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Abstract: Regulated deficit irrigation (RDI) was applied to gray jujube trees in an oasis region, to determine the effects of this 

irrigation system on soil salinity, gray jujube physiological processes, fruit yield, and fruit quality.  Treatments consisted of 

severe, moderate and low deficit irrigation (irrigated with 85%, 70% and 55% of CK, respectively) at the flowering stage to 

fruit set stage.  During the other growth stages, all treatments were irrigated with 80% of pan evaporation, which was the same 

as that in control.  The results indicated that soil salinity was enhanced during the periods of water stress, but the high value of 

soil salinity declined by 3.48%-37.27%, at each depth, after irrigation was resumed.  RDI caused a decline in the 

photosynthetic rate, transpiration rate, and stomatal conductance, but enhanced the water use efficiency of the leaves.  

However, the leaf photosynthetic rate was effectively enhanced after the recovery of irrigation, especially in the moderate 

deficit irrigation treatment, which exceeded the control.  This led to an improved fruit yield, which was 9.57% higher than that 

of the control.  The deficit treatments caused a significant increase in the soluble solid content, soluble sugar content, single 

fruit weight and sugar/acid ratio.  Enhanced vitamin C content, resulting from deficit treatments, has also been observed in the 

gray jujube.  Therefore, this research shows that RDI provides some benefits in the production of gray jujube trees in desert 

conditions. 
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1  Introduction
1
 

Jujube (Zizyphus jujube Mill.), originally from China, has 

more than 700 cultivars and a history of over 4000 years[1,2].  

Jujube fruit has a high nutritional value and a long history being 

used as a medicinal remedy[3-5].  Xinjiang is one of the main 

jujube production regions in China[6].  In 2015, the planting area 

of jujube reached 495 548 hm2, while 971 783 hm2 fruit trees were 

planted[7], and the yield of jujube fruits was 3 054 270 t.  The 

jujube is primarily cultivated in the oases around the Taklamakan 

desert, where water resources face severe shortages and irrigation is 
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needed for high yields and good quality.  However, jujube planted 

with inappropriate irrigation may result in a waste of water 

resources and a poor fruit quality[8].  Therefore, it is extremely 

important for water irrigation to be efficient, especially in jujube 

orchards, which located on the rim of desert areas. 

Regulated deficit irrigation (RDI), in which water capacity is 

below full, is a valuable method to cope with water shortages and 

increase the utilization efficiency of irrigation in arid regions[9,10].  

A substantial amount of researches for RDI have been conducted 

on various crops, including maize, pear, tomato, grape, almond, 

squash, and citrus[11-17].  Wu et al.[14] found that deficit treatments 

could efficiently restrict vegetative growth and obtain bigger fruit 

sizes and higher yields.  Akhtar et al.[12] reported that the 

application of water stress and biochar was good for conserving 

water and enhancing the productivity and quality of tomato under 

limited fresh-water resources.  El-Mageed et al.[11] indicated that 

using deficit drip irrigation for squash cultivation, 15% water can 

be saved and improved yield and water use efficiency.  It has been 

observed that using deficit irrigation not only reduces the 

agricultural water use, but also increases the fruit yield, product 

quality, water use efficiency and farmers’ profits[8,18-21]. 

Deficit irrigation applied to jujube trees have been reported by 

many researchers[8,22-24].  Recovery irrigation, after a period of 

RDI, significantly increases the leaf photosynthesis rate (Pn) of 

fruit trees.  This compensatory effect occurred after experiencing 
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water stress, with similar results found in other studies[16,25,26].  

Deficit treatments applied during the growth stages of pear-jujube 

trees led to Pn with a significant compensatory effect, increased 

fruit yield and water use efficiency (WUEL) by 13.2%-31.9% and 

31.4%-42.2%, respectively.  Additionally, pear- jujube trees had 

enhanced fruit firmness, soluble solid content, sugar/acid ratio and 

vitamin C (VC) content[8,22].  Jujube was clearly sensitive to water 

deficit during the fruit maturation stage, and exhibited no direct 

relationships between the turgor and fruit size[23].  In contrast, Ma 

et al.[24] reported that a serious water deficit during the fruit 

maturation stage enhanced the organic acid and soluble solid 

content, but had a slight adverse impact on the average fruit weight, 

VC, and soluble albumen. 

