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 Summary
Efficient irrigation and salinity control are im-

portant issues in arid regions, and a water-saving and 
salt-controlling irrigation method was required. In-
direct subsurface drip irrigation (ISDI) is an efficient 
irrigation method, which consists of a drip irrigation 
(DI) system above the surface of the ground and a ver-
tical tube that is buried in the root-zone soil under 
the dripper of DI. ISDI achieves the effect of subsur-
face drip irrigation (SDI), while water in DI drips into 
the root-zone soil through the vertical tube. The two 
drip irrigation methods (ISDI and DI) and irrigation 
factors (diameters of the vertical tube and irrigation 
volumes) on the distribution of water and salinity in 
the root zone soil as well as the quality and yield of ju-
jube trees were studied in 2012–2013 in an extremely 
arid desert region in the province of Xinjiang, China. 
In order to determine suitable irrigation methods and 
modes, three levels of irrigation volume were used 
for both ISDI and DI, and three diameters of vertical 
tube were used for ISDI. The results showed that 
ISDI was found to be a more suitable irrigation meth-
od than DI. Under ISDI, the vertical tube diameter of 
75 mm and an irrigation volume of 13–14 L plant-1 was 
the more suitable irrigation mode; while the average 
desalination ratio in the soil layer at 0–50 cm depth at 
a distance of 30 cm from the vertical tube was 25.2%, 
the average jujube yield was 2,579 kg ha-1, and the av-
erage irrigation water use efficiency (IWUE) was 3.48 
kg m-3. In addition, the organic acid, soluble sugar, and 
Vc contents of fruit quality were also high. The results 
are significant for the cultivation of fruit trees using 
highly efficient water irrigation while preventing sec-
ondary soil salinization.
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Significance of this study
What is already known on this subject? 
• The vertical tube specifications and modelling of 

indirect subsurface drip irrigation (ISDI) were 
conducted, and the parameters of wetted soil under 
ISD were studied. Some study showed that ISDI could 
effectively improve IWUE and melon quality in the 
experimental greenhouse.

What are the new findings? 
• The diameter of vertical tube and the irrigation 

volume have a strong influence on the volume of the 
wetted body and salt movement in the wetted body. 
ISDI, with a vertical tube diameter of 75 mm and an 
irrigation volume of 13–14 L plant-1 can improve the 
jujube fruit quality, yield and IWUE more than DI. 

What is the expected impact on horticulture?
• Indirect subsurface drip irrigation is suitable for 

the forestry and fruit industries in saline soil under 
extremely arid climate, and it can control salinity and 
increase water efficiency, yield and fruit quality. 
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Introduction
Xinjiang Province, China, is an extremely arid region with 

scarce water resources, severe soil salinization and fragile 
ecological environments (Liu et al., 2012). The jujube indus-
try plays a double role in the development of Xinjiang Prov-
ince, because it provides economic and ecological benefits 
and supports the local rural economy (Yao et al., 2011a; Li et 
al., 2010). However, several problems have limited the devel-
opment of large-scale industrialized operations in the jujube 
industry in the region, including low agricultural water re-

source utilization efficiency and secondary soil salinization. 
In addition, with rising living standards, consumers demand 
more and higher quality fruits. However, flood irrigation and 
furrow irrigation cannot adapt to these changes. Therefore, 
advanced irrigation technologies that are suitable for the lo-
cal forestry and fruit industries able to control salinity and 
increase water efficiency, yield and fruit quality are required. 

Drip irrigation (DI) is a water-saving irrigation technol-
ogy that has been widely used for jujube trees in Xinjiang 
Province, China. Searchers around the world have conducted 
numerous studies on the water content, salinity control and 
growth of fruit trees under drip irrigation (Wei et al., 2011; 
Yao et al., 2012; Mounzer, 2013; Ben Ahmed et al., 2012). 
Ren et al. (2012) studied the effects of three irrigation meth-
ods, including surface irrigation, drip irrigation and micro- 
sprinkler irrigation, on the IWUE and fruit quality of jujube 
trees and found that drip irrigation resulted in the highest 
yield increase and IWUE and significantly improved fruit 
quality. In addition, salt leaching was observed in the surface 
soil around the drip irrigation pipes and especially around 
the dripper. However, compared to subsurface drip irriga-
tion, DI increased the water supply path and evaporation, 
it decreased the IWUE. In addition, DI leached salt from the 
surface toward the lower layers, which increased the salinity 
of the jujube root zone soil and created unfavorable condi-
tions for growth (Wang et al., 2011). 
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Subsurface drip irrigation (SDI) is one of highly efficient 
irrigation methods that can reduce surface evaporation and 
improve water and mineral absorption and utilization, so it 
has a significant benefit of saving water and product-enhanc-
ing (Lesikar, 2004). But it has high operation cost, high de-
mands of the administration, and it is especially easy to clog. 
An investigation of emitter clogging was conducted in a sub-
surface drip irrigation system, which had been running for 
8 years. Clogging rates of Labyrinth emitter, mini-pipe and 
orifice reached 16.6%, 25% and 63.9%, respectively (Wu, 
2004). As a result, these factors restrict large-scale applica-
tion of subsurface drip irrigation.

