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A B S T R A C T

This study was conducted to compare two water-saving techniques: deficit irrigation (DI) and partial root-zone
drying (PRD) with full irrigation (FI) on potato (Solanum tuberosum L.). These techniques were studied using drip
irrigation in an arid region of Saudi Arabia in 2014 and 2015. Five irrigation treatments, i.e., FI (control
treatment where the full amount of irrigation water was applied to both sides of the plant), DI70, DI50 (70% and
50% of the FI treatment, respectively, supplied to both sides of the plant), PRD70, and PRD50 (70% and 50% of
the FI treatment, respectively, supplied to a single side of each plant in an alternating manner), were applied.
The dry and wet sides of the plant in the PRD treatments were switched weekly. The soil water content was the
highest in the FI treatment followed by DI70 and PRD70 and DI50 and PRD50 thereafter in 2014 and 2015. The
fresh weight of the vegetative parts for both the FI and PRD70 treatments (average of 14.7 Mg ha−1 and
11.9 Mg ha−1, respectively) was significantly (p < 0.05) higher than that of the other irrigation treatments. The
FI and PRD70 treatments increased (p < 0.05) the dry weight of the vegetative parts by approximately
48.3%–57.7% relative to the other treatments in 2014. The highest number of branches per plant occurred in the
PRD treatments, and the lowest number was in the DI70 treatment. The DI and PRD treatments decreased
(p < 0.01) the fresh and dry tuber yield compared to FI. The FI produced the highest number of tubers per
plant. The DI treatments did not have a significantly lower irrigation water use efficiency (IWUE) compared to FI
in 2014, whereas PRD had significantly (p < 0.01) lower IWUE than FI in both years.

1. Introduction

Potato (Solanum tuberosum L.) is one of the most important crops in
the world in terms of its use as a food for people and in the starch
industry (Fabeiro et al., 2001). Potato production ranks fourth in the
world after rice, wheat and maize and is expected to continue to in-
crease, providing an important source of food, nutrition and income
(Bowen, 2003). Due to its sparse and shallow root system, potato is
highly sensitive to drought stress (Jefferies, 1993), and tuber yield may
be considerably reduced by soil moisture deficits (Porter et al., 1999).

In areas with water scarcity, such as Saudi Arabia, irrigation is ne-
cessary for successful agricultural production. The increasing shortage
of water resources requires the optimization of irrigation management
in order to increase crop productivity and improve the irrigation water
use efficiency (IWUE). Innovations are needed to increase IWUE.

Many crop irrigation investigations have been conducted to max-
imize performance, efficiency and profitability. Deficit irrigation (DI)

and partial root-zone drying irrigation (PRD) are water-saving irriga-
tion methods that decrease the amount of water that is used compared
to the full irrigation (FI).

DI is a strategy where crops are irrigated with lower amounts of
water and the minor stress that develops has minimal effects on the
yield (English and Raja, 1996). In this mode of irrigation, the entire
root-zone is irrigated at less than the maximum rate of crop evapo-
transpiration. Knowing when to apply water is necessary for the suc-
cessful implementation of DI because the sensitivity of the crop to water
stress is different at different growth stages (Andersen et al., 2002;
Kirda, 2002; Liu et al., 2004). DI was developed to improve the control
of vegetative vigor in order to optimize fruit size, fruitfulness and fruit
quality. DI is usually applied during the period of slow fruit growth
when shoot growth is rapid. DI can generate considerable water sav-
ings. Thus, DI can be useful for reducing excessive vegetative vigor, and
for minimizing irrigation and nutrient loss through leaching (Chaves
et al., 2007, 2010; Santos et al., 2007). Shock and Feibert (2002) found
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that DI was not useful for sprinkler-irrigated potato in a semi-arid en-
vironment.

PRD is a new innovation in DI and is commonly applied as part of a
DI strategy because it does not require the application of more than
50%–70% of the water used in a fully irrigated strategy. PRD is a system
of alternating irrigation in space and time to generate wet/dry cycles in
different sections of the root system. This system seeks to promote
chemical signals from roots in dry soil, thereby reducing stomatal
conductance and transpiration and shoot growth while maintaining the
water supply from the roots in the wet soil fraction, thereby avoiding a
severe water deficit (Davies et al., 2002; Morison et al., 2008). The
wetting and drying of each side of the roots is dependent on the crop,
growth stage, evaporative demands, soil texture and the soil water
balance (Saeed et al., 2008).