Moreover, photosynthetic analysis is effective for 

understanding how deficit irrigation affects leaf physiological 

parameters.  The stomatal closure is responsible for reducing 

water loss under water stress by inducing a decline in the 

transpiration and photosynthetic rates[27-29].  Zhao et al.[26] 

indicated that during the water deficit period, the leaf stomatal 

conductance, transpiration rate and photosynthetic rate decreased, 

but the leaf water use efficiency (WUEL, Pn/Tr) increased.  Cui et 

al.[22] and Pérez-Pérez et al.[25] found that upon resuming irrigation 

after water stress, the stomatal conductance, transpiration rate and 

photosynthetic rate of trees enhanced significantly and surpassed 

the control values.  Although some of the previous experiments on 

jujube trees have confirmed the positive effects of deficit irrigation, 

it is needed to understand how deficit irrigation affects jujube yield 

and quality by monitoring the photosynthetic processes of the leaves. 

The use of deficit irrigation may result in the accumulation of 

soil salt, which aggravates soil salinization in arid areas[6,30,31].  

Furthermore, the changes in the soil salinity and fraction of 

field-wide leaching were linearly and negatively correlated, 

indicating that soil salinization increased with a decreasing 

leaching fraction[32].  Thus, the appropriate irrigation technique is 

useful to balance the evapotranspiration and leaching fraction.  A 

water conservation strategy that saving up to 25% of irrigation 

water will keep the soil healthier under both drained and undrained 

conditions where good-quality canal water is available[33].  

However, research on the effects of deficit irrigation on soil 

salinization is scarce in oases.  

This study aimed on the following investigations: (1) the 

distribution and build-up of salinity within adult jujube root zones, 

where drip irrigation with different water shortages is applied; (2) 

how RDI affects the leaf photosynthetic rate (Pn), transpiration rate 

(Tr), stomatal conductance (gs) and water use efficiency (WUEL) of 

jujube trees; and (3) the responses of fruit yield and quality to 

different water stress levels. 

2  Materials and methods 

2.1  Experimental materials and design 

The experiment was conducted in a gray jujube orchard of 

Qiemo County 38 Regiment, Bayingolin, Xinjiang Region 

(37°47'N, 84°08'E), which is in the south rim of the Taklamakan 

desert.  It has a continental, arid climate with the mean annual 

temperature of 10.4°C, the mean annual precipitation of 18.1 mm 

and the mean annual evaporation of 2824 mm.  The gray jujube 

plants start budding in the middle of April, with fruits harvesting in 

late October.  The monthly precipitation, relative humidity, and 

temperature during the study period are provided in Table 1. 
 

Table 1  Air temperature, relative humidity, and precipitation 

of the study site 

Month 

Mean 

temperature 

/°C 

Maximum 

temperature 

/°C 

Minimum 

temperature 

/°C 

Relative 

humidity 

/% 

Precipitation 

/mm 

April 16.1 32.7 1.5 26.2 0.0 

May 21.9 36.0 1.8 22.0 2.0 

June 23.8 38.0 8.6 36.5 5.4 

July 26.6 40.4 13.2 39.6 1.0 

August 24.2 37.5 11.5 38.4 0.4 

September 20.5 33.7 6.2 35.7 0.0 

October 10.2 27.4 -5.3 35.5 0.2 

Note: The meteorological data of the experiment site was measured in 2017. 
 

The materials used in the experiment were 7-year-old gray 

jujube trees, which were planted with distances of 2 m between 

rows and 1 m between trees in a row (5000 tree/hm2).  Two 

driplines (two emitters with 0.3 m between intervals; 3.2 L/h for 

each emitter), located 0.4 m away from the tree row (Figure 1), 

provided water on both sides of the trees.  The soil is sand 

(USAD).  A summary of the soil properties is presented in Table 2.  

