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A B S T R A C T

Applying saline water resources for irrigating croplands requires serious attentions when sustainable agriculture
is considered. A two-year field investigation was carried out in a drip-irrigated sunflower field under six irri-
gation treatments, including (i) full freshwater irrigation (FI), full irrigation with diluted seawater (DS) (SI),
alternate DS-freshwater irrigation (FSI), freshwater-PRD (partial root-zone drying) irrigation with 25 % less
water than full (PRD1), DS-PRD irrigation with 25 % less water than full (PRD2), alternate DS-freshwater irri-
gation under PRD with 25 % less water than full (PRD3), in three replicates. Compared to the FI treatment, crop
yield was reduced by 3.1–32 %, with the lowest one under PRD1. Among the DS treatments, PRD3, resulted in the
highest grain yield (4306 kg ha−1), grain nitrogen content (2.83 %), oil yield (1907 kg ha−1) and irrigation
water productivity (1.10). PRD3 also saved freshwater by 20 %, and kept soil salinity of the rooting-zone below
the maximum crop tolerance threshold. Based on the results, PRD3 might be a cost-effective pathway which
guarantees the sustainable application of diluted seawater in the irrigated sunflower lands.

1. Introduction

While food demand follows a significant increasing trend in re-
sponse to the rapid population growth, freshwater scarcity is becoming
a momentous restriction to food production all over the world. Hence,
serious attempt is required to improve agricultural water productivity,
especially within the irrigated lands, which has a highlighted role in
global crop production.

Among various insights introduced for increasing water use effi-
ciency (WUE) (Sezen et al., 2011a; Yazar et al., 2015; Rahil and
Qanadillo, 2015; Consoli et al., 2017), partial root-zone drying (PRD),
introduced by Dry and Loveys (1998), is known as one of the most
effective pathways regarding its positive effect on crop and water
productivity (eg. Kang and Zhang, 2004; Liu et al., 2006b, 2007;
Shahnazari et al., 2007, 2008; Sepaskhah and Ahmadi, 2010; Jovanovic
et al., 2010; Mousavi et al., 2010; Sezen et al., 2011a; Pedrero et al.,
2014; Beis and Patakas, 2015; Lima et al., 2015; Ghadami-Firouzabadi
et al., 2015; Karandish and Simunek, 2016a, 2016b, Karandish and
Simunek, 2017, 2018). In this method, only half of the rooting zone is
irrigated at each irrigation event, while the other half is dried out (Dry
and Loveys, 2000). Nevertheless, there is a general belief among these
scientists that PRD’s efficiency may vary by crop types and the

experimental conditions such as climatic condition, the duration of the
stress period, the level of water deficit over the stress period, the time of
shifting the wetted and dried parts over the stress period, and irrigation
water quality are among those parameters (Shahnazari et al., 2007;
Sezen et al., 2011a; Ghrab et al., 2013 and 2014; Pedrero et al., 2014).

Irrigation water quality is among the most predominant factor af-
fecting PRD’s efficiency. Hence, substituting freshwater with saline
water when irrigation crops may alter PRD results, although being a
rational solution under freshwater scarcity adopted by numerous re-
searchers (eg. Flagella et al., 2004; Botia et al., 2005; Mori et al., 2008;
Chen et al., 2009; Nagaz et al., 2012; Huang et al., 2012; Yazar et al.,
2015; Farhadi-Machekposhti et al., 2017). Aditya et al. (2017) showed
that a fixed application of poor quality irrigation water may reduce leaf
area index and grain protein content of sorghum; while an alternative
application of poor-quality and freshwater resources for irrigation may
maintain these indices at the favorable level. For a Mediterranean cli-
mate, the quinoa response to irrigation water quality has been in-
vestigated by Yazar et al. (2015). Results indicated that increasing ir-
rigation salinity to 30 dS m–1 may result in a slight reduction in both
grain yield and total biomass. A highlighted decrease in corn yield
under saline water irrigation has also been reported by Amer (2010).
Kang et al. (2010) reported that irrigating maize with saline water may
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result in a considerable reduction in crop height, leaf area index and
maize grain yield.

While sea water resources could be a potential saline water resource
for agricultural purpose, only a few researches investigated the prob-
able consequences of applying such water resources in the irrigated
lands (Izzo et al., 2008; Pedrero et al., 2014; Farhadi-Machekposhti
et al., 2017). As a general belief, the more the contribution of sea water
in the mixed saline-freshwater provided for irrigation is, the more ne-
gative impacts are expected. To the best of our knowledge, the probable
consequences of seawater application under PRD has not been in-
vestigated yet. In addition, researches on the application of the saline
water resources under PRD are still in its infancy and is considered by
quite a few researchers recently. Through a field-modelling approach,
Karandish and Simunek (2018) tried to find out the most optimal irri-
gation-fertigation management scenario, either for deficit irrigation or
for PRD under saline water irrigation. Their finding well indicated that
there is an urgent need for adjusting fertilization rate as well as irri-
gation water depth for PRD, when saline water is applied. Ghrab et al.
(2013 and 2014) investigated the consequences of applying PRD with
saline water on the 9-years olive trees. Their finding well indicated that
PRD with saline water is a promising strategy for sustainably produce
olives within the arid regions, since in one hand, both crop yield and
quality properties were maintained at the favorable level, and on the
other hand, less salt was accumulated in the soil at final harvest.

In this paper, we worked toward filling such knowledge gap based
on data collected through a two-year field investigation in a drip-irri-
gated sunflower field. To the best of our knowledge, our research is
noble in the following ways: (i) a mixed fresh-sea water resource was
supplied when saline-PRD irrigation was applied, (ii) and instead of
applying PRD with various water deficit level, which is a regular
management adopted by the previous researches, PRD was applied
under various management scenarios rather than adjusting the irriga-
tion water depth.

The main objective of this research was to find out the most efficient
freshwater-saving irrigation strategy for sunflower, regarding both
economic and environmental losses, when saline water resources are
required to be applied for irrigation. To address this issue, the following
objectives were evaluated: (i) to describe crop growth response during
the cropping cycles, (ii) to evaluate the quantitative and qualitative
crop properties at final harvest, (iii) to compare freshwater saving and
irrigation water productivity at final harvest, (iv) to evaluate the in-
crease in the electrical conductivity of saturated soil-paste (ECe) at
different soil verticals at final harvest, (v) and finally, to find out the
most freshwater efficient irrigation strategy within the study area.