Indirect subsurface drip irrigation (ISDI) is an efficient 
irrigation method, which was first proposed by Meshkat et 
al. (1997, 1998, 2000) as Sand Tube Irrigation (STI). It con-
sists of a DI system above the surface of the ground and a ver-
tical tube that is buried in the root-zone soil under the drip-
per of DI; the vertical tube consists of an impermeable upper 
boundary, a permeable lower boundary and a permeable 
bottom. ISDI achieves the effect of DI when water in DI drips 
into the vertical tubes a permeable bottom and infiltrates the 
root-zone soil. Accordingly, this irrigation method is called 
indirect subsurface drip irrigation. Compared to SDI, ISDI 
just adds the cost of the vertical tube. But it would decrease 
demands of the administration, reduce cost of irrigation wa-
ter treatment and project cost, and lower the risk of clogged 
dripper, while the device reduces water evaporation from the 
surface soil, achieves the goal of highly effective water utili-
zation and water resource conservation, and it is suitable for 
the irrigation of sparsely planted crops in less developed ar-
eas. Some researchers have conducted several studies of the 
vertical tube specifications and modeling of ISDI. Zhao et al. 
(2009a, 2009b, 2010) studied the parameters of wetted soil 
under ISDI and developed a vertical tube specification  
parameter model that was based on water balance theory. 
Xie et al. (2010) conducted an experimental greenhouse 
study and showed that ISDI could effectively improve IWUE 
and melon quality. However, few comprehensive studies have 
been performed on water and of salinity movement under 
ISDI as well as its effect on crop quality and yield. Therefore, 
the goal of this paper was to determine whether ISDI could 
improve the water efficiency, quality and yield of jujube trees 
and control salinity. The effects of the irrigation volume and 
the diameters of the vertical tube on the water and salini-

ty distributions in the root zone soil as well as on the crop 
quality and yield under ISDI were investigated and compared 
with those under DI. Finally, a suitable irrigation method and 
mode were selected for jujube trees in saline soil under ex-
tremely arid climate, which will support the sustainable de-
velopment of the region’s forestry and fruit industries. 

Materials and methods

Study site overview
The experiment was located in the irrigation test ex-

perimental field (80°30’N, 40°22’E) of the College of Water 
Resources and Architectural Engineering, Tarim University, 
Alar, Xinjiang Province, China. This region has a typical tem-
perate continental arid desert climate with an average of 
2,865 annual sunshine hours, an average annual temperature 
of 10.7°C, an accumulated temperature ≥10°C of 4,113°C, an 
average perennial precipitation of approximately 67 mm, 
an average perennial evaporation of 2,110 mm, and an un-
derground water level that is approximately 2 m deep. The 
physical and chemical properties of the experimental soil are 
listed in Table 1.

Experiment design
The experiment was conducted over two consecutive 

years, 2012 and 2013. Two drip irrigation methods were 
applied: ISDI and DI. The ISDI method used vertical tubes 
with three diameters [50 mm (D1), 75 mm (D2), and 90 mm 
(D3)], three irrigation levels in 2012 [9 L plant-1 (W1), 13 L 
plant-1 (W2), and 17 L plant-1 (W3)], and three irrigation levels 
in 2013 [9 L plant-1 (W1), 14 L plant-1 (W2), and 19 L plant-1 
(W3)] (irrigation volume unit: L plant-1 h-1, which is abbrevi-
ated as L in the following discussions). The DI method was 
performed with the same three irrigation volumes, which 
were represented as CK1, CK2, and CK3. A total of 12 treat-
ments were used, and all of the dripper discharge rates were 
3 L h-1. The details of the pilot program are listed in Table 2. 
Twelve plots were constructed and isolated by 1.0-m-deep 
plastic films to prevent interference between the plots and to 
eliminate temporal and spatial variations.

Planting pattern and irrigation fertilization 
Jujube trees (Ziziphus jujube ‘Junzao’), which are com-

monly grown in the region, were planted for the experiment. 

Table 1.  Physical and chemical properties of the experimental soil.

Soil depth 
(cm)

Soil 
texture

Saturated water 
content (%)

Field water retaining 
capacity (%)

Soil bulk density
(g cm-3) pH Salinity 

(%)
  0–10 Sandy loam 28.37 19.43 1.38 8.18 0.19
10–20 Sandy loam 28.39 19.18 1.39 8.19 0.17
20–30 Sandy loam 27.68 19.22 1.40 8.25 0.14
30–40 Clay interlayer 30.46 26.43 1.43 8.43 0.15
40–50 Sandy 27.87 24.15 1.42 8.24 0.13

Table 2.  Details of the pilot program.