The roots of the 7-year-old gray jujube trees occurred mainly at 

depths of 0-40 cm.  The groundwater has a depth of 1.8 m with 

high salinity (3.17 g/L).  The irrigation water comes from the 

snow of Kunlun Mountain (0.47 g/L). 

The experiment involved 3 irrigation treatments and a control 

treatment (CK, local irrigation water quantity), in which the 

control was irrigated with a pan evaporation (Ep) of 80% during 

the entire growth season[14,26,34].  The low (LD), moderate (MD) 

and severe (SD) RDI treatments were irrigated with 85%, 70% 

and 55% of CK during the flowering to fruit set stage, 

respectively, and irrigated with an Ep of 80% during the other 

growth stages (Table 3).  The experimental design was a 

completely randomized plot, with three replicates per treatment. 

The individual plot area was 60 m2, which consisted of 30 gray 

jujube trees in three rows.  All treatments were supplied with 

identical application rates of urea N fertilizer 200 kg/hm2, calcium 

superphosphate Ca fertilizer 250 kg/hm2, and monopotassium 

phosphate K fertilizer 250 kg/hm2.  One half of the N and all the 

Ca fertilizer were distributed evenly and incorporated into the top 

20 cm of the soil before the budding stage.  The remaining half of 

the N and all the K fertilizer were applied throughout the entire 

growth season. 

 
Figure 1  Field layout of the experiment and drip lines 
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Table 2  Soil properties at the experimental site 

Soil properties 
Soil depth/cm 

0-20 20-40 40-60 60-80 

Sand/% 86.60 85.29 87.00 87.04 

Silt/% 10.32 11.65 9.97 9.85 

Cla/% 3.08 3.06 3.03 3.11 

Bulk density/g·cm-3 1.46 1.46 1.49 1.48 

Organic matter/% 9.54 9.70 10.04 9.69 

Moisture data/% 6.22 5.33 5.69 8.17 

Note: Initial field-measured data from the experimental site. 
 

 

Table 3  Accumulated pan evaporation and water irrigation 

for each treatment for gray jujube 

Date Pan evaporation/mm CK/mm LD/mm MD/mm SD/mm 

Apr 24  60.0 60.0 60.0 60.0 

May 2 84.6 67.7 67.7 67.7 67.7 

May 10 87.4 69.9 69.9 69.9 69.9 

May 18 102.4 81.9 81.9 81.9 81.9 

May 26 102.7 82.2 82.2 82.2 82.2 

Jun 4 115.1 92.1 92.1 92.1 92.1 

Jun 10 84.5 67.6 57.5 47.3 37.2 

Jun 16 84.4 67.5 57.4 47.3 37.1 

Jun 22 81.1 64.9 55.1 45.4 35.7 

Jul 2 145.2 116.2 98.7 81.3 63.9 

Jul 9 88.9 71.1 60.5 49.8 39.1 

Jul 16 104.0 83.2 70.7 58.2 45.8 

Jul 23 86.9 69.5 59.1 48.7 38.2 

Jul 30 94.2 75.4 75.4 75.4 75.4 

Aug 9 121.5 97.2 97.2 97.2 97.2 

Aug 18 81.8 65.4 65.4 65.4 65.4 

Note: Pan evaporation was calculated from the day of the last irrigation to one 

day before the next irrigation. 
 

2.2  Measurements 

2.2.1  Measurement of the soil salt contents  

The irrigation date and quantity were recorded throughout the 

entire growth stage per replication per treatment.  The soil 

samples were taken at depths of 0-20 cm, 20-40 cm, 40-60 cm and 

60-80 cm from the soil surface by the soil auger before irrigation 

(June 9, June 15, June 21, July 1, July 8, July 15, July 22, July 29, 

August 8, and August 17).  A digital conductivity instrument 

(FE30K Plus, Mettler Toledo Corporation, China) was used to 

measure the electrical conductivity of 1:5 soil-water leachate 

(EC1:5). 

