
atmosphere

Article

Deficit Irrigation Using Saline Water of Fruit Trees under Water
Scarcity Conditions of Southern Tunisia

Fathia El Mokh 1, Kamel Nagaz 1,*, Mohamed Moncef Masmoudi 2, Netij Ben Mechlia 2 and Giorgio Ghiglieri 3

����������
�������

Citation: El Mokh, F.; Nagaz, K.;

Masmoudi, M.M.; Ben Mechlia, N.;

Ghiglieri, G. Deficit Irrigation Using

Saline Water of Fruit Trees under

Water Scarcity Conditions of

Southern Tunisia. Atmosphere 2021, 12,

864. https://doi.org/10.3390/

atmos12070864

Academic Editors: Juan

Miguel Ramírez-Cuesta and

Daniela Vanella

Received: 5 May 2021

Accepted: 26 June 2021

Published: 2 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Arid Regions (IRA), Médenine 4119, Tunisia; elmokh.fa@gmail.com
2 National Institute of Agronomy of Tunisia (INAT), University of Carthage, 43 Avenue Charles Nicolle,

Tunis 1082, Tunisia; masmoudi.med@inat.agrinet.tn (M.M.M.); netij.benmechlia@iresa.agrinet.tn (N.B.M.)
3 Desertification Research Center, University of Sassari (UNISS), Piazza Università, 21, 07100 Sassari, Italy;

ghiglieri@unica.it
* Correspondence: Nagaz.Kameleddine@ira.rnrt.tn

Abstract: Both water scarcity and salinity are major obstacles for crop production in arid parts of
Tunisia and require adoption of strategies aimed at improving water-use efficiency. Field experiments
on deficit irrigation (DI) of table olive, orange trees, and grapevines with saline water (2 dS·m−1)
were conducted in the arid region of Médenine, Tunisia. Three irrigation treatments were compared
with the farmer’s method (FM) over two years (2013–2014): deficit irrigation (DI75) and (DI50), which
received 75% and 50% less water than full irrigation (FI), respectively, and full compensation of the
crop evapotranspiration (FI). Measurements included seasonal changes in soil water content, soil
salinity, yield, fruit quality, and economic return. Results showed that in-season water limitations,
roughly between 700–250 mm, caused significant reductions in yield and fruit weight, but improved
the total soluble solids of fruits. Under FI, DI75, DI50, and FM, average yields were 26.6, 20.1, 14.7,
and 21.2 t·ha−1 for orange, 4.5, 4.0, 3.1, and 3.5 t·ha−1 for table olive, and 3.8, 3.4, 3.1, and 3.5 t·ha−1

for grapevine, respectively. Soil salinity build up increased linearly with decreasing irrigation water.
Irrigation water productivity (IWP), although lowest for FM, was relatively high (3.30–4.30 kg·m−3

for orange, 0.65–1.20 kg·m−3 for table olive, and 0.74–1.30 kg·m−3 for grapevine). Economic evalua-
tion showed that the FI strategy generated the greatest net income (1800–6630 USD·ha−1), followed
by DI75 (1350–3940 USD·ha−1), FM (844–4340 USD·ha−1), and DI50 (600–2400 USD·ha−1). The
results show an important potential for reasonably sustaining farmer’s income under increased
water scarcity.

Keywords: deficit irrigation; net income; orchards; water productivity; yield; olive; orange; grapevine

1. Introduction

Water scarcity is the main factor limiting agricultural production in arid regions. In
this context, adaptation strategies to increasing water scarcity must be developed and
adopted by farmers in order to optimize the use of limited water resources [1]. Deficit
irrigation (DI) scheduling, considered as an interesting and sustainable production practice
for arid regions [2,3], reduces tree water consumption without a harmful impact on crop
productivity [4] and allows improvement of water productivity for higher yields per unit
of evapotranspired (ET) or applied irrigation water [2,4–7]. Applying DI is considered an
effective option that can be adopted to achieve water saving in water-limited conditions
and with high price of water allocation [2,8]. In the Mediterranean regions, DI strategies
have been used to save water and to improve water productivity of various crops [5–7]. DI
of fruit trees seems to be a relevant choice in Mediterranean semi-arid agro-systems for
currently cultivated fruit crops with higher water requirements [9].