Year Treatment number Unit D1W1 D1W2 D1W3 D2W1 D2W2 D2W3 D3W1 D3W2 D3W3 CK1 CK2 CK3

Diameter of vertical tube mm 50 50 50 75 75 75 90 90 90
2012 Irrigation volume W L·plant-1 9 13 17 9 13 17 9 13 17 9 13 17
2013 Irrigation volume W L·plant-1 9 14 19 9 14 19 9 14 19 9 14 19
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The trees were 5 years old in the first year of the experiment, 
2012, and were planted in a dwarf and close planting pattern. 
Six jujube trees were planted in each plot and arranged in a 
straight north-south line. The distance between the trees was 
1 m, and the plots were arranged in a line and were separated 
by 2 m. Branch pipes were laid east-west in all of the exper-
iment plots, and drip irrigation pipes were laid north-south. 
Each experiment plot was served by one drip irrigation pipe; 
thus, the pattern was a one pipe/one line deployment. Each 
drip irrigation pipe had a dedicated valve and water meter to 
control the irrigation volume of the plot. In the ISDI experi-
ment plots, each tree was served by one vertical tube that was 
installed under the drip irrigation pipe 200 mm horizontally 
from the trunk. The drip irrigation pipe (diameter 16 mm, 
wall thickness 0.9 mm) was located 200 mm from the trunk 
of the jujube tree. The same pipe arrangement was used in 
the DI plots, and the water outlet was set 100 mm horizon-
tally from the trunk. The planting pattern of the jujube trees 
and the arrangement of the vertical tube are shown in Figure 
1. Prior to the tree budding period, flood irrigation was ap-
plied at 1,200 m3 ha-1 to leach the soil salinity and maintain 
soil moisture. Each year, the experiment started at the end of 
April or early May and ended in mid-September. Each exper-
iment plot was managed according to the pilot program; the 
irrigation schedule is listed in Table 3.

A micro drip-irrigation sand filter and micro fertilizer 
tank were installed in the experiment plots. The fertilizer 
was a special drip irrigation fertilizer for jujube trees, and 75 
kg ha-1 of the fertilizer was applied six times throughout the 
growing period. 300 kg ha-1 of base fertilizer was applied in 

the spring, and the other agricultural management measures 
were the same as for conventional jujube cultivation. 

Components and installation of the vertical tubes
Figure 2 shows the components of the vertical tube, in-

cluding the drip irrigation pipe, small pipe, adjusting valve, 
vertical tube, coarse sand inside the vertical tube, imper-
meable boundary (PVC pipe), permeable boundary (coarse 
sand), and permeable bottom (coarse sand). The first step 

Table 3.  Irrigation schedule for the jujube trees under different treatments. The numbers in the brackets indicate total irri-
gation times for the respective growth stage, and the numbers behind the growth period indicate the date of beginning and 
end of the growing period.

Year Treatment

Irrigation quota (L plant-1)
Irrigation 

quota
(L plant-1)

Bud and 
leaf stage
2012/2013
4.10-5.21

Flowering 
period

2012/2013
5.22-6.26

Initial fruit 
period

2012/2013 
6.27-7.18

Fruit expansion 
stage

2012/2013
7.19-8.25

Initial maturity 
stage

2012/2013
8.26-9.05

Late maturity 
stage

2012/2013
9.06-10.15

2012
D1W1, D2W1, D3W1, CK1   9(1) 18(2) 18(2) 36(4)   9(1)   9(1)   99(11)
D1W2, D2W2, D3W2, CK2 13(1) 26(2) 26(2) 52(4) 13(1) 13(1) 143(11)
D1W3, D2W3, D3W3, CK3 17(1) 34(2) 34(2) 68(4) 17(1) 17(1) 187(11)

2013
D1W1, D2W1, D3W1, CK1   9(1) 18(2) 18(2) 36(4)   9(1)   9(1) 99(11)
D1W1, D2W1, D3W1, CK1 14(1) 28(2) 28(2) 56(4) 14(1) 14(1) 154(11)
D1W1, D2W1, D3W1, CK1 19(1) 38(2) 38(2) 76(4) 19(1) 19(1) 209(11)

Sun et al.  |  Surface and subsurface drip irrigation for jujube trees under extremely arid climate

12 

 
 

 
 
 
FIGURE 1.  Diagram of the jujube planting pattern and the arrangement of the vertical tubes. 
 
 
  

Figure 1.  Diagram of the ju-
jube planting pattern and the 
arrangement of the vertical 
tubes.
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FIGURE 2.  Diagram of the ISDI components and irrigation principles. 
 