2.2.2  Measurements of the physiological parameters 

Physiological parameters, including the leaf photosynthetic 

rate (Pn), transpiration rate (Tr), and stomatal conductance (gs), 

were measured with a photosynthesis system (LI-6400XT, LI-COR, 

USA) under a natural temperature and relative humidity during 

GMT 11:00 am-12:30 pm, one day before the deficit water 

irrigation (June 9, June 15, July 1, July 22, August 8, and August 

17).  The light intensity was set at 1500 μmol/m2·s, which was 

provided by a 6400-02B LED light source.  Three sunlit, healthy 

leaves, in different directions, were selected and labeled according 

to a completely randomized design in each replicate[13,22,26].  The 

same leaves were measured through the flowering to fruit set and 

fruit maturation stages.  Then, the WUEL was calculated. 

2.2.3  Fruit yield and quality measurements 

Three trees per replication per treatment were harvested by 

hand, graded according to size and weighed using an electronic 

scale on October 30.  Sixty fruits per treatment were randomly 

sampled and the single fruit weight and edible rate were measured.  

Then, quality indices were determined on the jujube.  The fruit 

total organic sugar was measured with the anthrone method by 

using a spectrophotometer (UV1900PCS, Shanghai Analytical 

Instrument Co. Ltd., China).  The acid content was measured with 

the NaOH titration method, the vitamin C content was measured 

using the 2,6-dichloroindophenol titration method, and soluble 

solids were measured with a portable digital refractometer (LB92T, 

Guangzhou Suwei Electronic Technology Co. Ltd, China).  These 

analyses were performed in triplicate for each treatment. 

2.2.4  Meteorological measurements 

Daily meteorological data, such as the air temperature, 

atmospheric pressure, relative humidity, wind speed, and 

precipitation, were recorded by automatic weather stations 

(CAWS600, China Huayun Group Corporation, China) which were 

installed 2 km from the experimental field.  The monthly values of 

precipitation, mean humidity, and temperature from the budding to 

harvest periods are presented in Table 1. 

2.2.5  Statistical analysis 

An analysis of variance (ANOVA) and correlation analysis 

were performed using statistical analysis software (SPSS 20.0, 

International Business Machines Corporation (IBM), USA).  The 

means of each treatment were compared for significant differences 

using the Duncan’s multiple range test at a significance level of 

P0.05. 

3  Results 

3.1  Soil salinity  

Among all the treatments, there were no significant differences 

between the average EC1:5 values at the different depths prior to 

RDI (Figure 2a-d).  It was clear that the application of RDI 

enhanced the soil salinity and increased the risk of secondary 

salinization of the soil in desert conditions.  In the 0-100 cm soil 

layer, the EC1:5 of the LD, MD, and SD treatments declined by 

3.49%-10.29%, 8.50%-10.94%, and 8.65%-16.85%, respectively, 

after the irrigation resumed.  It can be concluded that the decline 

of EC1:5 had a positive relationship with the degree of water deficit. 

In the 0-20 cm soil layer, the average EC1:5 values of LD, MD 

and SD increased to 145.27, 192.08 and 293.73 μs/cm, respectively 

on July 29.  This was an increase of 19.70%, 37.96%, and 91.19%, 

respectively compared with the EC1:5 values prior to the RDI.  

The average EC1:5 value of CK decreased by 24.82% during the 

flowering to fruit set stage (Figure 2a).  After the recovery 

irrigation, the soil EC1:5 values of LD, MD, and SD decreased to 

123.6 μs/cm, 166.23 μs/cm, and 219.03 μs/cm, respectively, on 

August 17.  However, the EC1:5 values of LD, MD, and SD were 

still 43.54%, 93.04%, and 154.36% higher than the CK during the 

same period, respectively (Figure 2a). 