2. Materials and methods

2.1. Experimental site and weather

A two-year field investigation has been carried out during 2014 and
2015 gowing seasons in a 450 m2 experimental farm (15 m × 30 m)
located in Sari Agricultural Sciences and Natural Resources University
(SANRU), latitude 36.39 °N and longitude 53.04 °E at an altitude of 15
m above mean sea level, Sari, Iran (Fig. 1). Based on the DeMarten
method, and with the average annual rainfall and pan evaporation of
616 mm and 2500 mm, respectively, the study area is classified as a
humid region. Most of the annual precipitation (about 70 %) occurs
during autumn and winter seasons. The long-term average, minimum
and maximum air temperatures are 17.3, −6 and 38.9 ◦C, respectively
(Karandish and Simunek, 2016b, 2017). Daily variation of climatic
variables during the study period (i.e., sunflower growing seasons of
2014 and 2015) are displayed in Fig. 2. A total of 15.2 mm and 35 mm
precipitation was recorded over 2014 and 2015 gowing seasons, re-
spectively, 1.2 mm and 11 mm of which occurred after 55 and 44 days
after planting (DAP) in 2014 and 2015 gowing seasons, respectively.
Over the study period in 2014, daily average air temperature varied in

the range of 25−31 °C, which was almost higher than those recorded
for the 2015 gowing season during 57 % of the days. The reference
evapotranspiration (ET0) varied in the range of 3.5 to 8.9 mm d−1 in
2014 growing season, with a mean value of 6.9 mm d−1 mm; and
varied in the range of 2.3 to 12.4 mm d−1 in 2015 gowing season, with
a mean value of 6.1 mm d−1.

Soil texture over 0−80 cm depth and within the experimental field
is classified as sandy clay loam. The other soil physical and chemical
properties of the study area are summarized in Table 1.

2.2. Field trial and data collection

A factorial design in completely randomized blocks with six irriga-
tion treatments (i.e., full freshwater irrigation (FI), full saline water
irrigation (SI), alternate fresh-saline water irrigation with supplying
100 % crop water demand (FSI), freshwater-PRD irrigation with 25 %
less water than full crop water demand (PRD1), saline water-PRD irri-
gation with 25 % less water than full crop water demand (PRD2), al-
ternate freshwater-saline water irrigation under PRD with 25 % less
irrigation water than full crop water demand (PRD3)) in three replicates
was used in the field trial. Prior to crop cultivation, surface drip irri-
gation system was set in the field. Each replicate of a treatment, was a
25 m2 plot (5 m × 5 m). Since each treatment was replicated three
times, therefore, each treatment spanned an area of 75 m2 (3 × 25 m2).

Two drip lines, with drippers 20 cm apart and emitter discharge of 2
L h−1, were placed on the soil surface, 15 cm apart the right and the left
sides of each crop row (Fig. 3a). Thereafter, three Time Domain Re-
flectometry (TDR) access tubes of 100 cm in length (Trime FM; IMKO;
Germany) were installed for each treatment to monitor the soil water
content (SWC) (i.e., 18 TDR tubes were installed in the study area; 3
probes * 6 treatments) (Fig. 3b). TDR probes were used every day to
measure soil water contents at depths of every 20 cm during both
growing seasons. Also prior to using, TDR sensors were calibrated by
gravimetric method.

The Azargol sunflower was then planted on June 14 in 2014, and on
May 29 in 2015, at 75 × 20 cm row and crop spacing (Fig. 3a). Ex-
perimental plots were irrigated every other day. For FI treatment, net
irrigation water depth was calculated following Eq. 1, which is a sim-
plified form of soil water balance equation (Allen et al., 1998) and was
frequently used by earlier researchers (e.g. Shahnazari et al., 2007,
2008; Karandish and Simunek, 2016a, 2016b, 2017):

∑= − ×
=

I θ θ D(( ) )n i

m
FCi BIi i1 (1)

where, In is the net irrigation water depth (mm), θFCi is the volumetric
soil water content at field capacity (cm3 cm−3), θBIi is the volumetric
soil water content before the irrigation event (cm3 cm−3), Di is the soil
layer depth (mm), i is the layer counter and m refers to the number of
the soil layers for which In was calculated. All plots received the same
amount of irrigation water during the first 55 and 44 DAP in 2014 and
2015, respectively. Over the stress period (i.e., 55–94 and 44–96 DAP in
2014 and 2015, respectively), the source of irrigation water (freshwater
or saline water) and the level of irrigation water (full irrigation or PRD
irrigation) varied for different treatments. The selected properties of
irrigation water sources are explained in Table 2.

To analyze the quality of irrigation water resources, water samples
were collected monthly from each irrigation water resource in plastic
bottles, and were stored in a vacuum at 5 °C when transporting to la-
boratory. Cations concentration in water samples, including Na+, K+,
Ca2+ and Mg2+ were determined by using an inductively coupled
plasma optical emission spectrometry (ICP-OES) (iCAP 6500 DUO
Thermo scientific, England), and anions concentrations, including Cl−,
HCO3

− and SO4
2−, were determined by using ion chromatography

with a liquid chromatograph (Metrohm, Switzerland). ECe and total
dissolved solids (TDS) in these samples were determined by using a PC-
2700 m (Eutech Instruments, Singapore). pH was then determined by
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using a pH-meter Crison-507 (Crisom Instruments S.A., Barcelona,
Spain).

For the PRD treatments during the stress period, just one of the drip
lines was operated over the stress period, while the other was not
during each irrigation event, which resulted in the irrigation of only
half of the rooting zone. In these treatments, irrigation shifted between
the two sides of the plants after three irrigation events.

During both cropping cycles (i.e., at the beginning of the stress
period and every 10 days over the whole stress period), plants were
sampled in all treatments to determine temporal variation of crop
height, leaf area, head diameter (capitulum), aboveground dry weight
and crop chlorophyll content. At each sampling date, three plants per
plot were harvested. The measured leaves’ areas were converted into
leaf area index (LAI) by dividing it by the corresponding soil surface
covered by the plants. Following the method proposed by Perry and
Campton (1977), crop’s dried weight was measured by oven drying
plats at 70 °C. This temperature is supposed to be safe enough to pre-
vent exposing serious damage to crop’s nutrient content.