DI and PRD irrigation have been tested in several field crops and
fruit trees across the globe, such as bean (Samadi and Sepaskhah,
1984); sugar beet (Sepaskhah and Kamgar-Haghighi, 1997); grapes
(Kriedmann and Goodwin, 2003); maize (Kang and Zhang, 2004); green
bean (Gencoglan et al., 2006); apple (Leib et al., 2006); peach (Gong
et al., 2005); potato (Shayannejad, 2009; Ahmadi et al., 2010a,b); and
tomato (Wang et al., 2013).

PRD has improved yield per unit of applied water with respect to
conventional irrigation using FI (Kirda et al., 2007; Morison et al.,
2008). PRD has been shown to be successful in grapevines (Stoll et al.,
2000) and in fruit trees (Kang et al., 2002) and is also said to be pro-
mising for field crops (Kang et al., 1998, 2000a,b; Kirda et al., 2005)
and vegetables (Dorji et al., 2005; Zegbe-Domínguez et al., 2006).
However, Wakrim et al. (2005) reported no significant difference be-
tween IWUE of bean in PRD and DI, but these irrigation strategies did
result in a substantial increase in IWUE compared to FI. There is evi-
dence that PRD is able to save water with little or no effect on yield
when compared with FI plants (Davies et al., 2002; Kang and Zhang,
2004). PRD irrigation has since been found to increase IWUE in a
variety of crops (e.g., sunflower, maize) by reducing evaporative losses
during periods of limited soil moisture availability or high evaporative

potential (Kang et al., 2000a,b; Loveys et al., 1997, 1998).
Shahnazari et al. (2007) showed that DI and PRD produced potato

yields in Denmark that were similar to FI and increased IWUE by 60%,
as approximately applied 30% of the irrigation water was saved. Liu
et al. (2006b) found that PRD did not improve the yield and IWUE in
potatoes compared to DI in Denmark. Saeed et al. (2005) showed that
PRD could also modify shoot growth and increase IWUE in potatoes
grown in United Kingdom. Ahmadi et al. (2010a) showed that DI and
PRD did not have significant effects on the fresh yield and IWUE of
potatoes grown in Iran compared to FI. Yactayo et al. (2013) in Peru
found that early use of PRD in potatoes, initiated 6 weeks after planting
with a watering level equivalent to 50% of full irrigation, increased
IWUE with no yield reduction relative to full irrigation. The objective of
our experiment was to compare the responses of potato to DI and PRD
irrigation and FI under a surface drip irrigation system by assessing the
effect of DI and PRD irrigation on the soil water status, yield, and IWUE
of potato in arid climatic conditions.

2. Materials and methods

2.1. Experiment location and climate conditions

The field experiment was conducted over two consecutive years
(2014–2015) from January to May in the northwestern section of
Riyadh, Saudi Arabia. The site is located at 24°44′11.10″ N and
46°37′06.61″ E at an elevation of approximately 665 m above sea level.
A Rain Bird® WS-PROLT meteorological station collected and stored
weather data from experimental field according to the specifications of
the World Meteorological Organization. This station measured air
temperature, solar radiation, relative humidity, wind speed, wind di-
rection and rainfall. Daily climatic data was used to calculate daily
reference evapotranspiration (ETo) using the Penman-Monteith equa-
tion (Allen et al., 1998).

The daily crop evapotranspiration (ETc) was estimated using crop
coefficients (Kc) with values of 0.5, 1.15 and 0.75 during initial, mid-

Fig. 1. Meteorological variables of (a) mean air temperature and mean relative humidity, and (b) reference evapotranspiration during the 2014 and 2015 experimental periods.
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season and late season stage, respectively (Doorenbos and Pruitt, 1977):

ETc = Kc. ETo (1)

The seasonal variation in the climate variables measured
throughout the growing season is illustrated in Fig. 1. In addition to the
measured rainfall, the ETo is shown. Mean air temperature varied be-
tween 16.2 °C and 34.3 °C. Mean daily relative humidly ranged between
13.2 and 38.6%. The ETo varied between 4.7 and 11.1 mm day−1

during the growing season.