Fruit crops such as table olive, orange, and grapevines are among the most important
horticultural crops that can adapt well to DI practices [10]. In Tunisia, orange, grapevine,
and table olive are considered strategic fruit species and are concentrated in semi-arid
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regions exposed to severe water scarcity. Under the semi-arid conditions of Tunisia, the
impact of DI on yield and water saving was investigated in field experiments on orange,
olive, and grapevines [11–14]. Nevertheless, an important increase of irrigated area of such
crops has been observed in the arid regions of Tunisia despite the high temperature and
relatively high levels of water salinity, which may affect the yield of fruit trees. Moreover,
the high temperature and radiation induce earlier maturity of fruits and have a positive
effect on fruit quality [15,16]. The loss in productivity may be compensated by the increase
in economic value resulting from the precocity and the improvement of fruit quality.

Many studies have demonstrated the advantages of using DI strategies to improve
water use, and fruit quality of orange, olive, and grapevine [11,13,17–19], but the prof-
itability of these strategies in commercial orchards is rarely addressed [20]. However, soil
salinization, caused by using DI under high evaporative demand and water scarcity condi-
tions, may have a negative effect on the economic profitability of the farm. Information on
DI scheduling of orange, table olive, and grapevine, considered as moderately tolerant to
salinity [21] is limited for arid climate, especially in Southern Tunisia. In this area, orchards
are drip-irrigated from private wells having salinity more than 2 dS·m−1 and most growers
are irrigating their field according to their own experience without reference to actual crop
water requirements. Irrigation with saline water, without provision for drainage increases
the risk of salt accumulation in the root zone [22] which may compromise the sustainability
of the irrigated orchards. Thus, there is a necessity to develop adapted irrigation strategies
that allow optimum use of saline with reduced impact on productivity and soil salinization
of orchards. The main objective of this work was to assess the effect of applying DI on
soil salinization, yield, and income as well as on water productivity of orange and table
olive tree orchards and grapevines during two consecutive years under the arid climate of
Southern Tunisia.

2. Materials and Methods

The experimental work was conducted in 2013 and 2014 in commercial orchards
of mature table olive trees (Olea europaea L., cv. Meski), orange trees (Citrus sinensis L.
Osbeck, cv. Meski Maltaise), and grapevines (Vitis vinifera L. cv. Superior Seedless) grafted
on Bigaradier and 1103 P rootstocks located in Médenine, Southern Tunisia (33◦19′ N,
10◦27′ E, altitude 146 m). Trees were 12, 14, and 10 years old and were planted at spacing
of 7 m × 7 m, 7 m × 6 m, and 2 m × 3 m, respectively. Surface drip irrigation was used
with 4 emitters per tree (4 L/h), 1 m apart, using irrigation waters having an electrical
conductivity (ECiw) of about 2 dS·m−1. The total surface monitored was up to 0.6 ha for
orange, and 0.8 ha for table olive and grapevines.

The soil was a sandy loam with 62% sand, 29% silt, and 9% clay. The roots of the
orange and olive trees and grapevine were situated mainly at a depth of 0.8 m. The average
values for field capacity (FC) and permanent wilting point (PWP) in the top 80 cm depth of
soil were 0.239 and 0.129 m3·m−3, respectively. The average bulk density was 1.41 g·cm−1.
The total available water for roots extraction depth of 0.80 m was 88 mm.

The climate was typical of arid regions, with annual reference evapotranspiration
(ETo-PM) of about 1400 mm and an annual rainfall of 150 mm, distributed mainly during
autumn to early spring, November to February being the wettest months of the year. The
total rainfall values measured from January to December in 2013 and 2014 were relatively
low, 66 and 82 mm, respectively. Mean daily temperatures rarely fell below 15 ◦C in winter
and they were high in summer, often exceeding 40 ◦C during July and August.

The experiment, arranged in a randomized block design, included four irrigation
treatments with 2 rows each, organized as 4 replicates of 4 trees in each treatment. Every
table olive, orange, and grapevine row was irrigated by 2 laterals equipped with a gate
valve and a water meter. Figure 1 shows the experiment layout. The four irrigation
treatments tested in olive and orange orchards and grapevines were:

• Full irrigation (FI), where trees were irrigated to provide them with their full water
requirement based on computing crop evapotranspiration (ETc);
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• Moderate (DI75) and severe (DI50) deficit irrigation, where 75% and 50% of ETc were
covered by irrigation, respectively;

• Grower’s irrigation program (FM), which consisted in supplying fixed amounts on a
weekly basis.

