees 
irrigated by PRD compared to normally irrigated 
trees. Adu et al. [78] showed that DI strategies 

Figure 3. Effects of irrigation treatments on internal fruit quality parameters at harvest (Tc: ascorbic acid (vitamin 
C); Juice contents (%); TSS, total soluble solids; TA, titrable acidity; MI, maturity index) of irrigated Washington 

Navel orange trees. Different letters indicate statistically significant differences according to Tukey’s test (p ≤ 0.05)
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improve TSS without significantly affecting TA or 
pH of fruits. However, Gasque et al. [76] noted 
that DI did not significantly affect the fruit quality 
of Navalina sweet orange grown in Spain. Barry 
et al. [79], showed that limiting water later in fruit 
development (January–March) did not increase 
TSS and TA traits. In the other hand, an increase 
in TSS associated with a decrease in acidity in cit-
rus fruits under optimal DI strategy over FI was 
reported by Panigrahi et al. [80]. In the works of 
Romero-Trigueros [5] and Pérez-Pérez et al. [26], 
DI strategies increased the values of TSS and TA 
of citrus fruit juices without affecting MI. There-
fore, it is important to note that the effects of defi-
cit irrigation on the main organoleptic properties 
of citrus fruits depend widely on the cultivar, ir-
rigation technique, timing, duration and severity, 
climatic and edaphic conditions of the study areas.

CONCLUSIONS

This study investigated the effects of vari-
ous water-saving irrigation strategies, namely 
DI-100%, DI-75%, DI-50% and DI-25% of ETc 
and PRD-100%, PRD-75%, PRD-50% and PRD-
25% of ETc, on yield, water productivity and fruit 
quality traits of Washingon Naval orange trees 
conducted in semi-arid conditions. Real time soil 
moisture was monitored using IoT-based sensors. 
Our results revealed that implementing deficit ir-
rigation strategies during the maturity stage of 
growth development (phase III) using either dou-
ble-line drip irrigation or PRD technique did not 
significantly affect the final tree yield. Mean values 
of irrigation water productivity “WPirrig” were 
higher for restricted PRD treatments compared to 
their corresponding with DI technique. However, 
no significant differences among all studied treat-
ments were recorded. The highest WPirrig mean 
value (8.6 kg m-3) was achieved under PRD-50% 
treatment. With the regard to the effect of irrigation 
techniques and watering level on orange fruit qual-
ity traits, no substantial differences were observed 
among treatments. Thus, the findings of this study 
suggest that PRD-50% strategy can be adopted by 
growers as useful alternative for Washingon Na-
val orange trees that allows irrigation water saving 
without affecting yield and fruit quality. Due the 
increasing restriction in irrigation water use in the 
study region, further trials should be conducted to 
assess the impact of water stress timing and sever-
ity on yield and fruit quality of orange trees.
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