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A B S T R A C T   

Negative pressure irrigation (NPI), which is a new subsurface irrigation technique, promotes vegetable yield, 
water productivity (WP), and nitrogen use efficiency (NUE). However, it is not clear how NPI improves vegetable 
growth, especially in terms of water supply characteristics and uniformities of soil water and nitrogen. In this 
study, a cucumber pot experiment that had 0 kPa (PW1), –5 kPa (PW2), –10 kPa (PW3), –15kPa (PW4), and 
traditional irrigation (PCK) treatments under nitrogen application (N1) and no application (N0) was conducted 
to reveal the water supply characteristics of NPI and its effect on vegetable growth. There are two main water 
supply characteristics: 1) automatically supplying irrigation water based on the consumption of soil water, and 2) 
keeping soil water content stable during the vegetable growth period. In addition, the relationship between 
vegetable growth and soil water and NO3

–-N distribution uniformities throughout the soil profile was investigated 
by carrying out two tomato field experiments. The treatments of one tomato experiment were NPI with –5 kPa 
(F1W) and furrow irrigation (F1CK). We also carried out NPI with –5 kPa (F2W), furrow irrigation (F2CK), and 
drip irrigation (F2D) in another tomato experiment. The results showed that cumulative water application under 
N1 was higher than under N0 in the PW1, PW2, and PW3 treatments in the cucumber experiment. Volumetric 
soil water content under the NPI system was more stable during the vegetative growth period than under 
traditional irrigation. The NPI system also increased yields under appropriate pressures (–10–0 kPa) compared to 
the PCK treatment in the cucumber experiment. The NPI in the two tomato experiments reduced fertilizer inputs 
and irrigation compared to furrow irrigation and drip irrigation. However, the irrigation method had no sig-
nificant influence on the tomato yield in the two tomato experiments.   

1. Introduction 

The limited supply of fresh water for irrigation is becoming an 
increasing global challenge along with global warming and rapid pop-
ulation expansion (Flörke et al., 2018; Yang et al., 2019). Agricultural 
irrigation accounts for approximately 60% of global water use (Gan 
et al., 2013; Henriques et al., 2008; Rost et al., 2008). Therefore, the 
efficient and reasonable use of water for irrigation is a major challenge 
to reduce water consumption while maintaining yields (Quemada and 
Gabriel, 2016). To alleviate the pressure on water resources, efficient 

irrigation management should be adopted to promote the sustainable 
development of irrigated agriculture. 

The primary task of irrigation is to provide suitable amounts of water 
to the crops according to crop demand (Montesano et al., 2018). How-
ever, water supply often exceeds crop demand or soil water holding 
capacity, which could lead to low water use efficiency (Thompson et al., 
2007; Wang et al., 2018; Zotarelli et al., 2009a, 2009b). Improvements 
in irrigation techniques (e.g. sprinkler and drip irrigation) and sched-
uling are important components of efficient irrigation management 
because they can reduce water consumption. Currently, the most 
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common criteria for irrigation scheduling are based on crop evapo-
transpiration (ETc), plant physiological properties, and soil water status 
measurements (Domínguez-Niño et al., 2020; Knipper et al., 2019; 
Tuccio et al., 2019). 

Although ETc-based irrigation management has been extensively 
studied, it is still problematic because it cannot react to rapid changes in 
climatic conditions and to different soil textures (Davis and Dukes, 2010; 
Isidoro and Grattan, 2011; Knipper et al., 2019). Many studies have 
shown that physiological measurements (e.g. net photosynthetic rate, 
stomatal conductance, and transpiration rate) could be used to deter-
mine the water requirement status of plants (Nakhforoosh et al., 2016; 
Tuccio et al., 2019). However, this approach is still limited by many 
theoretical and practical difficulties and cannot be used alone to deter-
mine the appropriate water supply volume (Jones, 2004; Rallo et al., 
2017). The measurement of soil water status, as volumetric water con-
tent or soil matric potential, has been widely used for irrigation sched-
uling to improve yield and water use efficiency (Contreras et al., 2017; 
Domínguez-Niño et al., 2020; Létourneau et al., 2015). Nevertheless, it 
is still difficult to maintain soil water content in a fixed range that is 
suitable for vegetable growth during the whole growth period. The 
method may not be efficient when using some conventional irrigation 
techniques because volumetric soil water content under these tech-
niques has large spatial and temporal variabilities that can detrimentally 
affect vegetable growth (Hendrickx et al., 1994; Zhao et al., 2012). 
Reducing the variability can improve the absorption and utilization of 
soil water and NO3

–-N by vegetables (Barber, 1995; Zhou et al., 2018) 
and reduce water and NO3

–-N losses due to deep percolation (Simonne 
et al., 2014). 