Figure 1. Experiment layout.

Water and irrigation needs were estimated using a spreadsheet developed in Excel for
managing irrigation of fruit trees according to the FAO 56 method [23]. Data on weather
and crop and growth stages were used for estimation of reference evapotranspiration (ETo)
and crop coefficient (Kc). ETc was determined from reference crop water use (ETo) obtained
by the Penman–Monteith method, using long term climatic data from a weather station
located 6 km from the plot, with crop coefficient (Kc) estimated based on the work of
Allen et al. [23], using local observations of crop phenology.

An irrigation was applied to all treatments at the start of the irrigation season in order
to replenish the upper 80 cm of soil to field capacity. Starting with a soil at field capacity
in the root zone, irrigation was applied from early May to the end of December to orange
trees, from February until December to table olive trees, and from March until early July to
grapevines. All treatments were applied with an interval of 7–10 days, usually adopted by
growers in the area, and variable doses were determined for each irrigation treatment.

Nutrient supply was similar for the 2 years and was applied based on the fertilization
practices used by growers for table olive, orange, and grapevine production in the study
area, with 400–150–150 kg·ha−1; 200–100–150 kg·ha−1, and 400–150–250 kg·ha−1 of N,
P2O5, and K2O, respectively. The nutrients were applied in the same amounts in the case
of all treatments across the irrigation system.

Soil water content (θg) was measured by the gravimetric method to determine the
soil water depletion. The soil samples were taken before, during, and at the end of the
irrigation season of orange and table olive trees in 4 replicates of each treatment. For each
repetition, soil samples were taken from 5 locations at 0.2 and 0.5 m from the drip gate
and 0.2, 1.0, and 2.0 m from the line. In each location, soil of the 0–20, 20–40, 40–60, and
60–80 cm layers were taken to determine average soil moisture. The volumetric soil water
content (θv, m3·m−3) was determined using measured soil water content θg (g·g−1) and
the bulk density estimated at the start of the experiment.
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Soil salinity was also estimated before and at the end of the irrigation season using
the same sampling layout as in the case of soil moisture, considering an elementary surface
representing one quarter of the area covered by each tree. Soil samples were taken at
different points around the monitored trees by measuring the electrical conductivity of the
extract of saturated paste (ECe).

For both years, the yield was determined for each monitored tree by weighing the
orange, table olive, and grape fruits with a precision digital balance. The total yield
(kg/tree) was transformed in t·ha−1, considering that each olive and orange trees and
grapevine covered an area of 49, 42, and 6 m2, respectively. At harvest, a representative
sample of 20 fruits was taken from different sides of each monitored tree to determine
fruit weight and size. The total soluble solids content (TSS) was measured by a thermo-
compensated refractometer. Water productivity (WP) is defined as yield/ET, but economists
and farmers are most concerned about the yield per unit of irrigation water applied [24].
Therefore, the WP (kg·m−3) was calculated as the final yield (kg·ha−1) divided by the
volume of irrigation water (m3/ha) during the irrigation period of 2013 and 2014.

A simple economic evaluation was carried out to analyze the different irrigation
strategies. The net income was calculated for each strategy by deducting all the production
costs from gross returns. Orange, table olive, and grape production costs included fixed
costs as the depreciation of the irrigation equipment, fertilizer, pesticide, labor, and cost
of water considered as variable between the different treatments. The gross return was
determined by multiplying the total amount of the product (kg·ha−1) by its market price.

The effects of irrigation strategies on soil salinity, yields, fruit quality, and WP were
evaluated by comparison through analysis of variance (ANOVA). Data were analyzed
using a one-way ANOVA with the Statgraphics Plus 5.1 software, using least significant
difference (LSD) test for mean separations at 5% level.

3. Results and Discussion
3.1. Soil Water Balance

Total available water (TAW) in the root zone of orange and table olive was estimated
to 88 mm depth and readily available water (RAW) was considered to be 50% TAW, i.e.,
44 mm [23]. An irrigation of 80 mm was applied each year in April and February to orange
and table olive trees in order to refill the root zone and start with a soil at field capacity in
the root zone, and irrigation continued until the end of December with amounts estimated
by the FAO-56 method and delivered on a weekly basis. Soil water depletion (SWD) was
determined using soil moisture measured by the gravimetric method; it is the difference
between actual measured water content (AW) and water content at field capacity (TAW).