At final harvest, three plants per plot were harvested to determine
seed’s protein and oil content. Seed’s protein percentage was

determined by the Bradford method (Bradford, 1976). Seed’s oil con-
tent was determined based on Soxhlet extraction technique (Pomeranz
and Clifton, 1994). Oil yield (OY) was then determined following the
methodology introduced by Sezen et al. (2011b). Both economic and
biological crop yield were also determined for all treatments at the end
of both cropping cycles, by harvesting all crops in 1 m2 of each plot.
Harvest index (HI) was then calculated by dividing economic crop yield
by biological yield. Finally, irrigation water productivity (IWP) was
calculated for all treatments by dividing economic crop yield by total
irrigation water consumed during the whole growing season.

Similar to the beginning of the growing season, soil samples were
also collected frequently during the growing season of 2014 (at 1, 56,
72, 83 and 94 DAP) and 2015 (at 1, 59, 72 and 95 DAP) and at final
harvest, in order to determine the saturated soil electrical conductivity
(ECe) at different soil verticals for different treatments. For each
treatment and with three replications, core samples were collected by
using an 2-in auger every 20 cm soil depth at different lateral positions
(i.e., for each soil layer, three soil samples were collected at three equal
horizontal distances between two drip lines, and then were mixed to-
gether to provide a mixed soil sample for each layer). ECe was

Fig. 1. The geographical location map of the research area.

Fig. 2. Temporal variations of climate variables, and irrigation water depth under FI treatments during 2014 and 2015 gowing seasons, i.e., T- max is the maximum
air temperature, and ET0 is daily reference evapotranspiration.
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measured for soil each sample based on the saturated soil-paste method
(USSLS, 1954), and using a conductivity meter (model: ELMETRON.
401- cc) in laboratory. Average ECe was calculated for every 20 cm soil
depth, and for the whole rooting zone (i.e., at 0−60 cm soil depth).

Crops were harvested on September 15, in 2014 (94 DAP), and on
September 2, in 2015 (96 DAP).

2.3. Performance of the drip irrigation systems

For each treatment, three driplines (i.e., each one including 16
emitters along) were selected to evaluate the performance of the drip
irrigation system. During each cropping cycle, the rates of the emitter’s
discharge along each dripline were measured every two weeks.
Measured data were then used to evaluate drip irrigation system’s
performance. The latter is mainly evaluated based on the overall var-
iation of emitter’s flow, which is determined by two major factors: (i)
the hydraulic variations, (ii) and the manufacturing variations
(Barragan et al., 2010). Hence, we computed four different performance

criteria to capture these features.
Hydraulic performance of the emitters were determined by using

the emitter flow rate variation coefficient (Cv) as follows (ASAE, 2002;
Tang et al., 2018):

= ×C SD
q

100%v
average (2)

Where SD is the standard deviation of the emitter flow rates (L hr−1),
and qaverage is the average rate of the emitters’ discharge.

The emission uniformity (EU), which is the most important index
commonly used to evaluate micro-irrigation performance (Barragan
et al., 2010; Tan et al., 2018), was determined as follows (Keller and
Karmeli, 1974):

= − ×EU C
n

q
q

(1 1.27 ) ( )100%v min

average (3)

where EU is the emission uniformity coefficient (%) estimated based on
the empirical equation defined by Keller and Karmeli (1974), n is the

Table 1
Soil physical and chemical properties in the study area.

pH EC(2015) EC(2014) bρ θpwp θFC OC Clay Silt Sand Texture Parameter*

dS/m dS/m gr/cm3 % % % % % % Unit
7.60 0.90 2.73 1.42 15.00 30.00 0.60 22.00 24.00 54.00 Sandy clay loam 0-20 Soil depth (cm)
7.70 0.85 2.59 1.43 15.00 30.00 0.50 21.00 23.00 56.00 Sandy clay loam 20-40
8.10 1.05 2.41 1.41 15.00 30.00 0.20 24.00 21.00 55.00 Sandy clay loam 40-80

* OC is organic carbon, θFCis soil water content at field capacity, θpwpis soil water content at permanent wilting point, ρb is soil bulk density, EC is electrical
conductivity, and pH is acidity.

Fig. 3. The horizontal plane of the field experimental site (a) and vertical position of the TDR tubes in the rooting zone (b).
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number of the emitters, and qmin is minimum rate of the emitters’ dis-
charge (L hr−1).

We also computed distribution uniformity (DU), which is commonly
used by earlier researchers (Sahin et al., 2012; Shareef et al., 2016; Tan
et al., 2018), and Christiansen’s uniformity coefficient (CU)
(Christiansen, 1942) as follows:

= ×DU
q
q

100%quart

average

.25%

(4)

= −
∑ −

∑
×CU

v v
v

(1
| |

) 100%i average

i (5)

Where qquart.25% is the average rate of emitters discharge for 25 %
emitters with lowest discharge rates (L hr−1) is v ,i the measured vo-
lume of emitted water (L), and vaverage is the average volume of emitted
water (L).

2.4. Statistical analysis

The measured data were statistically analyzed by analysis of var-
iance (ANOVA) and General Linear Model (GLM) procedure. Treatment
means were compared using Duncan’s Multiple Range Test (P = 0.05)
in SAS package program 9.1 (SAS Institute, 2004).

3. Results

3.1. Water consumption

Temporal variation of irrigation water depth over both cropping
cycles are displayed in Fig. 4. In 2014, irrigation water depth for FI
varied in the range of 13−32 mm. In 2015, with a general reduction,
irrigation water depth under FI varied in the range of 8−32 mm. Over
the entire cropping cycles of 2014 and 2015, FI received a total of 844
and 607 mm of fresh water, respectively. The higher irrigation water
consumption in 2014 might be attributed to higher air temperature and
ETO, as well as lower precipitation (Fig. 2).