2.2. Preliminary field preparation and growth conditions

The experimental field was planted with potatoes by hand. Before
planting, the seed potatoes (Solanum tuberosum L.) were exposed to
temperatures of 12–14 °C with a constant dim overhead lighting for
sprouting. During planting, only one sprout from each potato was re-
tained. The seed tubers were planted with a spacing of 50 cm between
rows and 50 cm between plants. The soil was ridged to 15 cm above the
tubers in prepared furrows. The height of the ridge from the top of the
ridge to the bottom of the furrows was approximately 30 cm. All of the
treatment plots received the same amount of total fertilizer appropriate
for potato. Fertilizers were added through drip irrigation system five
consecutive days per week. The fertigation programme was as follows:
a) From 2nd to 5th weeks of the plant growth stage at rates of
180 kg ha−1 N-P2O5-K2O (20-20-20),150 kg ha−1 N-P2O5-K2O (10-10-
43), 50 L ha−1 H3PO4, 20 kg CaO, 4.5 kg ha−1 micro elements; b) From
6th to 9th weeks at rates of 250 kg ha−1 N-P2O5-K2O (20-20-20),
250 kg ha−1 N-P2O5-K2O (10-10-43), 40 L ha−1 H3PO4, 40 kg CaO,
5 kg ha−1 micro elements; c) From 10th to 12th weeks at rates of
270 kg ha−1 N-P2O5-K2O (20-20-20), 200 kg ha−1 N-P2O5-K2O (10-10-
43), 30 L ha−1 H3PO4, 20 kg CaO, 2.5 kg ha−1 micro elements.

2.3. Soil analysis

Soil samples were taken every 20 cm up to total depth of 60 cm for
physical analysis, to get information on the soil texture, field capacity
(FC), wilting point (WP), saturated hydraulic conductivity (Ks), sa-
turation moisture content (S), and bulk density (ρb) (Table 1).

2.4. Experiment design and irrigation treatments

An area of 675 m2 (45 m × 15 m) was used for the experiments,
which included five treatments with three replications of each treat-
ment. The area was divided into three replicates that were separated by
3-m buffer zones. Each replicate had an area of 195 m2 (13 m × 15 m).
Surface drip was installed to the established fields. Each field was di-
vided into 5 plots which were bordered by a 1.2 m wide buffer zone for
the potatoes. The experiment was designed as a randomized complete
block (RCB) with three replications and consisted of five irrigation
treatments. Full irrigation (FI), irrigated with 100% of the ETc. Two
treatments were established for the deficit irrigation (DI), DI70 and
DI50, which used 70% and 50% of the irrigation water volume of the FI,
respectively. Two other treatments were established for the partial root-
zone dry irrigation (PRD), PRD70 and PRD50, which used 70% and

50% of the irrigation water volume of FI, respectively. The watering in
the PRD method was shifted every 7 days from one side of the plants to
the other (Liu et al., 2006a). At 30 days after planting (DAP), the DI70,
DI50, PRD70, and PRD50 treatments were initiated.

Irrigation water was supplied through the control head of a water
tank with a capacity of 8 m3. This tank consisted of a pump unit,
pressure regulator, filtration system, fertigation unit, air vent, main
manual and electrical valves and flow sensors. The drip lines were in-
stalled in the field according to the treatment distribution. The drip
lines consisted of 26 built-in GR emitters with a discharge of 8 L h−1 at
an operating pressure of 100 kPa with a spacing of 50 cm between the
emitters. Lateral drips were placed at the centers of adjacent crop rows
in the experimental plots for both the FI and DI treatments. However,
for the PRD irrigation there were two lateral lines placed in each row of
potatoes separated by a distance of 0.4 m.

2.5. Measurement of soil water content

Once the experiment began, the volumetric soil water content (θv)
was measured daily to a depth of 0.5 m at 0.1 m intervals in each of the
irrigation treatments using multi-sensor capacitance probes
(EnviroSCAN). The EnviroSCAN device is a complete soil-moisture
monitoring system (model EnviroSCAN®, Sentek Sensor Technologies,
Stepney, South Australia, Australia) that continuously monitors the θv
over several depths in the root zone.

For the three treatments with a single drip line (Fl, DI70, and DI50)
9 EnviroSCAN devices (3treatments × 3devices) were used. In addition, the
two treatments with two lines each (PRD70 and PRD50) required 12
EnviroSCAN devices (2treatments × 6devices). Therefore, a total of 21
EnviroSCAN devices were installed in the field. The two access tubes
per PRD treatment per crop were laid 40 cm apart in a diagonal di-
rection.

2.6. Measurement of vegetative growth traits

At 76 DAP (May 4) and 73 DAP (May 1) during 2014 and 2015,
respectively, plants were harvested from the center of each plot to
determination the fresh weight of the vegetative parts (both leaf and
stem), the vegetative parts dry weight, number of branches, and leaf
area index (LAI). Three plants per plot (do not interfere with the harvest
in Section 2.7) were randomly chosen from the three central rows
within the plot. The vegetative parts (leaf and stem) were placed in
paper bags and labeled. The leaf and stem dry weight was then de-
termined by drying the parts at 60 °C for 48 h (Shao et al., 2008;
Ahmadi et al., 2014; Ramírez et al., 2014) using a forced-air oven. LAI
was measured with a leaf area meter (Licor 3100, Licor Inc., Nebraska,
USA).