 
  

Figure 2.  Diagram of the ISDI components and irrigation 
principles.
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of the installation was to drill a 25-cm-deep hole in the soil 
with a diameter slightly greater than that of the vertical tube 
(by PVC pipe) to be deployed. Sand that passed through a 2–5 
mm sieve was wrapped in a 10-cm-thick nylon net. The net 
was placed at the bottom of the 30 cm PVC pipe and then 
placed at the bottom of the hole. Finally, the soil was tamped 
down, and the PVC pipe was lifted 5 cm to form a 5-cm-thick 
permeable boundary. The small pipe was installed on the 
drip irrigation pipe above the vertical tube to introduce wa-
ter into the vertical tube. The small pipe contained the regu-
lating valve for flow control.

Sample collection and measurement 
Soil samples for index measurements were collected 24 

hours before and after irrigation. In the ISDI experiment, 
samples were collected at the vertical tube (which was con-
sidered the center), along horizontal profiles at distances of 
10, 20, and 30 cm to the vertical tube (called profiles A, B, and 
C, respectively) at depths of 0–10, 10–20, 20–30, 30–40, and 
40–50 cm (the soil sampling locations are shown in Figure 
1). In the DI experiment, soil samples were collected at the 
ground surface under the dripper near the tree trunk (which 
was considered the center), along vertical profiles to the drip 
irrigation pipe, and along horizontal profiles at distances of 
10, 20, and 30 cm to the dripper at depths of 0–10, 10–20, 
20–30, 30–40, and 40–50 cm. Three trees in each plot were 
used as the basis of the soil sampling, and the analysis results 
are the average of the three. The soil samples were sent to 
the laboratory for testing and analysis. The soil conductivity 
was measured by a DDS-302 conductivity meter (Shanghai 
Lei-Ci conductivity meter) (1:5 soil water extract conductiv-
ity measurement), and the soil water content was measured 
by the drying method. 

For the fruit collection and quality and yield measure-
ments, the yield of each plot was determined at harvest. In 
addition, 20 fruits were randomly picked and then dried 
to measure the following indices: soluble sugar content by 
anthrone colorimetry (Li, 2004), vitamin C content by di-
chloroindophenol titration (Li, 2004), soluble protein con-
tent by Coomassie brilliant blue colorimetry (Xiao et al., 
2005); organic acid by acid-base titration (Xiao et al., 2005); 
fruit weight by weighing (accuracy of 0.01 g), and longitudi-
nal diameter and equatorial diameter of the fruit by Vernier 
caliper.

Data processing and analysis 
The conversion between soil salinity and soil conductivi-

ty is calculated as follows (Zhang et al., 2011): 

y = 0.363x + 0.0108 (1)

where x is the 1:5 soil water extract conductivity in ms cm-1, 
and y is the soil salinity in %. 

η = 100% (Sb-Sa)/Sb (2)

where η is soil desalination ratio (%), and Sb is soil salinity 
before irrigation (%), Sa is soil salinity after irrigation (%).

Irrigation water use efficiency (IWUE) indicates the fruit 
yield that is produced using 1 m3 of water and is represented 
as the ratio of the fruit yield to the irrigation water volume 
(Li et al., 2011; Dai et al., 2011) or the ratio of the fruit yield 
to the water consumption (Li et al., 2012; Wang et al., 2011; 
Hu et al., 2009): 

IWUE = Y/Wi  (3)

where IWUE represents the irrigation water use efficiency in 
kg m-3, Y represents the crop total yield or average yield in 
kg ha-1, and Wi represents the total irrigation water volume 
or irrigation water volume per unit area in m3 or m3 ha-1. 

Excel was used for the data processing and variance anal-
yses, and the significance level is 5%.

Results

Spatial distribution of the soil water content
Figure 3 shows the spatial distribution of the water con-

tent in the soil layers (0–50 cm vertically and 0–30 cm hor-
izontally) after irrigation with both drip irrigation methods 
in 2012 and 2013.

Because the two irrigation methods have different water 
outlet locations, the vertical distributions of the soil water 
content differ significantly. The buried depth of the vertical 
tube for ISDI was 25 cm; thus, water infiltrated into the soil 
from a permeable boundary that was located 20–25 cm be-
low the surface. When the water content around the perme-
able boundary became saturated, it diffused vertically and 
horizontally to form an ellipsoidal wetted body around the 
water outlet. Treatments D1W1 to D3W3 show that after irri-
gation, the soil at depths of 20–30 cm had the highest water 
content. The soil water content decreased gradually with 
increasing distance upward and downward from the water 
outlet and with increasing horizontal distance from the wa-
ter outlet. With DI, water entered the soil at a point on the 
ground surface. The water nearly saturated the soil under 
the dripper, and the water diffused slowly to form a semi-
circular cone-like wetted body beneath the dripper (Zhang 
et al., 2008). Treatments from CK1 to CK3 show that the soil 
water content is highest at the surface and decreases grad-
ually with increasing soil depth. Horizontally, the soil water 
content also decreased gradually with increasing distance 
from the dripper.