The depths of saline and fresh water applied for irrigating crops
under various treatments are summarized in Table 3. While all PRD
treatments saved 25 % of freshwater during the stress period compared
to the FI treatment (i.e., all PRD treatments were scheduled to received
25 % less freshwater compared to the FI treatment during the stress
period), the real freshwater saving highly varies among various PRD
treatments. During the stress period of 2014 growing season, the lowest
and the highest freshwater saving occurred under the FSI and PRD2

treatments, accounting for 57 mm and 182 mm, respectively, and
during the stress period of 2015, they occurred under these two treat-
ments, accounting for 41 mm and 162 mm, respectively.

When the whole cropping cycle was considered, the freshwater
saving compared to the FI treatment was 13 %, 7%, 12 %, 22 % and 18
% under SI, FSI, PRD1, PRD2 and PRD3, respectively, in 2014, and was
15 %, 7%, 15 %, 27 % and 20 % under SI, FSI, PRD1, PRD2 and PRD3,
respectively, in 2015. More freshwater saving in 2015 may be ascribed

Table 2
Irrigation water quality properties in the 2014 and 2015 cropping cycles.

Na+ K+ Mg2+ Ca2+ SO4
2− CL− HCO3

− TDS SAR pH EC (dS m−1) parameter

mg/l unit unit
62.10 2.30 16.80 54.00 9.60 71.00 274.50 421.00 1.90 8.20 0.70 Fresh water 2014
3171.50 114.00 98.60 622.00 1067.30 5463.00 266.90 12092.00 31.20 8.40 18.00 Sea water
684.00 24.70 33.20 168.00 221.10 1149.00 271.40 2755.20 7.80 8.20 5.40 Mixed water
70.80 2.10 16.60 59.00 10.40 86.00 272.90 465.00 2.00 8.20 0.77 Fresh water 2015
3234.00 121.00 107.30 635.00 1112.00 5527.00 276.30 12763.00 32.70 8.30 19.20 Sea water
613.00 23.20 33.30 174.20 230.70 1124.20 273.60 2824.60 8.10 8.20 5.40 Mixed water

Fig. 4. Temporal variation of irrigation water depth during the 2014 (a) and 2015 (b) cropping cycles.
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to the longer stress period in this year (during 44–96 DAP), compared to
the one in the 2014 growing season (during 55–94 DAP).

3.2. Crop responses

3.2.1. Crop’s growth features
Temporal variation of leaf area index for all treatments over 2014

and 2015 cropping cycles is presented in Fig. 5. Regardless of the irri-
gation treatments, LAI increased from the planting date to the middle of
the growth stage and then started a declining trend toward the har-
vesting time. LAI declining trend in 2015 started 12–21 days earlier
than in 2014, which may be explained by the different cropping ca-
lendars in these years. In 2015, sunflower was planted 16 days earlier
than in 2014. Table 4 also shows that the maximum LAI (LAImax) was
affected by both water and salinity stress. The highest LAImax was ob-
served under FI (LAImax = 2.93 in 2014, and LAImax = 1.82 in 2015).
PRD2 had the lowest LAImax either in 2014 (1.13) or in 2015 (1.37).

Crop height was significantly affected by the irrigation treatments
(Table 4). In 2014 and 2015, the highest crop height was observed
under the FI treatment, while the lowest one was observed under the SI
treatments. In 2014, no significant difference was observed in crops’ dry
matter (DM) between the control and the other treatments, except for
the PRD2 and SI treatments, for which dry matter was, respectively,
26.2 % and 31.4 % less than the one under control treatment. In this
year, the FI and PRD2 treatments had the highest (DM = 262.2 g
plant−1) and the lowest (DM= 179.7 g plant−1) DMs. Compared to the
FI treatment, water and salinity stress in 2015 resulted in a significant
reduction in DMs in the SI and PRD2 treatments (P = 0.05). Similar to
2014 growing season, the highest and the lowest DM was observed
under FI (DM = 225.5 g plant−1) and PRD2 (DM = 162.9 g plant−1),
respectively.

According to the summarized results in Table 4, head diameter (HD)
had the highest value under FI (HD = 22.3 cm in 2014) and PRD1 (HD
= 20.9 cm in 2015), and the lowest value under PRD2 (HD = 18.7 and
18.5 cm in 2014 and 2015, respectively).

3.2.2. Crop’s quality features
In 2014, seed’s nitrogen content varied in the range of 2.43–2.83 %,

with the lowest and the highest values under the PRD2 (2.43 %) and the
PRD3 (2.83 %) treatments. In 2015, seed’s nitrogen content varied in
the range of 2.51–2.90 %, with the lowest and the highest values under
the PRD2 (2.51 %) and FSI (2.9 %) treatments (Table 5), respectively.
While no significant difference was observed in seed’s nitrogen content

Table 3
Irrigation water use for different treatments in the 2014 and 2015 gowing seasons.

Year Treatment Total water use
(mm)

Irrigation events Fresh water use before
stress period (mm)

water use during treatment Fresh water saving during
stress period (%)

Fresh water saving in total
growing season (%)

fresh water
(mm)

sea water
(mm)

2014 FI 844 41 442 402 0 0 0
SI 844 41 442 294 108 27 13
FSI 844 41 442 345 57 14 7
PRD1 743 41 442 301 0 25 12
PRD2 743 41 442 220 81 45 22
PRD3 743 41 442 251 50 38 18

2015 FI 607 35 239 368 0 0 0
SI 607 35 239 276 92 25 15
FSI 607 35 239 327 41 11 7
PRD1 514 35 239 275 0 25 15
PRD2 514 35 239 206 69 44 27
PRD3 514 35 239 249 26 32 20

Fig. 5. Time variation of leaf area index (LAI) for different irrigation treatments in the 2014 (a) and 2015 (b) growing seasons.

Table 4
Maximum leaf area index (LAImax), crop height, crop dried matter (DM), and
head diameter for different treatments in the 2014 and 2015 gowing seasons.