2.7. Measurement of yield, yield components, irrigation water use
efficiency, and tuber size

At the time of harvest, on May 21 in 2014 and May 18 in 2015, the
total fresh tuber yields (Mg ha−1); tuber weight (g plant−1) and
number of tubers per plant were determined by the plants harvested (75
plants) from the three central rows of the plots. The potato tubers dry

Table 1
Physical properties of soil used in the experiment.

Depth (cm) Particle size (%) Texture FC (%) WP (%) Ks (mm/h) S (%) ρb, (g cm−3)

Sand Silt Clay

0–20 71.8 16.3 11.9 sandy loam 14.2 6.0 37.8 22.3 1.6
20–40 66.7 18.0 15.3 sandy loam 17.1 8.1 24.6 26.2 1.6
40–60 69.1 18.3 12.6 sandy loam 18.5 9.9 19.6 26.7 1.6

FC: field capacity; WP: wilting point; Ks: saturated hydraulic conductivity; S: saturation moisture content; ρb: bulk density.
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weight (Mg ha−1) was determined after oven drying for 24 h at 85 °C
(Liu et al., 2006b; Ahmadi et al., 2014). Therefore, the yield compo-
nents included the tuber fresh weight per plant and the number of tu-
bers per plant. Irrigation water use efficiency (IWUE, kg m−3) was used
to evaluate comparative benefits of the irrigation treatments. IWUE of
each irrigation treatment was calculated as dividing the total fresh
tuber weight (kg ha−1) at harvest by the amount of water applied
(m3 ha−1) to the crop (supplemental irrigation plus rainfall) (Kirda
et al., 2005).

Harvested potato tubers were graded into three categories according
to their diameter: category C1 for those below 50 mm; C2 for those
between 50 and 80 mm; and C3 for those above 80 mm. The tuber size
category C2 was considered marketable tubers (Shahnazari et al.,
2007).

2.8. Data analysis and statistics

Statistical analyses were performed by ANOVA following a RCB
design with three replicates of each treatment using CoStat (Version
6.303, CoHort, USA, 1998–2004). RCB design was used to assess the
statistical significance of the treatment differences observed in the
measured parameters. The data were presented as the mean of three
replicates ± standard error (SE). Least significant differences (LSD)
tests at p ≤ 0.05 were applied to compare treatment means of the
measured parameters.

3. Results

3.1. Soil water status

Fig. 2 shows the θv data for the different patterns of distribution in
response to the different irrigation treatments in 2014 and 2015. The θv
values during the initial stage (until 30 DAP) were similar to each other
in 2014 and 2015. The θv values at depths of 0.1, 0.2, 0.3, 0.4, and
0.5 m were either above or near the FC (not shown). After starting the
irrigation treatments at 31 DAP, the level of θv was the highest in the FI
treatment followed by the DI70 and PRD70 treatments and later by
DI50 and PRD50 treatments in 2014 and 2015. The relative increase of
θv for FI that was observed after 52 DAP was the result of tuber in-
itiation. The value of θv for the PRD treatments depended on the wet-
ting and drying cycle. In the third cycle in PRD70 (for example), the
value of θv on the left (wet) side of the root-zone was, on average,
17.3%, whereas 15.8% was recorded for the right (dry) side in 2014. In
2015, the value of θv on the wet side of the root-zone was 17.4%,
whereas 15.9% was recorded for the dry side. The corresponding values
in the PRD50 treatment were 14.1% and 13.6% for the wet and dry
sides of the root-zone, respectively, in 2014; whereas in 2015, the va-
lues of θv were 14.3% and 13.4%. The differences in θv between the
different sides in the PRD treatments (left and right/wet and dry) were
significant during the entire experiment, except for the period of
100–116 DAP when the differences were smaller. θv values in the irri-
gation treatments decreased at the beginning of the leaf yellowing
stage, in addition to the increased evaporative demand due to the rising
temperature at this stage.

3.2. Vegetative growth

The DI and PRD treatments decreased the fresh vegetative parts of
the potato in the 2014 and 2015 experimental periods, except in the
PRD70 treatment in 2014 (Table 2). The fresh vegetative parts for the
DI70, DI50, and PRD50 treatments were decreased by 35.9%, 25.8%
and 38.4% compared to FI in 2014, respectively. In 2015, the DI70,
DI50, PRD70, and PRD50 treatments showed decreases of 40.2%,
42.8%, 35.6%, and 50%, respectively, compared to FI. Water-saving
irrigation treatments significantly decreased the fresh vegetative parts
(Table 2) in both years. Significant decreases in the fresh vegetative

parts observed under the PRD50 treatment were consistent with the
commonly known adverse effects of water stress on plant development.