Figure 3 shows that under ISDI, for a constant diameter 
of the vertical tube, the volume of the wetted body increased 
with an increase of the irrigation volume, and the maximum 
soil water content was located 25–35 cm beneath the sur-
face. For a constant irrigation volume, when the diameter of 
the vertical tube increased, the volume of the wetted body 
increased accordingly. In addition, the water movement dis-
tance increased vertically as well as horizontally; this is con-
sistent with the deep-pit irrigation that was studied by Li et 
al. (2010). 

Thus, the results showed that the soil at depths of 10–40 
cm had the highest soil water content with ISDI, whereas the 
soil at depths of 0–30 cm had the highest soil water content 
with DI. Studies have shown that jujube tree root systems 
are primarily concentrated at depths of 10–40 cm and 0–60 
cm horizontally from the tree (Qiao et al., 2012). Therefore, 
compared to DI, ISDI decreases the water supply path and 
reduces surface soil water evaporation, which facilitates the 
effective absorption and utilization of water by the crop. Fig-
ure 3 shows that with ISDI, the diameter of the vertical tube 
and the irrigation volume affected the dimensions of the wet-
ted body. When both the irrigation volume and the diameter 
of the vertical tube were relatively small, and therefore the 
volume of the wetted body was small after irrigation, for in-
stance, the wetted body too small to meet the jujube roots 
growth under D1W1, which decreased jujube yield and qual-
ity. After D1W1 irrigation, the maximum soil water content 
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was located at a depth of 30 cm and the zone of 10% soil 
water content extended 23 cm horizontally from the vertical 
tube, which was less than the horizontal distance of the ju-
jube tree root system. When the irrigation volume and verti-
cal tube diameter were larger, the volume of the wetted body 
was larger and exceeded the absorption range of the crop 
root system. In the case of D3W3, the 10% soil water content 
reached depths of 40–50 cm beneath the surface, and the 
maximum soil water content reached depths of 60–70 cm, 
which exceeded the crop root system’s vertical distribution. 
Therefore, D1W1, D2W1 and D3W1 were not suitable for crop 
growth. 

Effect of different treatments on soil desalination
Under ISDI, when water infiltrated into the soil from the 

permeable boundary 20–25 cm beneath the surface, soil sa-
linity was moved by the water. The soil salinity leaching was 
more significant near the permeable lower boundary and 
permeable bottom of the vertical tube. With increasing hori-
zontal and vertical distance from the permeable boundary of 
the vertical tube, the salinity leaching effect decreased grad-
ually, and the desalination ratio also gradually decreased. 
Figure 4 shows that under the same treatment, the soil layers 
at 10–40 cm depth in profile A had the highest desalination 
ratios, whereas the desalination ratios decreased gradually 
in profiles B and C. In each profile, the desalination ratios in 
the soil layers at depths of 0–10 cm and 40–50 cm were less 
than that in the soil at depths of 10–40 cm. Under DI, water 
entered the soil from the surface under the dripper, and the 
soil salinity moved downward with the water, which effec-
tively leached the surface soil salinity. Figure 4 shows that 
for each treatment and profile, the highest soil desalination 
ratio was highest at the surface and decreased gradually with 
increasing depth. 

Under ISDI with a fixed vertical tube diameter, when the 
irrigation volume was small, the soil at 10–40 cm depth in 
profiles A and B were saturated because they were near the 
permeable boundary of the vertical tube. The salinity leach-
ing in these soil layers was effective, which reflects the char-
acteristic that “salinity moves with water”. However, the soil 
at 0–10 cm and 40–50 cm depth in profiles A and B as well 
as the soil at 10–40 cm in profile C were located at the outer 
rim of the wetted body and accumulated salinity. When the 
irrigation volume increased to W2 and W3, the desalination 
ratios in the soil at 10–40 cm depth in profiles A and B in-
creased further. The layers at 0–10 cm and 40–50 cm depth 
in profiles A and B and at 10–40 cm in profile C changed from 
salinity accumulation to desalination, and the desalination 
ratio increased with increasing irrigation volume. 

When the irrigation volume was fixed, the desalination 
ratios in the soil at 10–40 cm depth in profiles A and B, which 
were near the permeable boundary of the vertical tube, de-
creased with increasing diameter of the vertical tube; D1W3 
had the highest desalination ratio in this soil layer, and the 
desalination ratios were 41.7% and 44.6% in profiles A and 
B. For the soil layers at 0–10 cm and 40–50 cm depth in pro-
files A and B and all of the soil layers in profile C, salinity ac-
cumulations were observed under the three W1 treatments 
(D1W1, D2W1 and D3W1). With the W2 and W3 irrigation vol-
umes, the soil desalination ratios demonstrated a low-high-
low trend with increasing diameter of the vertical tube, and 
the desalination ratio was highest with treatment D2W3. For 
all of the soil layers in profiles A, B and C, the average desali-
nation ratio for the D1W3 treatment was 28.9% and the aver-
age desalination ratio for the D2W3 treatment was 32.9%; in 
addition, the average desalination ratio for the D2W2 treat-
ment was 25.2%, and its irrigation volume is relatively small, 
which is favorable for water conservation.
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FIGURE 3.  Spatial distribution of soil water content (%) in the jujube root zone with differ-
ent treatments after a single irrigation. 
 