Head diameter
(cm)

DM (gr
plant−1)

Plant height
(cm)

LAImax* Treatment Year

a 22.30 a 262.20 a 199.67 a 2.93 FI 2014
b 20.10 a 231.10 d 187.67 b 2.01 SI
b 20.60 a 238.00 bc 192.67 ab 2.36 FSI
ab 21.50 a 257.30 ab 195.67 ab 2.38 1 PRD
c 18.70 b 179.70 dc 188.67 c 1.13 2 PRD
ab 21.00 a 240.30 ab 194.33 ab 2.69 3 PRD
a 21.00 a 225.50 a 199.00 a 1.82 FI 2015
b 18.70 bc 178.00 c 184.33 a 1.37 SI
a 20.50 abc 200.3 bc 189.33 a 1.70 FSI
a 20.90 ab 214.2 c 187.00 a 1.77 1 PRD
b 18.50 c 162.90 ab 194.00 a 1.37 2 PRD
a 20.70 a 224.70 abc 197.00 a 1.79 3 PRD

* The same letters above the numbers indicate no significant different at 5%
level based on Duncan’s multiple range tests.
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between the control and the other treatments, the summarized results
in Table 5 reveals that crops under salinity stress, generally had higher
nitrogen content. Our finding also revealed that crops with higher
seed’s nitrogen content, had also higher seed’s protein content. Seed’s
oil content was less affected by water and/or salinity stress which re-
sulted in no significant difference in this parameter among various
treatments. However, plants under PRD had higher seed’s oil content
compared to those under FI.

3.2.3. Crop’s yield and harvest index
Crops’ biological yield (BY) was highly correlated with crops’ DM

(Table 6). In other words, irrigation treatments with higher DM during
the growing seasons (see section 3.2.1) had the highest final BY. Hence,
in both 2014 and 2015, FI and PRD2 had the highest (BY = 14.5 and
12.9 t ha−1 in 2014 and 2015, respectively), and the lowest (BY = 12.7
and 9.3 t ha−1 in 2014 and 2015, respectively) BYs, respectively.

Water and salinity stress significantly affected crops’ economic yield
(EY). In both growing seasons, the highest EY was observed under FI
(EY = 4.7 and 4.4 t ha−1), where fresh water was adequately applied.
The lowest EY was observed under PRD2 in 2014 (EY = 3.6 t ha-1), and
under SI in 2015 (EY = 3 t ha-1). In the 2014 and 2015 cropping cycles,
the highest values for oil yield (OY) were observed under the PRD1

(1734 kg ha-1) and the FI (1961 kg ha-1) treatments, respectively.
Whereas, the lowest OY in these years were observed under the PRD2

(1392 kg ha-1) and SI (1321 kg ha-1) treatments, respectively.
In 2014, harvest index (HI) under the FI treatment was 32.4 %, and

HI under the other treatments reduced by 2.5–11.4 %. Exception was
for PRD1, and PRD3, under which HI improved by 4.5 % and 0.6 %,
respectively. In 2015, HI under FI was 34.2 %, which was 6.4–10 %

higher than those under the other treatments (Table 7). HI reduction
implies the fact that EY reduction under water and/or salinity stress
went beyond BY reduction. The statistical analysis results revealed that
compared to the FI treatment, HI reduction under the PRD2 and SI
treatments was significant either in 2014 or in 2015 gowing seasons.

3.2.4. Irrigation water productivity
The PRD2 and SI treatments experienced a remarkable decrease in

irrigation water productivity (IWP) compared to the FI treatment, while
no significant reduction was observed in IWP under the treatments with
alternative freshwater and saline water application (PRD3 and FSI). In
addition, PRD application under the PRD1 and PRD3 treatments re-
sulted in a considerable improvement in IWP compared to the FI
treatment, although such improvement was not significant. Hence, the
highest IWP in 2014 (IWP = 1.12 kg m3) and 2015 (IWP = 1.13 kg m3)
was observed under the PRD1 treatment, which was 7% and 6% higher
than those under the FI treatment in 2014 and 2015, respectively. In
fact, the prevention of significant EY loss under favorable soil water
condition in the PRD1 treatment on the one hand (see section 3.2.3),
and reducing freshwater use in this treatment on the other hand (see
section 3.1), resulted in the best IWP values under the PRD1 treatment.
Whereas, the SI treatment resulted in the lowest IWP in 2014
(IWP=0.89 kg m3) and 2015 (IWP=0.74 kg m3) growing seasons.
PRD2 also ranked next regarding the significant reduction in IWP under
water and salinity stress.

3.3. Soil salinity

Fig. 6 shows the temporal variation of the average ECe in the
rooting zone (ECeroot) for different treatments during both growing
seasons. Regardless of the treatments, ECeroot over the growing season
followed an increasing pattern, particularly after applying irrigation
treatments. In 2014, ECeroot varied in the range of 2.02–2.58 dS m−1,
2.50–7.04 dS m−1, 2.57–4.79 dS m−1, 2.57–2.92 dS m−1, 2.58–7.47 dS
m−1, 2.53–5.14 dS m−1, for the FI, SI, FSI, PRD1, PRD2 and PRD3

treatments, respectively. In 2015, ECeroot varied in the range of
0.91–1.98 dS m−1, 0.94–5.74 dS m−1, 1.16–4.24 dS m−1, 1.08–2.51 dS
m−1, 1.29–6.67 dS m−1, 1.19–4.08 dS m−1, for the FI, SI, FSI, PRD1,
PRD2 and PRD3 treatments, respectively. Fig. 6 represents no con-
siderable difference in the ECeroot values among different treatments,
before applying the irrigation treatments. Thereafter, ECeroot had al-
ways the highest values either under SI or under PRD2 treatments.
Besides, the FI treatment always had the lowest ECeroot in both cropping
cycles.

The ECe increase in different soil layers over the growing period was
statistically compared among different treatments and results are
summarized in Table 8. Regardless of the irrigation treatments, soil

Table 5
Seed nitrogen, protein and oil content for different treatments in the 2014 and
2015 gowing seasons.

Oil content (%) Seed protein (%) Seed nitrogen (%) Treatment Year

ab 48.21 ab 13.56 ab 2.53 FI 2014
47.75 b ab 14.69 ab 2.74 SI
ab 48.00 ab 14.77 ab 2.76 FSI
ab 50.69 ab 13.50 ab 2.52 1 PRD
a 51.04 b 13.03 b 2.43 2 PRD
ab 50.14 a 15.20 a 2.83 3 PRD
a 59.77 a 13.80 a 2.58 FI 2015
a 58.55 a 14.28 a 2.66 SI
a 59.77 a 15.56 a 2.90 FSI
a 58.89 a 14.53 a 2.71 1 PRD
a 62.33 a 13.46 a 2.51 2 PRD
a 62.67 a 14.27 a 2.66 3 PRD

*The same letters above the numbers indicate no significant different at 5%
level based on Duncan’s multiple range tests.