The dry weight of the vegetative parts were significantly
(p < 0.05) different between the irrigation treatments in 2014, while
they were not significantly different in 2015 (Table 2). The FI and
PRD70 treatments in 2014 produced the highest weight of the dry ve-
getative parts compared to the other irrigation treatments. Among the
DI and PRD treatments, the dry vegetative parts in the PRD50 treatment
(0.99 Mg ha−1) in 2014, were the lowest and were followed by DI50
(1.03 Mg ha−1).

The number of branches per plant was not statistically different
(p > 0.05) (Table 2) between treatments both years. LAI of the DI and
PRD treatments in 2014 was significantly (p < 0.01) less
(11.1%–26.6%) than that of FI as shown in the ANOVA (Table 2). In
2015, there were no significant differences between LAI of potato under
FI, DI and PRD treatments.

3.3. Tuber yields, and yield components

The fresh tuber yields were significantly (p < 0.01) different

Fig. 2. Daily average volumetric soil water content (%) for full irrigation (FI), partial
root-zone drying (PRD), and deficit irrigation (DI) treatments of potato during the 2014
and 2015 where PRD-L and PRD-R denote the left and right sides of the PRD treated plant,
respectively. Data are the means of the three replicates.
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between the irrigation treatments in 2014 and 2015 (Table 3). The FI
treatment had higher fresh tuber yields 31.77 Mg ha−1 and
35.91 Mg ha−1 in 2014 and 2015, respectively. The PRD treatments
decreased the fresh yield relative to FI and DI. The PRD70 and PRD50
treatments decreased yields by 53.2% and 65.2%, respectively, com-
pared with FI plants in 2014. In 2015, the fresh tuber yields from the
PRD70 and PRD50 treatments were decreased by 47.2% and 72%, re-
spectively. Compared with DI70, the fresh tuber yield for PRD70 de-
creased by 17.3% and 23.5% in 2014 and 2015, respectively. The fresh
tuber yield for PRD50 were decreased 17% and 50%, compared to the
DI50 treatment in 2014 and 2015, respectively.

The same trends were also found for dry tuber yields because all of
the PRD and DI treatments caused a significant (p < 0.01) decrease,
between 46.6% and 66.3%, compared to the FI treatment in 2014, and a
reduction in dry tuber yields of 40.9%–67.2% was also observed in the
water-saving treatments compared to the FI in 2015 as shown in
Table 3. The tuber dry weights in the PRD treatments (PRD70 and
PRD50) were substantially and significantly lower than in the FI and DI
treatments (DI70 and DI50). The PRD50 treatment had the lowest dry
tuber yield of 2.16 Mg ha−1 and 2.20 Mg ha−1 in 2014 and 2015, re-
spectively. It is noteworthy that the moisture content of the tubers was
different among the irrigation treatments. Although PRD70 and PRD50
produced the lowest amount of fresh tuber yield, they had the highest
tuber moisture content (79.3% and 78%, respectively, in 2015)

compared with the DI70 and DI50 treatments, which had tuber
moisture contents of 73.2% and 76.8%, respectively.

The fresh tuber yield per plant for the DI and PRD treatments in
2014 were significantly (p < 0.05) less than that in the FI treatment.
Among the water-saving treatments, the fresh tuber yield per plant in
the PRD70 treatment in 2014 was the highest (640 g plant−1). The
fresh tuber yield per plant for the irrigation treatments in 2015 were
not significant different (p > 0.05). In addition FI, PRD, and DI treated
plants showed no significant differences (p > 0.05) in the number of
tubers per plant either year.

3.4. Irrigation water use efficiency

For the entire 2014 growing season, the FI treatment was irrigated
with 1505 mm. The DI70 and DI50 treatments were irrigated with
1049 mm and 812 mm, respectively. The PRD70 and PRD50 treatments
received 1062 and 820 mm, respectively. In 2015, FI, DI70, DI50,
PRD70, and PRD50 received 1495, 1070, 797, 1075, and 783 mm, re-
spectively. The differences in the irrigation water use efficiency (IWUE)
between the irrigation treatments were significant (p < 0.01), as
shown in Fig. 3. Both the PRD70 and PRD50 treatments in 2014 caused
a significant reduction in IWUE of 33.8% and 36.1%, respectively,
compared to FI, whereas in 2015, there was a reduction in IWUE of
26.6% and 46.6%, respectively. In 2014, DI70 and DI50 decreased the

Table 2
Vegetative growth parameters of potato for the different irrigation treatments in the 2014 and 2015 experimental periods.