 
  

Figure 3.  Spatial distribution of soil water content (%) in the jujube root zone with different treatments after a single irriga-
tion.
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FIGURE 4.  Variation of soil desalination ratios in different soil A, B and C profiles(at horizon-
tal distances of 10, 20, and 30 cm to the vertical tube) and layers under different treatments. 
This figure shows the desalination ratios before and after a single irrigation; a positive de-
salination ratio indicates that the soil was desalinated, while a negative desalination ratio 
indicates an accumulation of salt in the soil. 
 
 
  

Figure 5.  Effects of different treatments on jujube fruit quality. Different letters indicate significant differences (P < 0.05) 
between the individual treatments.

Figure 4.  Variation of soil desalination 
ratios in different soil A, B and C profiles 
(at horizontal distances of 10, 20, and 30 
cm to the vertical tube) and layers under 
different treatments. This figure shows 
the desalination ratios before and after a 
single irrigation; a positive desalination 
ratio indicates that the soil was desali-
nated, while a negative desalination ratio 
indicates an accumulation of salt in the 
soil.
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FIGURE 5.  Effects of different treatments on jujube fruit quality. Different letters indicate 
significant differences (P<0.05) between the individual treatments. 
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Effects of different treatments on jujube fruit quality
Under ISDI and when the diameter of the vertical tube 

was constant, the organic acid and vitamin C (Vc) contents of 
the fruit initially increased and subsequently decreased with 
increasing irrigation volume (Figure 5). The organic acid 
and Vc contents were significantly higher with treatment W2 
than with the other treatments, which suggested that this 
irrigation volume facilitated Vc and organic acid synthesis 
and accumulation in the fruit (Xie et al., 2010). The organic 
acid and Vc contents were higher under treatments D2 and 
D3 than under D1, although the differences were insignificant. 
Overall, the soluble protein content of the jujubes increased 
with increasing irrigation volume (Xie et al., 2010), and the 
soluble sugar content in the fruit decreased with increasing 
irrigation volume, which meant that smaller irrigation vol-
umes could increase the soluble sugar in the fruit. Treat-
ments D2 and D3 produced the highest soluble sugar in the ju-
jube, whereas D1 produced the lowest, which may have been 
caused by the improvement of the soil permeability and root 
system activity by the larger diameter of the vertical tube, 
which consequently improved the fruit quality. 

A comparison with DI showed that for a constant irri-
gation volume, treatment D2 produced significantly higher 
soluble sugar and organic acid contents in the fruit, and the 
soluble protein content and Vc contents were relatively also 
higher under treatment D2. These results indicate that ISDI 
with treatment D2 can improve the overall fruit quality more 
than DI.

The 2013 experiment showed improvements in several 
aspects of fruit quality compared to the 2012 results, which 
may be explained by increases in quality with greater jujube 
age. 

Effects of different treatments on jujube tree yield and 
irrigation water production efficiency

Table 4 shows that under ISDI with the same diameter of 
vertical tube, the irrigation volume had a positive effect on 
fruit weight of the ‘Junzao’ jujube. With a constant irrigation 
volume, the fruit weight were greatest under treatment D2 
and particularly treatment D2W3, which produced an average 
weight of 20.9 g. Treatment D3 produced the second highest 
fruit weight followed by D1. Under the W1, W2 and W3 treat-
ments, ISDI increased the maximum fruit weight by 19%, 8% 
and 10%, respectively, compared with DI. 

Under ISDI, the jujube yield generally increased with in-
creasing irrigation volume. For a constant irrigation volume, 
treatment D2 had the highest jujube yield followed by D3, 
whereas D1 had the lowest yield. D2W3 had the highest yield 
(average of 2,787 kg ha-1), which was not significantly differ-
ent from the yields under D3W3. However, the result was sig-
nificantly different from the yields under treatment W3 (CK3), 
with the yield improving by 13.6%.