The evolution of soil water depletion (SWD) during the irrigation period of orange
and table olive trees in 2013 and 2014 can be observed in Figures 2 and 3, which show
obvious differences between irrigation strategies. SWD values in orange and table olive
orchards did not fall under the RAW threshold value for FI and FM treatments, which
indicated good watering conditions for both treatments and both years. However, depleted
soil water increased gradually during the whole season with the DI50 treatment, and it
went beyond RAW from the day of year (DOY) 245 in 2013 and DOY 225 in 2014 in orange
trees, and from DOY 210 in 2013 and DOY 200 in 2014 in table olive trees, indicating
continuous water stress for this irrigation treatment. SWD were smaller for DI75 compared
with DI50 with intermediate values and approached the RAW threshold at the end of the
irrigation season.
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Figure 2. Soil water depletion (SWD, mm) in orange trees for the 4 irrigation treatments in 2013 and
2014. The irrigation treatments consisted of providing 100% ETc (FI), 75% ETc (DI75), 50% ETc (DI50),
and grower’s irrigation program (FM); ETc was estimated by the FAO-56 method; and DOY is the
day of year. Blue horizontal line represents the RAW level.
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Figure 3. Soil water depletion (SWD, mm) in table olive trees for the 4 irrigation treatments in 2013
and 2014. The irrigation treatments consisted of providing 100% ETc (FI), 75% ETc (DI75), 50% ETc
(DI50), and grower’s irrigation program (FM); ETc was estimated by the FAO-56 method; and DOY is
the day of year. Blue horizontal line represents the RAW level.

3.2. Soil Salinity

The average ECe values at the beginning (ECe,ini) and the end of the irrigation season
for the different treatments of orange, table olive, and grapevine are presented in Figure 4.
During both years, ECe values measured at harvest of orange and table olive were overall
lower compared with the initial ECe,ini values in all irrigation treatments. For the FI, DI75,
and FM treatments, ECe values were generally lower than the salinity of the irrigation
water (2 dS·m−1). This was due to leaching of soluble salts by rainfall events (66 and
82 mm). Higher ECe values were observed for the DI50 treatment and lower values for FI
treatment. The DI75 and FM treatments resulted in low ECe values at harvest and did not
differ significantly (p < 0.05) from FI but were statically different from DI50. The higher
soil salinity observed for the DI50 treatment may be attributed to lack of leaching under
deficit irrigation conditions as reported by Geerts et al. [25] and Aragüés et al. [26], who
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indicated that increase in soil salinity was more pronounced under deficit irrigation due
to the lower soil water content and the reduced leaching under these irrigation strategies.
Low values of ECe observed under current climatic conditions and high irrigation water
supply with ECiw of 2 dS·m−1 were due to the natural leaching of soluble salts by rainfall
received during both years. The relatively high soil moisture levels (Figures 2 and 3)
seemed to have increased the leaching capacity of rains. The soil salinity measured at
harvest of the grapevines was higher than the ECe at the start of irrigation (ECe,ini) for all
treatments. Soil salinity values under full and deficit irrigation and grower’s treatments
in the grapevines showed significant differences, except for DI75 and FM, between which
the difference was not significant. The ECe obtained under FI, DI75, DI50, and farmer’s
treatments increased from 2.4 dS·m−1 at the start of the irrigation season to 2.9, 3.2, 3.9,
and 3.3 dS·m−1, respectively, in 2013, and from 2.1 dS·m−1 to 2.6, 3.1, 3.6, and 3.0 dS·m−1,
respectively, in 2014. Similarly, Aragüés et al. [26,27] observed an increase in soil salinity
and they found that it was more pronounced during deficit treatments compared with a full
treatment in fields with grape vineyard, nectarine, and peach. In spite of the rains received
during the period of February–April in 2013 (15 mm) and in 2014 (33 mm), which were
supposed to cause leaching of salts accumulated in the root zone, the increase in ECe values
in both years can be explained by absence of rain later in the irrigation season and the
sampling date, which corresponds to a period of high evaporation demand. Thus, under all
irrigation treatments of grapevine, the largest values of soil salinity were observed during
periods of high evaporative demand in the absence of rainfall. However, soil salinity
decreased during the irrigation periods of orange and table olive orchards due to natural
leaching by rainfall events.