In the 20-40 cm soil layer, the average EC1:5 values of LD, 

MD, and SD were 278.67 μs/cm, 313.30 μs/cm, and 433.73 μs/cm, 

respectively, and the corresponding increases were 19.88%, 

39.88%, and 100.69%, respectively (Figure 2b).  After the 

recovery irrigation, the average EC1:5 values of the LD, MD, and 

SD treatments declined to 233.05, 264.33, and 315.97 μs/cm, 

respectively.  This was an increase of 62.38%, 84.18%, and 

120.16%, respectively, compared to the corresponding EC1:5 values 

at the flowering to fruit set stage prior to the application of RDI 

(Figure 2b). 

In the 40-60 cm soil layer, the average EC1:5 values increased 

from 212.69 μs/cm, 187.49 μs/cm, and 233.63 μs/cm (before RDI) 

http://www.youdao.com/w/calculate/#keyfrom=E2Ctranslation
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to 230.68 μs/cm, 279.40 μs/cm, and 393.70 μs/cm (after RDI) for 

LD, MD, and SD, respectively.  This was an increase of 8.46%, 

49.02%, and 68.51%, respectively, compared with the original 

EC1:5 values (Figure 2c).  Subsequently, with irrigation levels the 

same as the control, the EC1:5 values of LD, MD, and SD were 

reduced to 207.23 μs/cm, 235.90 μs/cm, and 293.82 μs/cm, 

respectively, on August 17.  This was a decrease of 10.16%, 

15.57%, and 25.37%, respectively, compared with the EC1:5 values 

of the corresponding treatments on July 29 (Figure 2c). 

In the 60-80 cm soil layer, the average EC1:5 values of LD, 

MD, and SD increased to 278.10 μs/cm, 377.47 μs/cm, and 471.00 

μs/cm, respectively.  This was an increase of 139.53%, 225.12%, 

and 305.68%, respectively, compared with the EC1:5 values without 

RDI (Figure 2d).  The average EC1:5 values of LD, MD, and SD 

were reduced to 243.67 μs/cm, 323.33 μs/cm, and 380.33 μs/cm, 

respectively, after resuming irrigation.  This was an increase of 

only 33.24%, 55.18%, and 79.02%, respectively, compared to the 

initial EC1:5 values (Figure 2d). 

 
a. 0-20 cm  b. 20-40 cm 

 
c. 40-60 cm  d. 60-80 cm 

 

Note: Means are plotted ±SE (n = 3).  CK, LD, MD and SD stand for the different irrigation treatments (Table 3). 

Figure 2  Change of the average EC1:5 values, under different regulated deficit treatments, at the depths of 0-20 cm (a), 20-40 cm (b),  

40-60 cm (c) and 60-80 cm (d). 
 

3.2  Leaf photosynthetic rate, transpiration rate, stomatal 

conductance, and water use efficiency 

The Pn, Tr, and gs of the control continuously increased from 

early June to late July, stabilizing at above 14.5 μmol CO2/m
2s until 

the middle of August.  A comparison among all plants revealed no 

significant differences for the leaf Pn, Tr, gs or WUEL before the 

RDI.  The irrigation treatments at the flowering to fruit set stage 

had significant effects on the leaf Pn, Tr, gs, and WUEL of the gray 

jujube tree (Figure 3a-d). 

The Pn, Tr, and gs of the LD, MD and SD treatments declined 

after the RDI, with a larger water deficit causing Pn, Tr, and gs to 

reduce further.  However, the WUEL of MD and SD was 

significantly higher than that of the control.  In late July, the Pn of 

the LD, MD and SD treatments was 9.41%, 41.27%, and 45.45% 

lower than CK, respectively (Figure 3a).  Additionally, the Tr of 

the LD, MD, and SD treatments was 9.37%, 47.37, and 54.36% 

lower than CK, respectively (Figure 3b).  However, the average 

WUEL values of LD, MD and SD were 0.19%, 13.39%, and 

19.18% higher than CK, respectively on July 22 (Figure 3d).  The 

gs of LD, MD and SD was 16.16%, 44.94%, and 52.06% lower 

than that of CK, respectively (Figure 3c). 