Table 6
Total biomass (BY), crops’ economic yield (EY), and oil yield for different
treatments in the 2014 and 2015 gowing seasons.

Oil yield (kg ha−1) EY (kg ha−1) BY (ton ha−1) Treatment Year

a 1702 a 4706 a 14.55 FI 2014
bc 1427 bc 3983 ab 13.36 SI
ab 1634 a 4541 a 14.38 FSI
a 1734 a 4560 ab 13.49 1 PRD
c 1392 c 3636 b 12.67 2 PRD
ab 1621 ab 4306 ab 13.20 3 PRD
a 1961 a 4367 a 12.91 FI 2015
c 1321 c 3012 bc 9.80 SI
b 1669 b 3725 ab 11.45 FSI
ab 1833 a 4148 a 12.83 1 PRD
c 1408 c 3018 c 9.31 2 PRD
a 1907 ab 4050 a 12.89 3 PRD

* The same letters above the numbers indicate no significant different at 5%
level based on Duncan’s multiple range tests.

Table 7
Harvest index and irrigation water productivity (IWP) for different treatments
in the 2014 and 2015 gowing seasons.

IWP (kg/m3) Harvesting Index (%) Treatment Year

a 1.05 ab 32.39 FI 2014
b 0.89 bc 29.84 SI
a 1.01 ab 31.59 FSI
a 1.12 a 33.85 1 PRD
b 0.89 28.70 c

2 PRD
a 1.06 ab 32.60 3 PRD
a 1.07 a 34.15 FI 2015
c 0.74 c 30.75 SI
b 0.91 ab 31.97 FSI
a 1.13 ab 32.33 1 PRD
bc 0.82 bc 31.38 2 PRD
a 1.10 ab 32.03 3 PRD

*The same letters above the numbers indicate no significant different at 5%
level based on Duncan’s multiple range tests.
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salinity at final harvest was increased by 2–314 % and 61–834 %
compared to the beginning of the 2014 and 2015 cropping cycles, re-
spectively. At final harvest and for all soil depths, FI treatment had the
lowest ECe values (1.78–2.71 dS m−1), while PRD2 treatment had the
highest ECe values (5.03–8.01 dS m−1). The exception was for the
maximum value of ECe over the 0−20 cm soil depth in the 2014
cropping cycle, which belonged to the SI treatment (8.1 dS m−1).
Nevertheless, vertical soil salinity increase pattern over the 0−60 cm
soil depth differs among different treatments.

To have a better comparison among different water-saving irriga-
tion treatments, the average ECe over the 0−60 cm soil depth was
calculated for all treatments and results are displayed in Fig. 7. While a
general increase of 13–606 % in ECe was observed for all treatments,
applying the PRD1 treatment may be of higher interest, since it had a
72–378 % less increase in soil ECe at final harvest compared to the
other water-saving irrigation treatments, and FSI and PRD3 treatments
ranked next in 2014 (with a 14–104 % less increase in ECe) and 2015
(with a 26–247 % less increase in ECe), respectively. We compared
average ECe over the 0−60 cm soil depth at final harvest with the
maximum ECe threshold for which no yield reduction is expected for
sunflower (sunflower-ECethr=4.8 dS m−1). Regarding sunflower-
ECethr, PRD1, FSI and PRD3 treatments may be supposed to be the best
water-saving irrigation treatments since their ECe at final harvest is
almost kept lower than ECethr. While the average ECe over the 0−60
cm soil depths went beyond ECethr by 0.34 dS m−1 under PRD3 treat-
ment, such increase is expected to result in a negligible yield reduction
based on yield reduction factor of 5% for a unit increase in ECe beyond
sunflower tolerance threshold of 4.8 dS m−1. Nevertheless, ECe under
the PRD2 and SI treatments at final harvest was much higher than
sunflower-ECethr, which is an indication of serious yield reduction at
final harvest.

3.4. Drip irrigation system’s performance

The performance of the drip irrigation systems for different treat-
ments was evaluated based on different uniformity indices (CV, EU, DU
and CU) and results are summarized in Table 9. For all treatments, the
manufacturing variability of the emitters (CV) was less than 5%
(2.93–4.44 %), indicating an excellent performance of the drip irriga-
tion systems for all treatments. EU, which represents the influence of
the variability of orifice structure and hydraulic performance on the
variability of the emitter’s discharge, varied in the range of 93.0–94.7
%. The distribution uniformity coefficients (DU) and the Christian’s
uniformity coefficient (CU) varied in the ranges of 95.0–96.0 %, and
96.1–97.5 %, respectively.

4. Discussion

Our findings, obtained through a 2-year field investigation in a drip-
irrigated sunflower field, indicate a high potential of surviving for
sunflower production under freshwater scarcity, which is becoming a
serious problem all over the world.

Based on the results, freshwater could be saved by 7–27 %, de-
pending on the contribution of the diluted seawater in total irrigation
water (see section 3.1, Table 3). PRD2, ranked first regarding freshwater
saving through the growing seasons, and PRD3 ranked next. Never-
theless, proposing an optimal freshwater-saving irrigation strategy re-
quires crop’s responses to be taken into consideration since they play
major roles in determining IWP.

Being a significant influencing factor on crop’s water requirement
and yield (Traore et al., 2000; Howell et al., 2004; Nagore et al., 2014;
Yazar et al., 2015), LAI was significantly affected by water/salinity
stress (see section 3.2.1, Table 4), which is in agreement with earlier
findings (eg. for water stress: Liu et al., 2006a, 2006b; Shahnazari et al.,
2007; Sezen et al., 2011a, 2011b; Yazar et al., 2015; Karandish and
Simunek, 2016a; eg. for salinity stress: Izzo et al., 2008; Chen et al.,
2009; Kang et al., 2010; Zheng et al., 2013; Yazar et al., 2015; Farhadi-
Machekposhti et al., 2017). Our results showed that the more desirable
the soil water status was, the higher the LAI was. This result is also
reported by Sezen et al. (2011ab). Hence, FI treatments had always the
highest LAI. By the same logic, we could conclude that the significant
reduction in LAI either under the PRD2 or SI treatments with the highest
contribution of diluted seawater in total irrigation water, is an indica-
tion of root water uptake restriction under improper soil water status
induced by water/salinity stress, which consequently results in reduced
leaves’ sizes through decreased cell elongation and cell division (Sezen
et al., 2011b). However, crops under PRD3, had always the higher LAI
compared to those under other salinity stress treatments.