Figure 4. Cont.
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Figure 4. Values of soil salinity (ECe, dS/m) before (initial) and at the end of the irrigation season of
orange, table olive, and grapevine in 2013 and 2014 for full (FI), deficit (I75, DI50), and grower’s (FM)
irrigation methods.

3.3. Yield and Fruit Quality

Yield and fruit quality parameters of orange, grapevine, and olive are presented in
Figure 5 and Tables 1–3. For orange trees, there was a significant difference among tested
treatments on fruit weight and total soluble solids (TSS) (Table 1). The highest yields and
fruit weights and the lowest TSS were obtained in FI treatment, whereas DI50 gave the
lowest yields and fruit weights but the highest TSS (Figure 5 and Table 1). Fruit yields were
considerably lower under DI75 and DI50 treatments compared with that in FI treatment.
That was not the case in the study of Martínez-Gimeno et al. [28] who found no differences
in clementine yield observed between treatments over years of their study in spite of the
differences registered in fruit weight. Furthermore, these results are in contrast to those
reported by Vélez et al. [29] who did not find significant differences in final yield, fruit
weight, and number in deficit irrigated “Clementine of Nules”. In fact, they applied a
moderate deficit in terms of irrigation (reduction of irrigation in the range of 12–18%)
and an even lower level in terms of total water supply by rainfall (R) and irrigation (I)
(R+I reduction in the range of 5–10%). It seems that under such low levels of deficit, they
did not observe significant differences in yield and fruit quality. In our experiment, the
percentage of reduction in deficit irrigation treatment was 25–50% in terms of irrigation
and 20–45% in terms of total water supply (R+I) as the amount of rainfall was very low
(66 and 82 mm). Average fruit yields for DI75 and FM were not significantly different with
comparable values of 20.1 and 21.2 t·ha−1. That yield was significantly greater under the FI
strategy (26.6 t·ha−1) than that under DI75, which in turn was significantly higher than that
under the DI50 (14.6 t·ha−1). The fruit quality variables (Table 1) showed also significant
differences with higher total soluble solids for DI50 and greater fruit weight for FI and FM.
Fruit weight observed under DI75 was greater than DI50 without a statistical difference
between them. Furthermore, the highest TSS was obtained under the deficit treatments
(particularly DI50) than those under the FI and FM treatments. However, there were no
statistical differences (p < 0.05) among treatments in juice content.
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Figure 5. Yields of orange, olive, and grapevine under the irrigation treatment and a year of
production for full (FI), deficit (DI75, DI50), and grower’s (FM) irrigation methods. LSD is the least
significant difference between treatments.

Table 1. Orange fruit yield and quality parameters under irrigation strategies for the study periods
2013 and 2014.

Parameters Fruit Weight (g/fruit) TSS (◦Brix) Juice (%)

Year 2013 2014 2013 2014 2013 2014

FI 298 295 10.6 11.6 64.7 65.8
DI75 235 190 11.8 12.7 66.7 67.8
DI50 177 166 12.6 13.4 64.3 65.1
FM 262 261 11.2 12.2 66.1 67.2

LSD (5%) 50.988 41.707 0.767 0.777 3.770 2.979
FI—full irrigation supplying 100% ETc, DI75 and DI50—deficit irrigation supplying 75% and 50% ETc, and
FM—traditional farmer’s irrigation method. ETc was estimated by the FAO-56 method. LSD—the least significant
difference between treatments at p ≤ 0.05. TSS—total soluble solids content.
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Table 2. Olive fruit yield and quality under irrigation strategies for the study periods 2013 and 2014.

Parameters Fruit Weight (g) Fruit Size (mm)

Year 2013 2014 2013 2014

FI 5.49 6.01 18.50 19.93
DI75 5.05 5.52 18.30 19.40
DI50 4.08 4.59 16.50 16.98
FM 4.51 4.93 17.10 18.10

LSD (5%) 0.411 0.635 1.234 1.507

Table 3. Grape fruit yield and quality under irrigation strategies for the study periods 2013 and 2014.