After the recovery irrigation, the Pn, Tr, and gs of the water 

stress treatments increased sharply, and the Pn, and gs of the MD 

treatment exceeded those of the control.  Compared to the period 

before the recovery, the Pn of LD, MD and SD increased by 7.32%, 

39.33%, and 33.40%, respectively by August 8, and then increased 

by a further 6.89%, 87.75%, and 65.25%, respectively by August 

17 (Figure 3a).  Additionally, the Tr of LD, MD and SD increased 

by 6.25%, 49.60%, and 40.14%, respectively by August 8, and then 

increased by a further 10.85%, 91.84% and 95.10%, respectively 

by August 17 (Figure 3b).  The LD, MD, and SD treatments had a 

lower gs, decreasing from 16.16%, 44.94% and 52.06% to –0.67%, 

–9.86% and 3.32%, respectively compared with the control (Figure 

3c).  The Pn, gs, and WUEL of MD were 13.48%, 1.44%, and 

11.79% higher, respectively, than that of CK on 17 August (Figure 

3a, c, d).  However, this phenomenon was not found in LD and 

SD, with the Pn, Tr and gs exhibited no significant differences 

among these treatments and the control.  On the whole, the 

response of the Tr and gs to the RDI had a similar trend to that of 

the Pn in all water deficit treatments (Figure 3a-c). 
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a. Pn  b. Tr 

 
a. gs  b. WUEL 

 

Note: Means are plotted ± SE (n = 3).  CK, LD, MD and SD stand for the different irrigation treatments (Table 2). 

Figure 3  Changes in the leaf photosynthetic rate Pn (a), transpiration rate Tr (b), stomatal conductance gs (c) and water use efficiency  

WUEL (d) of gray jujube trees under different deficit treatments 
 

3.3  Yield and fruit quality 

The fruit quality, in terms of the soluble solid content, soluble 

sugar, single fruit weight and sugar/acid ratio, was significantly 

increased under LD, MD, and SD compared to control.  The VC 

was also enhanced, however, no significant difference was 

observed between the treatments.  As shown in Table 4, the 

results indicated that the yields of the LD and MD treatments were 

significantly increased, while the yield of SD represented a slight 

decline with no significant difference compared to the control. 

The average VC and single fruit weight of LD, MD and SD 

were 2.59%, 3.70%, 8.89%, and 9.17%, 17.43%, 18.96% higher 

than that of the control, respectively.  Additionally, the soluble 

sugar content was increased by 5.67%, 12.00% and 9.72%, 

respectively (Table 4).  However, water stress significantly 

reduced the organic acid by 9.86%, 15.49%, and 22.54%, 

respectively, compared with the control.  Therefore, the sugar/acid 

ratios of the LD, MD and SD treatments increased to 101.23, 

114.89 and 121.39, respectively, which clearly exceeded the 

control treatment value of 86.50 (Table 4).  Moreover, compared 

with the control, the yield and soluble solid content of the LD and 

MD treatments were significantly increased by 3.21%, 9.57% and 

10.19%, 25.48% (Table 4), respectively, while those of the SD 

treatment were similar to that of CK.  

 
 

Table 4  Effects of the regulated deficit treatments on the yield and fruit quality of gray jujube trees 

Treatment Yield/kg·hm-2 Soluble solid/% Soluble sugar/% Organic acid /% Vitamin C (VC)/mg·(100 g)-1 Single fruit weight/g 
Sugar-acid ratio 

/% 

CK 7485a 31.4a 61.7a 0.71b 27.0a 3.27a 86.50a 

LD 7725ab 34.6b 65.2ab 0.64ab 27.7a 3.57b 101.23b 

MD 8202b 39.4c 69.1b 0.60a 28.0a 3.84bc 114.89c 

SD 7327a 32.7ab 67.7b 0.55a 29.4a 3.89c 121.39c 

Note: Values are the means of 3 replicates, those followed by different small letters in the same column are significantly different at the p = 0.05 level of probability. 
 