We found the same results when analyzing crop’s height and DM
(Table 4). Reduced crop height (or DM) under water/salinity stress,

Fig. 6. Average ECe over the 0-60 cm soil depth for different
treatments at initial and the end of the cropping cycles in 2014
and 2015. i.e., different letters above bars indicate significant
differences among treatments at 95 % confidence interval
(p<0.05). i.e., Sunflower-ECethr denotes the maximum soil
ECe beyond which crops are exposed to yield reduction. Bars
indicate the range of ECe variations in the rooting-zone.

Table 8
Measured ECe at different soil verticals for different treatments at the beginning
and the end of the 2014 and 2015 cropping cycles.

Year Depth soil salinity
(ECe) at
planting time

soil salinity (ECe) at harvesting time

FI SI FSI PRD1 PRD2 PRD3

2014 0-20 2.73 2.41f 8.10 a 4.64 d 2.96 e 6.93 b 5.22 c

20-40 2.59 2.20 e 6.74 b 5.70 c 2.64 d 7.65 a 5.58 c

40-60 2.41 2.71 f 6.28 b 4.03 d 3.17 e 7.83 a 4.61 c

0-60 2.58 2.44 f 7.04 b 4.79 d 2.92 e 7.47 a 5.14 c

2015 0-20 1.10 1.78 d 5.70 b 5.86 b 2.89 d 6.97 a 5.38 c

20-40 0.96 2.02 e 7.29 b 3.69 c 2.70 d 8.01 a 3.76 c

40-60 1.23 2.13 e 4.22 b 3.18 c 1.95 f 5.03 a 2.71 d

0-60 1.10 1.98 f 5.74 b 4.24 c 2.51e 6.67 a 3.95 d

* The same letters above the numbers indicate no significant different at 5%
level based on Duncan’s multiple range tests.
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which is also confirmed by earlier researchers (Izzo et al., 2008; Chen
et al., 2009; Sezen et al., 2011a; Zheng et al., 2013; Yazar et al., 2015;
Carrillo-Ávila et al., 2015; Farhadi-Machekposhti et al., 2017), may be
explained by the fact that water/salinity stress results in root water
uptake restriction, which consequently led to a significant reduction in
stem elongation and then, reflected on crop height (or DM) reduction
(Zheng et al., 2013). More reduction under PRD2 treatments also em-
phasize the stimulation of the negative consequences when both water
and salinity stresses are exposed simultaneously (Chen et al., 2009;
Amer, 2010; Mousavi et al., 2010; Yazar et al., 2015). In consistence
with the results reported for LAI, both crop height and DM had also
higher values under PRD3, compared to other salinity stress treatments
(Table 4).

Regarding quantitative physiological responses, crops under alter-
nate application of fresh/saline water through PRD (and particularly
PRD3), had higher LAI, crop height, DM, and head diameter compared
to those under other salinity stress treatments (Table 4). Such results
indicate that the positive expected consequences of applying PRD,
which is embodied in PRD’s theory (Dry and Loveys, 1998), went be-
yond the negative consequences of water/salinity stresses. However, we
tried to also explore sunflower’s qualitative properties response to the
selected treatments (see section 3.2.2). Our results well indicate that
generally, the salinity stress stimulated sunflower’s N uptake (Table 5)

which is in consistence with results reported by Sadak Mervat et al.
(2012). Such improvement is enhanced under PRD3 mainly due to the
nature of such irrigation strategy. In fact, the frequent wetting and
drying cycle under PRD may improve N availability in crop’s rooting
zone on the one hand (Nourbakhsh and Karimian Eghbal, 1997; Vale
et al., 2007; Wang et al., 2010), and improve root N uptake through
initiating the growth of secondary roots on the other hand (Poni et al.,
1992; Liang et al., 1996; Fort et al., 1997; Sepaskhah and Kamgar-
Haghighi, 1997), which finally resulted in an increase in root N uptake.

In line with the findings of previous researchers (Sadak Mervat
et al., 2012; Aditya et al., 2017), higher N uptake guarantees higher
seed’s protein content (Table 5) due to the linear relationship between
these two parameters reported by earlier researchers (Tkachuk, 1969;
Aditya et al., 2017).

Seed’s oil content, as another qualitative property, was less affected
by water and/or salinity stress (Table 5), which is also supported by
some other researchers (Ghrab et al., 2013 and 2014; Farhadi-
Machekposhti et al., 2017). Such findings may imply the importance of
the salinity stress level imposed to the crops. Francois (1996) found that
sunflower’s seed oil content was not significantly affected by salinity
stress when irrigation water EC is increased up to 10.2 dS/m. Never-
theless, plants under PRD, and in particular under PRD3, produced
more oil content, even compared to FI.

Our findings at final harvest showed that BY, EY, and OY were af-
fected by water/salinity stress (see section 3.2.3., Table 6), which is in
agreement with earlier findings (Francois et al., 1996; Flagella et al.,
2004; Liu et al., 2006; Shahnazari et al., 2007; Mousavi et al., 2009;
Amer, 2010; Kang et al., 2010; Ghrab et al., 2013). BY reduction under
the exposed stresses is a result of a highly strong correlation between
DM and BY (Table 6). Yield reduction under saline/water stress may be
justified by limited leaf expansion (or reduced crop height, DM and
stem diameter), caused by reduced root water uptake, which conse-
quently results in lowered photosynthesis rate (Amer, 2010; Zheng
et al., 2013; Farhadi-Machekposhti et al., 2017). And finally, OY re-
duction is well justified by considerable reduction in EY and/or seed’s
oil content under such stresses (Flagella et al., 2004; Ghrab et al., 2014;
Farhadi-Machekposhti et al., 2017).