Parameters Berry Weight (g) TSS (◦Brix)

Year 2013 2014 2013 2014

FI 9.3 9.72 19.6 20.7
DI75 9.03 9.39 20.8 21.6
DI50 8.33 8.52 21.6 22.7
FM 9.12 9.46 20.2 20.7

LSD (5%) 0.428 0.379 0.801 1.012

Fruit yields and weights were higher in 2013 than in 2014 under all treatments. In
contrast, TSS was higher in 2014 than in 2013. These results may be assigned to physi-
ological responses of orange trees to water and salinity stresses induced by the higher
salinity in 2014 and the stress due the high initial soil salinity (ECe,ini). Thus, the yield
decrease in 2014 could be attributed to the higher ECe,ini in that year, which affected all
treatments. Furthermore, Aragüésa et al. [30] reported that the relative productivity of
peach trees tended to decrease above a threshold ECe value of about 4 dS·m−1, whereas
Grieve et al. [31] and Nicolás et al. [32] reported that fruit yields decrease about 13% for
each 1.0 dS/m increase in ECe when soil salinity exceeds a threshold ECe of 1.4 dS·m−1.

Thus, in this experiment, the use of deficit irrigation significantly reduced orange yield
and weight while improving fruit quality in terms of total soluble solids. DI50 was the
treatment with the highest reduction in yield and fruit weight (45% and 42%), but resulted
in 17% increase in the TSS. It has been shown that fruit quality in terms of TSS improved
under deficit irrigation for cv. “Tarocco Meli” orange trees [17], peach species [33,34], and
grapevine [35–37].

For table olive, there was a significant difference between the impacts of irrigation
treatments on yield, fruit weigh, and size during the study years 2013 and 2014. The
yield in olive orchard was higher in FI treatment (4.2 and 4.6 t.ha−1) across both study
years (Figure 4). Significant differences were also observed between the FI and the other
treatments. The lowest yield was obtained with the DI50 strategy with 29–35% reduction
compared with FI, whereas the fruit yield decrease was about 10–12% and 23–25% for
the DI75 and FM strategies in comparison with FI, respectively. The differences were
not significant between DI50 and FM strategies and the lower yield was due to a lower
fruit set in the last two strategies. Vita et al. [38] and Talozi et al. [39] observed that the
reduction in water supply by 50% and 35% decreased yields by 26% and 23.5%, respectively.
Furthermore, Grijalva-Contreras et al. [40] found significant differences in yield, fruit
weigh, and fruit diameter of table olive with deficit treatments compared with those under
full irrigation. In our study, the fruit weight and size of table olive were affected by
the irrigation strategies (Table 2). The difference in both parameters under FI and DI75
treatments was not significant. The fruit weight and size were lower for the DI50 treatment
and statistically different from the DI75 treatment. No significant differences were observed
in fruit weight and size when we compared the DI50 and FM treatments. The differences in
fruit weight and size may be due to differences in fruit load between treatments as reported
by Kaya et al. [41] and Grijalva-Contreras et al. [40], who found that fruit weight decreased
considerably in response to the level of water stress and fruit load.
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For grapevine, higher yield was obtained under the FI treatment in both years
(Figure 5). Significant differences between the FI and other treatments were observed.
The grape yield was smallest for DI50 with 17% and 19% reduction compared with that
under the FI treatment, respectively, in 2013 and 2014. The low yield under DI50 and
DI75 treatments was due to a smaller fruit weight (Table 3). Similar results were found
by Vita et al. [42] in Argentina in the Superior cultivar, and Acevedo-Opazo et al. [37]
in grapevine orchard (cv. Cabernet Sauvignon) in Chile. Among all treatments, FI gave
the highest fruit weight and lowest TSS, while DI50 yielded the lowest fruit weight but
the highest TSS (Table 3). The differences between DI75 and FM in terms of fruit weight
and TSS were statistically not significant. However, the fruit weight yielded by DI50 was
significantly lower than those obtained under the FI treatment and statistically different
from the DI75 and FM treatments. Contrarily to yield and fruit weight, the deficit irrigation
improved TSS. These results were also similar to those obtained by Trégoat et al. [35],
Carolin et al. [36] and Acevedo-Opazo et al. [37], who found higher TSS in berries of plants
under water restriction conditions. The TSS was significantly greater under DI50 compared
with the FI and FM treatments, but the difference between the two latter was not significant.
Permanhani et al. [43] reported that as berry weight is a crucial qualitative characteristic in
grape production, reducing water supply had a negative impact on grape quality, although
TSS values were higher for deficit irrigation strategies of grapevine. Similar results have
been reported by Mabrouk [13] for the table grape in a DI experiment under semi-arid
conditions of Tunisia.