4  Discussion 

4.1  Soil salinity  

The considerably high evapotranspiration rate and 

comparatively low leaching fraction were likely the primary causes 

of the enhanced soil salinity in the deficit irrigation treatments 

under desert conditions.  Thus, the EC1:5 values of LD, MD and 

SD among all the soil layers (0-20 cm, 20-40 cm, 40-60 cm and 

60-80 cm) were significantly increased with the more severe deficit 

irrigation treatments resulting in higher EC1:5 values.  Similar 

results were found in other studies[31,35].  As reported by Aragüés 

et al.[32], severe deficit irrigation treatments in grapevine and peach 

orchards led to high mean soil salinization rates, indicating that 

long periods of applying a deficit irrigation strategy would have an 

adverse effect on the soil salinity control.  After the recovery 

irrigation, the EC1:5 values of LD, MD and SD rapidly declined, 

which was correlated with the degree of the RDI.  However, these 

values are still higher than those of CK.  Sarwar and 
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Bastiaanssen[33] showed that one water conservation strategy is 

sufficient to maintain a reasonably high relative transpiration rate, 

while saving up to 25% of irrigation water and maintaining the salt 

storage change and salinity hazard index within acceptable limits.  

Similar results were found by other researchers[30,36].  Moreover, 

the EC1:5 values of the 60-80 cm soil layer were higher than those 

of other depths in the same treatment.  The ratio of drainage to 

irrigation, used to evaluate the salt mass balance in a plain oasis 

irrigation district in an arid area, is related to the volume and salt 

content of irrigation and drainage water[37].  These results implied 

an extremely important fact that the water deficit is balanced with 

the leaching fraction for various reasons, including the response 

and sensitivity of crops to water stress, increase of soil salinization, 

and conservation of the irrigation water with deficit irrigation. 

4.2  Leaf physiological parameters of gray jujube trees 

Stomatal closing of the gray jujube is one of the most 

important physiological responses to water stress during the 

flowering to fruit set stage, as it reduces the water lost through 

transpiration[38,39].  This physiological response reduces the influx 

of CO2 and is the significant factor responsible for the decline in 

the Pn
[27,40].  Therefore, Tr and gs immediately declined to reduce 

the water loss caused by water stress and reduced Pn
[28,29,41].  

Similar results of declines in photosynthesis parameters were also 

shown in the papaya[27], pear[26], olive[41], pear-jujube[8] and 

kumquat[39].  

This study revealed that slight water deficit has no significant 

effect on the Pn, Tr and gs.  However, these sharply declined 

following the increase in the degree of the water deficit.  Similar 

results were also found in the study of Cui et al.[22] In addition, the 

variation in the Pn was slightly more than the change of the Tr 

(Figures 2a and 2b), which significantly increased the water use 

efficiency as the water deficit increased.  This result also appeared 

in the studies on the pear-jujube[22,42], olive[41] and pear[26].  After 

the recovery irrigation, the Tr of the treatments that had 

experienced a water deficit was still lower than that of the control, 

while the Pn of the treatments had no significant difference 

compared with the control.  Therefore, the recovery irrigation 

induced substantial improvement of the WUEL, with similar results 

found in quantity research studies[22].  In contrast, Zhao et al.[26] 

indicated that the relative humidity remained low and is responsible 

for the consistent variation of the Pn, Tr and gs. 

This study found that the Pn, Tr, and gs of the MD treatment 

recovered to the level of those in the control significantly earlier 

than the SD treatment after the resumption of irrigation.  After 

re-watering for 3 days, the average Pn of the SD, MD and LD 

treatments at different growth stages changed by –13.2%, 1.1% and 

11.6%, respectively, in pear-jujube trees[22].  The leaf 

physiological parameters of the treatments irrigated with 60% of Ep 

in cell division and slow fruit enlargement stage on pear trees 

required 1 to 2 weeks to restore to the levels of the control after the 

resumption of irrigation.  Whereas, the treatments irrigated with 

40% of Ep in cell division and slow fruit enlargement stage needed 

3 to 4 weeks to restore[26].  This result revealed that the speed of 

recovery in the deficit treatment was negatively related to the 

degree of water stress.  Cui et al.[22], Zhao et al.[26], Pérez-Pérez et 

al.[25] and Kang et al.[16] had similar results with the pear-jujube, 

pear, citrus and maize, respectively.  In this study, the recovery 

time of the Pn, Tr, and gs of the deficit treatments were at least two 

weeks. 