While in the farmers’ point of view, EY plays a major role in

Fig. 7. Temporal variation of ECe in the rooting zone (0-60 cm soil depth) for different treatments during 2014 and 2015 cropping cycles.

Table 9
drip irrigation performance criteria for different irrigation treatments.

Performance criteria* FI SI FSI PRD1 PRD2 PRD3

qmin (L hr-1) 1.92 1.92 1.92 1.92 1.92 1.92
qmax (L hr-1) 2.11 2.20 2.20 2.20 2.17 2.15
SD (L hr-1) 0.06 0.08 0.09 0.08 0.08 0.08
CV (%) 2.93 4.09 4.44 4.12 3.79 3.72
EU (%) 94.4 93.6 93.4 93.0 94.7 94.3
DU (%) 95.9 95.7 95.3 95.0 96.0 95.7
CU (%) 97.5 96.6 96.1 96.7 96.8 96.8

* qmin is the minimum discherge of the emitters, qmax is the maximum
siacharge of the emitters, SD is standard variation, CV is the emitter flow rate
variation coefficient, EU is the emission uniformity, DU is distribution uni-
formity, and CU is Christiansen’s uniformity coefficient.
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adopting a new proposed strategy, IWP may be a more comprehensive
index since it represents the amount of crop production per unit of
consumed water. Our findings demonstrated that, all PRD treatments
had generally high potentials for improving IWP (section 3.2.4,
Table 7), which is also supported by the other researchers (Shahnazari
et al., 2007; Karandish and Simunek, 2016a; Karandish, 2016). How-
ever, PRD3 could be proposed as the best freshwater-saving irrigation
strategy for sunflower production in the study area, when both fresh-
water saving and IWP are considered.

Nevertheless, such proposal should be made by caution since soil
salinity could be an obstacle to sustainable agriculture and it needs to
be analyzed as well. Our given results showed that soil salinity in-
creased under all treatments at final harvest (see section 3.3, Table 8,
Figs. 6 and 7), which is generally due to either saline water application
(Amer, 2010; Nagaz et al., 2012; Farhadi-Machekposhti et al., 2017), or
the use of drip irrigation system (Chen et al., 2009; Wan et al., 2010;
Kang et al., 2010). While soil salinity increase is a serious threat to
sustainable agriculture (Kang et al., 2010; Aditya et al., 2017), such
threat may be resolved when the accumulated salt is leached out of the
rooting zone, either through applying additional irrigation water during
the cropping cycle, or through rainfall events occurring out of the
growing season (Ghrab et al., 2014; Farhadi-Machekposhti et al., 2017).
Comparing the rooting-zone soil salinity in 2014 and 2015 gowing
seasons well indicates that the out-season precipitation fallen in the
study area had a high potential in reducing soil salinity and keeping it
far below the sunflower’s ECethr (Table 8). In addition, less additional
irrigation/precipitation water is required to leach out the accumulated
salt in the rooting zone under PRD3 (Fig. 7 and Table 8).

Emitter’s performance is the other important issue when applying
saline water irrigation. Hence, we evaluated the performance of the
drip irrigation system (see section 3.4, Table 9) based on different
criteria frequently used by earlier researchers (Barragan et al., 2010;
Sahin et al., 2012; Shareef et al., 2016; Tan et al., 2018). The computed
CV<5% (Table 9) denotes the excellent hydraulic performance of the
emitters for all treatments. Based on Solomon (1979), CV<20 % en-
sures the acceptable performance of a micro-irrigation system. ASAE
(2000) also reported that for the point-source emitters, CV<5% in-
dicates an excellent performance of the emitters, while 5%<CV<7%
and CV>7% are the indications of average and poor performance,
respectively. The computed values for EU were higher than 90 % for all
treatments. Based on the classification method defined by Merriam and
Keller (1978), the drip irrigation system could be classified under ex-
cellent condition when EU>90 %. Barragan et al. (2010) also de-
monstrated that in a desirable system, EU may change in the range of
85–95 % when the field’s slope is less than 2%. The acceptable values
obtained either for the distribution uniformity coefficients (DU =
95.0–96.0 %), or for the Christiansen’s uniformity coefficients (CU =
96.1–97.5 %) also confirm the excellent performance of the current
system.

5. Conclusion

Feeding the growing population requires alleviating global fresh-
water scarcity in agriculture by applying poor quality water resources.
Nevertheless, such application should be properly managed to prevent
serious economic/environmental challenges. Here and for the first time,
we integrated PRD with diluted-seawater irrigation, to find out the best
PRD management package regarding crop response, soil EC increase,
and drip irrigation system efficiency. Apart from freshwater saving,
both FI and PRD1 could be considered as the most efficient treatments
since they always had the highest economic yield and the lowest sali-
nity increase in the rooting-zone. However, they couldn’t be fully en-
vironmentally efficient since they may use up to 36.4 % more fresh-
water compared to the other treatments. On the other hand, our results
indicated that applying either full irrigation or PRD with only diluted-
seawater resource may also expose serious yield losses and salinity

increase in the soil. Despite of a 13–27 % freshwater saving, irrigating
crops with only diluted-seawater may result in serious eco-environ-
mental impacts since it caused 15–36 % loss in economic yield, and
2.5–8.3 times increase in soil ECe at harvest. On the other hand, such
applications ended up with 15–31 % reduction in irrigation water
productivity which means less crop per drop. However, an alternate
application of freshwater/diluted-seawater under PRD with 25 % less
irrigation water compared to crop water demand (PRD3), may prevent
significant yield loss, improves crop quality properties, and reduces
total salt accumulation in the rooting zone at harvest. PRD3 provided a
slight reduction of up to 8% in economic yield, and always kept the
rooting-zone ECe below sunflower-ECethr (the ECe under which no yield
reduction is expected). In addition, up to 20 % freshwater saving was
also obtained under such irrigation strategy, which led to higher or
close values of IWP to those obtained for the FI treatment. The drip-
irrigation system’s performance was also secured under such manage-
ment. Such results demonstrate lower economic loss and safer en-
vironment. Based on the results, it could be concluded that PRD3 is the
most efficient irrigation strategy in the study area regarding economic/
environmental issues.
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