Negative pressure irrigation (NPI) integrates the advantages of the 
aforementioned methods and improves vegetable yield and water use 
efficiency (Li et al., 2017b; Yang et al., 2020). The pressure of the water 
supply in the NPI system is set as an appropriate negative value ac-
cording to the soil matric potential and attempts to meet the water re-
quirements for vegetable growth. Regardless of soil type and climatic 
conditions, NPI can supply irrigation water accurately and continuously 
when soil water content decreases due to evapotranspiration (Monir-
uzzaman et al., 2011; Wang et al., 2019a, 2019b). Li et al. (2017a) 
studied the changes in soil water content during cucumber growth 
period in a pot experiment using the NPI system and found that the 
system significantly reduced the fluctuation of volumetric soil water 
content during the cucumber growth period compared to artificial irri-
gation with a measuring cylinder. Yang et al. (2020) also found that the 
soil water content range under water supply pressure of –4 kPa, –8 kPa, 
and –12 kPa were 26.3–27.2%, 23.5–24.6%, and 18.1–19.9% during the 
crown daisy growth period in a pot experiment, respectively. The opti-
mum soil matric potential for each crop species is different (Contreras 
et al., 2017). Some studies have shown that the optimum NPI water 
supply pressure for rapeseed (Zhao et al., 2019), crown daisy (Yang 
et al., 2020), cucumber (Zhao et al., 2017), and tomato (Gao et al., 2019; 
Li et al., 2019) were –5 kPa, –8 kPa, –3 to –5 kPa, and –5 kPa, respec-
tively. Both cucumber and tomato are sensitive to soil water content and 
N supply (Badr et al., 2016; Wang et al., 2019a, 2019b). Therefore, 
cucumber and tomato were used in our study to reveal the effect of NPI 
on vegetable water productivity and nitrogen use efficiency. Although 
the effect of NPI on vegetable crop growth has been extensively studied 
(Li et al., 2017b; Yang et al., 2020; Zhao et al., 2017), it is still not clear 
how NPI improves water productivity and nitrogen use efficiency 
through its water supply characteristics. 

The effects of soil water and nitrate distribution uniformities on 
vegetable growth may be as important as the soil water and available 
nitrogen contents. Zhou et al. (2018) found that the distribution uni-
formity of soil NO3

–-N had a closer relationship with maize yield than soil 
water content and NO3

–-N concentration when a drip irrigation system 
was used in a field experiment. The distribution uniformity of soil water 
could increase crop yield (Zhao et al., 2012), but no relationship be-
tween the uniformity and crop yield was also found (Zhou et al., 2018). 

Although the result is inconsistent, the distribution uniformities of soil 
water and nitrate remain one of the most important considerations when 
designing irrigation systems, such as drip irrigation and sprinkler irri-
gation (Kang et al., 2000; Li and Liu, 2011). However, previous studies 
of the NPI system have focused on the effect of soil water content (Yang 
et al., 2020) and NO3

–-N concentration (Li et al., 2019) on vegetable yield 
rather than the soil water and NO3

–-N distribution uniformities. 
In our study, a cucumber pot experiment was carried out because it 

was easier to control the crop growth environment compared to a field 
experiment. The aims were to reveal the NPI water supply characteris-
tics and their effect on crop growth. Two tomato experiments were also 
conducted under greenhouse conditions to further explore the rela-
tionship between crop growth and the soil water content and NO3

–-N 
distribution uniformities. The objective was to reveal the mechanistic 
behavior of the NPI system and its effects on soil water and nitrogen 
movement, vegetable yield, water productivity, and nitrogen use 
efficiency. 

2. Materials and methods 

2.1. Study site 

The study consisted of a cucumber pot experiment in a rain shelter 
house located at the Chinese Academy of Agricultural Sciences (39.9◦N, 
116.3◦E) in Beijing, China. Two tomato experiments in two greenhouses 
located in Shijiazhuang (38.2◦N, 114.9◦E) (tomato 1), Heibei Province, 
and Jinan (36.6◦N, 117.1◦E) (tomato 2), Shandong Province, China, 
respectively. The three experimental sites have a temperate continental 
monsoon climate. According to the USDA texture classification, the soil 
used in cucumber and tomato 1 experiments was sandy loam soil and the 
soil texture for the tomato 2 experiment was silty clay loam. The basic 
soil physical and chemical properties are shown in Table 1. 

2.2. NPI system and experimental design 

The NPI system (Patents, US 4235561A and China 
ZL201610329413.3) has three main components: a crop growing area, a 
water tank, and a negative pressure generator (Fig. 1). The emitter was a 
clay (kaolin) pipe that had an inner diameter of 11 mm, an outer 
diameter of 18 mm, and was 150 mm long. The saturated hydraulic 
conductivity of the emitter is 0.019 cm h-1 (Wang et al., 2019a, 2019b) 
and it was used in both the cucumber and tomato experiments. The 
burial depth of the emitter was 15 cm in the three experiments and the 
space between two emitters in the tomato experiments was 30 cm. The 
NPI system is in a state of dynamic balance between the soil matric 
potential and irrigation pressure. The NPI system starts to irrigate when 
soil water is consumed because soil water consumption reduces soil 
matric potential and soil water moves from the high potential region 
(irrigation emitter) to a low potential region (soil). The NPI system will 
automatically stop irrigating when the soil matric potential is equal to 
the irrigation pressure (Wang et al., 2017). Therefore, the NPI system is 
different from other conventional irrigation methods (e.g. sprinkler 
irrigation and drip irrigation) because they have a shorter irrigation 
time, whereas the irrigation water under the NPI system is supplied 
according to the soil water status. The air pressure in the water tank 
decreases due to water level reductions and then the air in the gas 
canister moves into the water tank to keep the air pressure in the water 
tank stable. The solenoid valve, controlled by a pressure switch, is 
opened to let atmospheric air into the gas canister so that the pressure is 
consistent with the negative pressure set by the pressure switch. The 
negative pressure is called the negative water supply pressure of the NPI 
system. In the two tomato experiments, we used heavy liquid-type 
equipment as a negative pressure generator to control the negative 
pressure of the system. Detailed information about the NPI system 
working principle is shown in Wang et al. (2019). 