Table 4 indicates that the IWUE of the jujube trees was 
highest under D2W1 with an average of 4.51 kg m-3 over two 
years. The IWUE decreased with increasing irrigation vol-
ume; with increasing diameter of the vertical tube, the IWUE 
initially increased followed by a subsequent decrease, and it 
was highest under D2. It is worth noting that although D1W1, 
D2W1 and D3W1 had relatively high IWUE values, their yields 
were low and did not meet fruit farmers’ expectations; thus, 
they were not practical for commercial production. Under 
D2W2, the jujube tree had high IWUE as well as high yield 
with an average IWUE of 3.48 kg m-3 and an average yield of 
2,579 kg ha-1 over two years, which represents an improve-
ment in the irrigation IWUE. 

The different irrigation methods resulted in significantly 
different jujube yields. For the same irrigation volume, the 
yields were higher under ISDI. Compared with DI, the treat-
ments W1, W2, and W3 with ISDI had higher average maximum 
yields of 10.4%, 16.7% and 13.6%, respectively. Overall, the 
irrigation water production efficiency was higher under ISDI, 
and the maximum improvement over DI was 13.4%. There-
fore, ISDI had higher water conservation potential and could 
improve the jujube tree water production efficiency. 

Discussion

Selection of the drip irrigation method
Scarce water resources and soil salinization are major 

factors that limit the development of the jujube industry in 
the arid region of Xinjiang Province, China. In addition, high 
quality and high yield are important aspects that can in-
crease the revenues of fruit farmers. In this paper, the move-
ment of water and salinity and the yield and quality of jujube 
fruit were compared and analyzed under two water-efficient 
irrigation technologies, DI and ISDI, to identify a highly effec-
tive, water-efficient, salinity-suppressing irrigation method 
for jujube trees. The experiment results showed that under 
ISDI, the water content was mainly distributed in the soil 
layer at depths of 10–40 cm, whereas under DI, the water 
content was mainly distributed in the soil layer at 0–30 cm. 
Variations in the water content led to different areas of sa-
linity leaching. ISDI caused desirable salinity leaching in the 
10–40 cm soil layer, whereas DI produced satisfactory salin-
ity leaching in the 0–30 cm soil layer. The evaluation showed 
that the jujube tree root system was mainly distributed in the 
10–40 cm soil layer (Qiao, 2012; Sun, 2015). Thus, the soil 
water distribution under ISDI facilitated absorption at the 
jujube tree root system, and a relatively low salinity environ-
ment was formed in the main root area of the jujube trees. 
However, it is worth noting that both drip irrigation methods 
remove salinity from a limited area by leaching salinity to the 
edge of the wet areas instead of out of the root zone. Spring 
or autumn irrigation should be applied to leach salinity out 
of the root zone. 

The results showed that compared to DI, treatments W1, 
W2, and W3 with ISDI improved the maximum fruit weight by 
19%, 8% and 10%, respectively, and increased the maximum 
average yields by 10.4%, 16.7% and 13.6%, respectively. This 
indicates that ISDI can improve the fruit quality of the jujube 
tree. Based on these results, ISDI is recommended as the 
most appropriate irrigation method for jujube trees. 

Contributing factors of superior water production  
efficiency and fruit yield and quality under ISDI over DI

The results indicated that ISDI improved the yield and 
quality of the jujube fruit as well as water production effi-
ciency compared with DI. This is caused by many factors. 
First, this was mainly due to reduction of the surface evap-
oration and facilitated water absorption by the root system 
in ISDI. Second, this was related to the salinity removal ef-
fects of ISDI, which mainly reduced salt content in the soil at 
depths of 10–40 cm. Studies have shown that the soil salinity 
affects crop yield and quality (Yurtseven et al., 2005; Grieve, 
2007). Under ISDI, the root system is in a low salinity envi-
ronment, which is favorable for tree growth. Consequently, 
the yield and quality of jujube are improved. Moreover, the 
permeable medium (coarse sand) that was used in the ver-
tical tube under ISDI had large pores and excellent connec-
tivity to the atmosphere, and the soil layer has a substantial 
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air contact area (a permeable lower boundary and a perme-
able bottom), which facilitates the exchange of air between 
the root system soil and the atmosphere. Thus, ISDI would 
increase soil aeration.

Some studies showed that increased soil aeration im-
proves the root system’s growth characteristics and water 
absorption, which improves WUE, crop yield and fruit quali-
ty (Bhattarai, 2008; Abuarab, 2013). However, this research 
does not study soil aeration and the growth and character-
istics of the jujube tree root distribution under ISDI, and to 
investigate whether ISDI can improve soil aeration and the 
root system’s growth characteristics requires further testing 
and verification.

Selection of the irrigation mode with the ISDI method
When both the irrigation volume and diameter of the 

vertical tube were relatively small (D1W1, D2W1, D3W1), the 
wetted soil volume was small and water absorption by the 
root system was affected, which limited root system growth. 
When both the irrigation volume and the diameter of the ver-
tical tube were relatively large (D3W3), the wetted body vol-
ume expanded beyond the absorption area of the root sys-
tem after irrigation, which wasted water resources and was 
unfavorable for field management. Considering the relation-
ship between the root system and the wetted body volume, 
treatments D1W2, D1W3, D2W2, D2W3, and D3W2 were suitable 
watering schemes for jujube tree growth.