Year Treatments Vegetative parts FW (Mg ha−1) Vegetative parts DW (Mg ha−1) Number of branches (plant−1) LAI

2014 FI 13.25 (±0.38) ab 1.56 (± 0.11) a 6 (± 0.88) 3.48 (±0.03) a
DI70 8.50 (± 0.76) c 1.04 (± 0.16) b 4 (± 1.00) 3.09 (±0.06) b
DI50 9.83 (± 1.39) bc 1.03 (± 0.21) b 6 (± 1.53) 2.93 (±0.10) b
PRD70 13.50 (±1.76) a 1.54 (± 0.16) a 9 (± 1.76) 2.92 (±0.12) b
PRD50 8.17 (± 0.73) c 0.99 (± 0.10) b 8 (± 1.15) 2.55 (±0.05) c
p-value 0.02 0.05 0.24 <0.01
LSD 0.05 2.80 0.49 – 0.26

2015 FI 16.14 (±0.70) a 1.91 (± 0.13) 5 (± 0.93) 3.68 (±0.09)
DI70 9.65 (± 1.28) b 1.09 (± 0.15) 5 (± 0.90) 3.18 (±0.25)
DI50 9.23 (± 2.04) b 1.20 (± 0.35) 5 (± 0.33) 3.23 (±0.36)
PRD70 10.24 (±0.53) b 1.29 (± 0.19) 7 (± 1.00) 2.82 (±0.00)
PRD50 8.07 (± 1.27) b 0.90 (± 0.21) 8 (± 1.32) 2.64 (±0.16)
p-value 0.02 0.07 0.15 0.07
LSD 0.05 4.31 – – –

The data represent the means ± SE of the mean (n = 3).
Within each year, mean values in columns followed with different letters are significantly different based on LSD test at p < 0.05.
FW: fresh weight; DW: dry weight; LAI: leaf area index.

Table 3
Yield and yield components of potato for the different irrigation treatments in the 2014 and 2015 experimental periods.

Year Treatments Tuber FW (Mg ha−1) Tuber DW (Mg ha−1) Tuber FW per plant (g plant−1) Number of tubers (plant−1)

2014 FI 31.77 (± 1.63) a 6.42 (± 0.16) a 887 (± 70) a 12 (±1.00)
DI70 17.96 (± 0.81) b 3.43 (± 0.21) b 562 (± 897) b 9 (± 0.58)
DI50 13.34 (± 0.43) cd 2.65 (± 0.08) cd 5137 (± 637) b 10 (±0.88)
PRD70 14.86 (± 1.13) bc 2.93 (± 0.20) bc 640 (± 1677) ab 11 (±2.33)
PRD50 10.07 (± 0.63) d 2.16 (± 0.16) d 365 (± 747) b 9 (± 1.00)
p-value <0.01 <0.01 0.04 0.58
LSD 0.05 3.67 0.55 315 –

2015 FI 35.91 (± 3.14) a 6.71 (± 1.23) a 820 (± 53) 11 (±0.61)
DI70 24.81 (± 1.12) b 3.97 (± 0.22) b 673 (± 225) 9 (± 2.38)
DI50 20.10 (± 1.28) bc 2.80 (± 0.33) b 593 (± 55) 10 (±0.35)
PRD70 18.97 (± 0.69) c 3.55 (± 0.23) b 600 (± 92) 10 (±1.86)
PRD50 10.05 (± 1.20) d 2.20 (± 0.20) b 375 (± 60) 8 (± 1.00)
p-value <0.01 <0.01 0.21 0.77
LSD 0.05 5.60 1.93 – –

Data represent the means ± SE of the mean (n = 3).
Within each year, mean values in columns followed with different letters are significantly different based on LSD test at p < 0.05.
FW: fresh weight; DW: dry weight.
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IWUE by 18.94% and 22.19%, respectively, compared to FI. On the
contrary, the DI treatments were similar (not significant) to the FI
treatment in 2015. Comparing the DI treatments with the PRD treat-
ments, the DI70 (4.28 kg m−3) and DI50 (4.11 kg m−3) treatments had
higher IWUE than PRD70 (3.50 kg m−3) and PRD50 (3.37 kg m−3) in
2014. In 2015, the DI70 (5.80 Mg m−3) and DI50 (6.30 kg m−3)
treatments had higher IWUE than PRD70 (4.41 kg m−3) and PRD50
(3.21 kg m−3).