3.4. Water Productivity

Irrigation treatments were applied from early May to the end of December to orange
trees, from February until December to table olive trees, and from March until early July to
grapevines. The fruit trees differed in the irrigation amount that was applied according
to the FAO-56 method. For all treatments, the highest values of irrigation amounts were
recorded in orange orchard and the lowest amounts were applied to grapevine, while olive
orchard received intermediate irrigation. Greatest irrigation quantities were applied in case
of the FI treatment (Figure 6). Compared with the FI treatment, orange trees under FM,
DI75, and DI50 received 578 to 1810 m3.ha−1 and 960 to 3540 m3·ha−1 less irrigation water
in 2013 and 2014, respectively (Figure 6), which saved 8% to 51% water in 2013 and 14% to
52% in 2014. For table olive orchards, the reduction in applied water was 170 to 338 mm in
2013 and 140 to 281 mm in 2014. This stands for a saving of 25% to 50% of irrigation water
over the monitoring period 2013–2014, while for grapevine, the water savings achieved
due to these treatments were 104 to 280 mm (18% to 51%) and 97 to 273 mm (19% to 53%) in
2013 and 2014, respectively. It is of note that under the FM treatments, irrigation amounts
were less than those applied under the FI treatment over two years of study. This indicated
that growers likely practiced DI, perhaps due, in part, to the increase of irrigated areas and
the cultivation of high-economic value crops during spring and summer seasons where the
crop water requirements were high.

Water productivity (WP), measured as fruit yield (kg) per cubic meter of irrigation
water, decreased as applied water increased (Figure 6), confirming previous results of
studies on peach trees [34] and almond trees [6]. It varied between 4.3 and 3.3 kg·m−3 for
orange, 1.2 and 0.65 kg·m−3 for olive, and 1.3 and 0.74 kg·m−3 for grapevine observed
under the DI50 and FM treatments, respectively. The highest WP was obtained under
DI50, which used about 50% of irrigation the water of FI and 54%, 59%, and 73% of FM
for orange trees, grapevines, and olive trees, respectively. That treatment (DI50) increased
significantly the WP compared with the FI treatment in 2013 (11% for orange trees, 24% for
olive trees, and 43% for grapevines) and in 2014 (15% for orange trees, 46% for olive trees,
and 73% for grapevines). Most of the studies addressing WP in peach, table grape, orange,
and olive under deficit irrigation reported an increase in comparison with full irrigation
practices, although with lower yields under a moderate or severe water stress [40,44–47],
whereas the grower’s treatment (FM) had lower values of WP. It is of note that WP values
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recorded under FI treatment were over the regression line (Figure 6) and those under FM
were beneath this line, which indicated a better water use by FI and a lower efficiency of
the grower’s irrigation program. The low WP for the FM treatment during the two years
can be attributed to reduced yields but also to relatively higher irrigation water use.

Figure 6. Irrigation water productivity (IWP, kg/m3) of orange, table olive, and grapevine as related
to water supply by irrigation under the applied irrigation strategies in 2013 and 2014. Full irrigation
supplying 100% ETc (FI), deficit irrigation supplying 75% ETc (DI75) and 50% ETc (DI50), and
traditional farmer’s irrigation method (FM). ETc was estimated by the FAO-56 method.

Many works have proved that deficit irrigation (DI) is especially appropriate for re-
gions where water is scarce, as in the arid areas, and improving WP is a critical goal [2,48,49].
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Furthermore, DI has been proposed as one of the ways to increase water productivity for
fruit trees under the semi-arid and arid environment of Tunisia [4]. Tolzi et al. [39] sug-
gested that the DI regime that saves about 35% of full ETc may be useful in conserving water
while maintaining high yield and fruit quality. In our study, yield and WP values in orange
and table olive trees and grapevine under FI treatment were 26.6 t/ha and 3.8 kg/m3,
4.51 t·ha−1 and 0.8 kg·m−3, and 3.8 and 0.75 kg·m−3, respectively. Restriction of irrigation
water led to a decrease in yield by 24% and 45% for orange, 11% and 30% for table olive,
and 10% and 19% for grapevine under the DI75 and DI50 treatments, respectively. Thus,
deficit irrigation provides an alternative for orange, table olive, and grapevine irrigation in
the context of increasing water scarcity.