After a single irrigation with treatment D1W3, the soil lay-
er at depths of 10–40 cm in profiles A and B had the highest 
desalination ratios. Under treatment D2W3, the 10–40 cm soil 
layer’s desalination ratio was less than that of D1W3; never-
theless, it expanded the area of effective leaching. The soil 
layers at 0–10 and 40–50 cm depth in profiles A and B and 
all of the soil layers in profile C had relatively high desalina-
tion ratios. Under treatment D1W3 and D2W3, the soil layers in 
profiles A, B and C had an average desalination ratio of 28.9% 
and 32.9%, respectively. The soil layers had an average de-
salination ratio of 17%, 25.2% and 16.1% under treatment 
D1W2, D2W2, and D3W2. Compared with other treatments, 
D2W2 achieved desirable desalination results with a relative-
ly small amount of irrigation water, which was favorable for 
water conservation.

During the jujube tree production period, treatment 
D2W3 produced the greatest jujube fruit weight as well as 
the largest longitudinal and equatorial diameters and D2W2 

produced the second highest values. The Vc, organic acid and 
soluble total sugar contents were higher under treatment 
D2W2. The highest IWUE was observed with D2W1 followed 
by D3W1 and D1W1. However, these treatments had low yields 
and fruit weights, which were unfavorable for the fruit farm-
ers; therefore, they were not practical for use. Treatment 
D2W2 produced a high IWUE as well as a high yield, which 
improved the irrigation IWUE. Therefore, considering fac-
tors such as soil salinity suppression, water efficiency and 
high yield and quality, the D2W2 watering scheme was the 
most favorable choice.

Conclusions 
When several factors, such as high quality, yield, water 

efficiency, and salinity control were considered for the close 
planting of jujube trees in arid desert region, ISDI was found 
to be a more suitable irrigation method than DI. With a verti-
cal tube diameter of 75 mm (D2) and an irrigation volume of 
13–14 L (W2), it was the more suitable irrigation mode. The 
wetted body could be suitable for the distribution of the root 
system of crop under treatment of D2W2. With the W2 and W3 
irrigation volumes, the soil desalination ratios demonstrated 
a low-high-low trend with increasing diameter of the vertical 
tube, and the desalination ratio was relatively highest with 
treatment D2W3 and D2W2. The organic acid, soluble sugar, 
and Vc contents were higher under treatments D2 and D3 
than under D1, which may have been caused by the improve-
ment of the soil permeability and root system activity by the 
larger diameter of the vertical tube. Treatment D2 had the 
highest yield and IWUE followed by D3, whereas D1 had the 
lowest yield and IWUE. ISDI with treatment D2 can improve 
the fruit quality, yield and IWUE more than D1. The results 
are significant for the cultivation of fruit trees using highly 
efficient water irrigation while preventing secondary soil sa-
linization.
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Table 4.  Effects of different treatments on fruit weight, yield and irrigation water production efficiency of jujubes. Different 
lower case letters indicate significant differences between irrigation volumes for the same diameters of the vertical tube. Sig-
nificant differences between the vertical tube diameters for the same irrigation volume are indicated by capitals (α = 0.05, 
n = 3).

Year
Fruit weight

(g)
Yield

(kg ha-1)
Irrigation water production efficiency 

(kg m-3)
W1 W2 W3 W1 W2 W3 W1 W2 W3

2012

D1 14.8 cB 16.3 bB 18.7 aB 2090 cB 2322 bB 2589 aB 4.22 aA 3.25 bA 2.77 bA
D2 15.9 cA 18.0 bA 20.8 aA 2208 cA 2553 bA 2767 aA 4.46 aA 3.57 bA 2.96 bA
D3 14.2 cB 16.5 bB 19.7 aB 2186 cAB 2495 bAB 2681 aAB 4.42 aA 3.49 bA 2.87 bA
CK 13.0 cC 17.2 bB 17.6 aC 1980 cC 2178 bC 2415 aC 4.0   aB 3.05 bB 2.58 bB

2013

D1 17.0 bB 18.2 bB 19.3 aB 2166 cB 2464 bB 2585 aB 4.38 aA 3.20 bA 2.47 bA
D2 18.0 cA 19.7 bA 20.9 aA 2251 cA 2605 bA 2807 aA 4.55 aA 3.38 bA 2.69 bA
D3 17.6 cAB 18.6 bAB 19.8 aAB 2245 cAB 2593 bAB 2718 aAB 4.54 aA 3.37 bA 2.60 bA
CK 15.5 cC 17.6 bB 20.3 aAB 2070 cC 2242 bC 2490 aC 4.18 aB 2.91 bB 2.38 bB
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