After the recovery irrigation, the Pn, Tr, and gs of MD sharply 

increased, exceeding those of the control on August 22.  Zhao et 

al.[26] indicated that the Pn of the S-1 treatments increased by 11% 

and 14% compared with the control, and reached their highest 

values by the end of July in 2009 and 2010, respectively.  The Pn, 

Tr, and gs of the deficit irrigation treatments increased significantly 

in 2003, surpassing the control values after recovery irrigation for 

50 d[25].  This phenomenon was also observed by Cui et al.[22] in 

pear-jujube trees.  Moreover, the WUEL was consistently 

significantly higher than that of the control after the irrigation 

resumed[22].  

4.3  Yield and fruit quality 

The RDI at the flowering to fruit set stage evidently improved 

the gray jujube fruit quality, indicating that the deficit irrigation 

was beneficial.  Furthermore, the yields of the LD and MD 

treatments significantly increased and were higher than that of CK.  

There were no obvious differences in yield between the SD and CK 

treatments, indicating that a moderate water deficit does not have 

any possible adverse impacts on the gray jujube production in 

desert conditions.  Similar results were found by other researchers 

on potato[43], tomato[44,45] and cotton[46]. 

Deficit irrigation may lead to photosynthetic products being 

distributed to the fruits, thus enhancing the soluble solid content 

and sugar/acid ratio[14,24,47], which was also found in this study.  

This might be because the deficit irrigation inhibited the vegetative 

growth, causing the photosynthetic products and nutritional 

substances in the leaves and branches being transferred to the fruit 

organs[8].  The enhanced VC content in the deficit treatments has 

been observed in other crops, such as the tomato[12,45] and 

pear-jujube[8].  Wu et al[14] revealed that the soluble sugar contents 

of the deficit treatment significantly improved in both 2009 and 

2010, which aligns with the results of this study.  Moreover, Cui 

et al.[8] reported that water deficit reduced the organic acid content 

of pear-jujube trees, which agrees with the results of this research.  

In contrast, Ma et al.[24] indicated that severe water stress improved 

the organic acids in the pear-jujube at the fruit maturation stage.  

Wu et al.[14] showed over two years that the titratable acid content 

had no discernible differences among different deficit treatments.  

The present research confirmed that RDI could increase the gray 

jujube fruit quality and yield.  However, how water-deficiency 

affects the organic acids of the gray jujube needs to be further 

investigated. 

5  Conclusions 

There were signs that the RDI had improved the soil salinity 

because of the considerably high evapotranspiration and 

comparatively low irrigation amount.  However, the high soil 

salinity caused by the RDI declined sharply after the 

commencement of the recovery irrigation.  The deficit irrigation 

reduced the stomatal conductance, photosynthetic rate and 

transpiration rate, but significantly enhanced the leaf water use 

efficiency, at the flowering to fruit set stage of the gray jujube.  

The water stress may lead to a compensatory effect because of the 

photosynthetic products being distributed to the fruits rather than 

physiological growth.  After the recovery irrigation, the Pn of the 

deficit irrigation treatments had significantly increased, which is 

beneficial for improving the yield and fruit quality of the gray 

jujube.  Compared with CK, the moderate RDI enhanced the yield 

by 9.57% and improved the single fruit weight, sugar/acid ratio and 

WUEL.  Additionally, 30% of the water consumption was 

conserved at the flowering to fruit set stage.  Therefore, 

decreasing irrigation water use did not interfere with controlling 

soil salinity and improving the yield and fruit quality.  However, 

http://www.youdao.com/w/extremely%20important/#keyfrom=E2Ctranslation
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this study only investigated the RDI effects at the flowering to fruit 

set stage of the gray jujube and have not involved the RDI effects 

at different growth stages.  Therefore, future research is required 

in this aspect. 
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