3.5. Economic Evaluation

The average values of the economic analysis for the different irrigation strategies FI,
DI75, DI50, and FM are presented in Table 4. Net return was calculated for tested treatments
considering actual price of fruits and the fixed and variable expenditures (irrigation system,
fertilizers and pesticides, labor, and water). The highest net return was obtained with
the FI treatment, and this could be explained by the higher yields achieved under this
treatment in comparison with the DI75, DI50, and FM treatments. The DI50 treatment gave
a significantly lower net income, while the FM and DI75 treatments resulted in intermediate
net return values. Full irrigation scheduling (100% ETc) using the soil water balance method
(FI) could be recommended in orange and table olive orchards and for grapevines with
no water scarcity. However, under water limited conditions, irrigation of orange, table
olive, and grapevines can be managed using deficit irrigation, saving irrigation water.
For deficit irrigation treatments, a decrease in net income values were recorded in case
of DI50 compared with the FI. That treatment does not seem to be profitable under the
current prices of orange, table olive, grape fruits, and irrigation water, while DI75 and
FM generated a better net income compared with DI50. Thus, the viability of the deficit
irrigation treatment depends on the production and water prices [8]. The use of the DI75
treatment in orange and table olive orchards and grapevines resulted in saving 25% of
irrigation water and in reductions in yields (24%, 11%, 10%) and in the net income (40%,
23%, 13%) when compared with the FI treatment. Thus, the adoption of this strategy by
orange, table olive, and grapevines growers could be a solution to the increasing water
scarcity in the region.

Table 4. Net return (1000 USD·ha−1) of orange, table olive, and grape productions under different
strategies. Values represent averages of 2013 and 2014.

Treatments Orange Table Olive Grapevine

FI 6.63 1.80 3.21
DI75 3.94 1.40 2.79
DI50 1.82 0.60 2.41
FM 4.34 0.84 2.90

4. Conclusions

This study showed that irrigation water quantity applied by farmers in orange, table
olive, and grapevines orchards using empirical knowledge and fixed amounts and fre-
quency was lower than needed according to the FAO-56 method. In orange, table olive, and
grapevine, the farmers (FM) used 8–13.7%, 30–33%, and 18–19% less water, respectively,
than the full irrigation method (FI), where 100% ETc were covered by irrigation but resulted
in substantial reduction of yields. Additional savings of irrigation water can be reached by
adopting an SWB-based continuous deficit irrigation practice without additional reduction
of yield and income. In our experiment, deficit irrigation was applied using 25% less water
(DI75) than full irrigation (FI) and resulted in a yield reduction by approximately 24%, 11%,
and 10% in orange, table olive, and grapevine, respectively. DI75 resulted in comparable
yield to that obtained by farmer (FM), who applied 14–19% and 8.5–10% more irrigation
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water in orange and grapevines orchards, respectively. A 50% reduction of irrigation water
(DI50) caused a large reduction in yields and affected also the size and weight of fruits of
all crops, but fruit quality was significantly improved in terms of total soluble solids (TSS).

Irrigation water productivity (IWP) was between 3.34 and 4.30 kg of orange, 0.65 and
1.20 kg of table olive, and 0.74 and 1.30 kg of grape for each m3 of irrigation water used.
DI50 had the highest IWP and FM the lowest. FI and DI75 had intermediate values of
IWP while being highly productive and economically profitable. The application of a
severe water deficit (DI50) reduced significantly the economic return compared with the
full irrigation treatment, while intermediate values of IWP and net income were obtained
under a moderate deficit (DI75). The FI strategy generated the greatest net income and
was found to be a good alternative in terms of IWP and soil salinization. However, under
water scarcity conditions, DI75 could represent a reasonable strategy for increasing water
productivity with small reduction of yield and economic net income and relatively low
impact on soil salinity. Under our experimental conditions, its application on orange,
table olive, and grapevines orchards allowed water savings of 25% with reductions of
about 24%, 11%, and 10%, of yield and 40%, 24%, 13% of the net income for orange, table
olive and grapevine, respectively. This conclusion is consistent with the experimental
results of [22,50] and confirms the great potential of deficit irrigation to improve the water
productivity [4,51] and the control of soil salinization [26,27,52] by combining the use of
drip irrigation technology with deficit irrigation strategies and by exploiting the natural
leaching of salts by the rain. Future studies should be undertaken to evaluate the efficiency
of the rains for natural leaching.
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