3.5. Tuber grade

At the final harvest, the tubers from each treatment were classified
into three size categories: C1–C3 (Fig. 4). Differences between the
number of tubers under the various irrigation treatments were not
observed for the C1 class (< 50 mm) and the C2 class (marketable size,
50–80 mm), significant (p > 0.05).

For the C3 class (> 80 mm), the number of tubers in the PRD
treatments (PRD70 and PRD50) was the lowest. A significantly higher
number of tubers (134,564 tuber ha−1) was observed under the FI
treatment. Under the water-saving treatments, the DI50 treatment
produced 51%, 72.8%, and 136.9% more tubers than did DI70, PRD70,
and PRD50 treatments, respectively.

4. Discussion

In this study, the value of θv for the FI treatment was the highest due
to the different amounts of water applied to each treatment. Although
the θv of the wetted side in the PRD treatments was higher than that of
the drying side, as a result of irrigation, the θv was found to be relatively
constant or to have increased slightly for several days after irrigation in
the non-irrigated side. This phenomenon may be caused by lateral in-
filtration or the redistribution of water through the root systems (Du
et al., 2008). The un-watered side of the root-zone in the PRD70 and
PRD50 treatments, and the bottom layer of the soil in the DI70 and
DI50 treatments showed a reduction in θv relative to FI (were much
higher than WP), but there was still enough water available in the
wetted side of the root-zone and the top layer to supply sufficient water
to the aerial parts of the plant to maintain plant growth, although at a
lower rate compared to the FI treatment.

The fresh vegetative parts of the potato for the DI70, DI50, PRD70,
and PRD50 treatments were significantly less than that of FI. This re-
duction was consistent with the commonly known adverse effects of
water stress on potato plant development. Many studies have reported a
reduction in fresh vegetative parts under DI and PRD (Gowing et al.,

1990; Dry and Loveys, 1998; Shao et al., 2008). The dry weight of the
vegetative parts for the FI and PRD70 was the highest. This result is
similar to those reported by Ahmadi et al. (2014). Among the DI and
PRD treatments, the dry vegetative parts in the PRD50 and DI50
treatments were the lowest. Probably, the soil water depletion in the
soil-root contact area, which was very much reduced in the DI50 and
PRD50 treatments, acted as the limiting factor to the vegetative growth
in these treatments. The DI and PRD treatments had decreased LAI
relative to the other irrigation treatments. This is in agreement with
previous observations that concluded that LAI is significantly inhibited
in potatoes under DI and PRD irrigation (Jefferies and Mackerron,
1989; Gautier et al., 2001; Liu et al., 2006b; Ahmadi et al., 2010a).

The FI treatment produced the highest fresh tuber yields;equivalent
to typical commercial potato yields (Shae et al., 1999; Darwish et al.,

Fig. 3. Irrigation water use efficiency (IWUE) for the different irrigation treatments in the
2014 and 2015. Within each year, different letters on top of the columns indicate sig-
nificant differences between irrigation treatments based on LSD (0.05). Bars give the
means ± standard error of the mean (n = 3).

Fig. 4. Distribution of tuber grade for the different irrigation treatments in 2015. Bars
give the means ± standard error of the mean (n = 3).
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2006; Ahmadi et al., 2010a). The PRD treatments decreased the fresh
yield relative to FI and DI. These results are, however, in agreement
with the results of Liu et al. (2006b), Brocic et al. (2009), and Ahmadi
et al. (2014), but contradict the results of Shahnazari et al. (2007,
2008), Saeed et al. (2008), and Ahmadi et al. (2010a), who found that
PRD did not significantly decrease the fresh tuber yield compared to FI.
The differences in the previous literature may be due to climate, water
supply and growth stage soil texture (Bowen, 2003; Saeed et al., 2008;
Ahmadi et al., 2010a). In our study, the reason for the low productivity
under DI and PRD could be attributed to the climate, where the high air
temperatures may have affected the drought sensitive potato. Another
reason for this could be that potato is shallow rooted crop, and there-
fore the differences in θv in the 10–30 cm of the top soil layer in the
water-saving (DI and PRD) treatments were great. In contrast, the θv in
the deeper soil layers (30–50 cm) may not vary considerably because of
the low density of plant roots at depth in the water-saving treatments
(Ahmadi et al., 2010a; Kaman et al., 2011), and it is probable that the
dense layer of roots in the top soil layer absorbs the water before it is
able to infiltrate to deeper layers (Wang et al., 2009). Consistent with
findings by Gautier et al. (2001), the reduced LAI and vegetative
growth (Table 2) observed in this work suggest that photosynthesis
assimilates were predominantly partitioned to tuber growth such that
significant yield reduction was prevented under the water-saving
treatments.

The PRD and DI treatments decreased dry tuber yields, compared to
the FI treatment. Our findings were in agreement with the results re-
ported by Ahmadi et al. (2014) on potato and Shao et al. (2008) on
pepper. The PRD treatments had the highest tuber moisture content.
This may be due to the fact that the wet side of the root system in the
PRD strategy receives more water than DI in each irrigation event, and
the roots on the irrigated side in the PRD treatments absorb more water
to maintain a higher crop water balance (Sepaskhah and Ahmadi, 2010;
Liu et al., 2006a).

The lowest IWUE was obtained in the PRD treatments. This result is
consistent with results of Ahmadi et al. (2014), who reported that the
PRD treatments showed significantly lower IWUE values, as they de-
creased the IWUE by 31% to 41%, relative to FI. The DI treatments had
higher IWUE than PRD treatments. Similar results were reported by Liu
et al. (2006b) and Ahmadi et al. (2014) for potatoes, and Wakrim et al.
(2005) and Kirda et al. (2005) showed that DI had higher IWUE values
than PRD in bean and maize, respectively. Inconsistent with our study,
Shahnazari et al. (2007), Ahmadi et al. (2010a), and Jovanovic et al.
(2010) reported that PRD had higher IWUE values in potatoes than DI.
It is likely that the differences between the IWUE values reported in
these previous studies could be due to the experimental set up, crop
variety, soil textures, climatic demands, soil water balance, and root
distribution (De la Hera et al., 2007; Ahmadi et al., 2010a; Ahmadi
et al., 2014).

As shown above, PRD might not be a successful water-saving irri-
gation strategy in this arid region. The current results contradict the
general idea that maintaining yield and improving IWUE are often the
advantages of PRD over FI and DI (Kriedmann and Goodwin, 2003).
Potato plants subjected to PRD, with reduced water compared to FI, are
exposed to an elevated level of water stress because of both the re-
duction in water and the dry roots in the non-watered side where air
temperature is high and soil evaporation constitutes nearly 30% of the
total crop evapotranspiration. The crops in DI are only exposed to water
stress due to a reduction in water. The duration of the wet/dry cycle
under field conditions is a function of soil type, climate and cultivar,
and it influences the intensity of the PRD response (De la Hera et al.,
2007; Ahmadi et al., 2010a; Yactayo et al., 2013). Sepaskhah and
Parand (2006) reported that PRD could be a successful irrigation
strategy in this arid and semi-arid region provided that the duration of
the wet/dry cycling in PRD is decreased such that the crops are not
exposed to extreme and severe water stress. This argument might be
valid in our study where the PRD treatments received only part of the

water that was supplied in the FI treatment throughout the growing
season, which may have had a very adverse effect on potato yields and
IWUE.

For the C3 tuber size class, the number of potato tubers was highest
in the FI treatment consistent with the findings of Ahmadi et al. (2014)
who showed that PRD treatments under-produced tuber numbers
compared to FI and DI treatments. In contrast Shahnazari et al. (2007)
reported that PRD produced higher tuber numbers than FI.

5. Conclusions

Field grown potatoes were cultivated under three different irriga-
tion techniques: full (FI), deficit (DI), and partial root-zone drying
(PRD) irrigations. DI received 70% and 50% of FI, and the same was
true for PRD. Our results clearly demonstrated that the soil water
contents under FI were the highest, followed by DI70 and PRD70. The
fresh and dry vegetative parts under both FI and PRD70 treatments
were similar and were significantly greater than the other irrigation
treatments. Although there were not significant differences between the
number of branches per plant among the irrigation treatments, the leaf
area index of the treated plants was significantly different among the
treatments. There was a significant effect of the irrigation treatments on
the fresh and dry tuber yields. The FI treatment recorded the highest
fresh and dry tuber yields compared to the other treatments. The FI
plants produced the highest irrigation water use efficiency (IWUE), and
DI70 and DI50 plants produced significantly higher IWUE than PRD70
and PRD50. These potatoes water-saving techniques are not re-
commended. Therefore, the strong effect of PRD might be due to the
decreased duration of the wet/dry cycling, which could help to achieve
a successful PRD technique in this arid region. Future studies should be
undertaken to test the agronomy parameters and yield components of
potato plants with different wet/dry cycle and soil varieties.
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