In the cucumber experiment (Fig. 2a and b), each pot (length 45 cm, 
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width 28 cm, depth 26 cm) was filled with 30 kg soil. Five treatments 
were applied, which were water supply pressures of 0 kPa (PW1), –5 kPa 
(PW2), –10 kPa (PW3), and –15 kPa (PW4) under the NPI system and 
conventional irrigation (PCK), nitrogen application (N1) and no appli-
cation (N0) treatments were also applied to each irrigation treatment. 
There were three replicates for each treatment (30 pots in total) and a 
completely randomized design was used. In the PCK treatment, the soil 
water status in the 0–15 cm layer was measured every three days by a 
volumetric soil water content (VSWC) sensor (ECA-SW1, Tuopu, Beijing, 
China) and its measuring position was 5 cm from the long side of the pot. 
The VSWC was maintained by manually watering the soil surface with a 
measuring cylinder to 70–90% of field capacity under the PCK treat-
ment, which corresponded to a VSWC range of 18.0–23.1%. The irri-
gation amounts in the PCK treatment at the seeding, flowering, fruit 
enlarging, and fruit maturity stages were 166, 239, 423, and 156 mm, 
respectively. The soil water content in each PCK treatment pot was 
calculated according to Li et al. (2019) and the water consumption was 
calculated from the irrigation water and the variation in soil water 
content. The irrigation water volume under the NPI system was obtained 
from the water level variation in the water bucket (Fig. 1). The cu-
cumber experimental period was from June to October 2015 and the 
cucumber seedlings with Zhongnong No. 106 (China Vegetable Seed Co. 
Ltd, Beijing, China) were transplanted at the 2–3 leaf stage (one plant 
each pot). The fertilizer in the nitrogen application (N1) treatment was 
applied at 714 kg N ha–1, 587 kg K ha–1, and 206 kg P ha–1 using urea, 
potassium sulfate, and calcium superphosphate, respectively (Table 2). 
Each pot without nitrogen application (N0) was supplied with the same 
K and P rates. All P and 40% of the N and K were supplied as basal 
fertilizer. The rest of the N and K were supplied by adding them to the 
water supply tank on three separate occasions, which were the 9 August 
2015 (flowering stage), 23 August 2015 (fruit enlarging stage), and 8 
September 2015 (fruit maturity stage). The rest of the fertilizer in the 
PCK treatment was a one-time application, while N and K were 

continuously applied using the NPI system with the concentrations of N 
and K at 27.2 and 9.0 mmol L–1 for cucumber, respectively. 

The tomato 1 field experiment (Fig. 2c and d) was a completely 
randomized design with two irrigation treatments and three replica-
tions. The two treatments were NPI with –5 kPa (F1W) and furrow 
irrigation (F1CK). The tomato 2 field experiment had three treatments 
with a completely randomized design and three replications. The three 
treatments were NPI with –5 kPa (F2W), furrow irrigation (F2CK), and 
drip irrigation (F2D). There were nitrogen application and no applica-
tion treatments for each irrigation treatment in the tomato 1 experiment. 
In the F1CK, F2CK, and F2D treatments, the same method utilized in the 
cucumber PCK treatment was used to control the VSWC in the 0–15 cm 
layer by furrow irrigation or drip irrigation every 5 d and maintained the 
soil water status at between 70% and 90% of field capacity, which 
corresponded to VSWC ranges of 17.2–22.1% and 20.2–26.0% in tomato 
1 and 2 experiments, respectively. The irrigation amounts in the F1CK 
treatment at the seeding, flowering, fruit enlarging, and fruit maturity 
stages were 23.9, 67.4, 51.9, and 42.8 mm, respectively. The irrigation 
amounts of F2D were 57.8, 43.7, 47.1, and 52.0 mm at the four growth 
stages, respectively. The amounts of F2CK at the four stages were 77.5, 
53.3, 63.2, and 65.9 mm, respectively. A water supply pressure of –5 kPa 
was used in the two tomato experiments, which is an appropriate 
pressure for tomato growth according to previous studies (Gao et al., 
2019; Li et al., 2019). The size of each plot in the two tomato experi-
ments was 6.0 m × 1.4 m and an impermeable PCV board (4 mm) was 
vertically buried in the 0–60 cm layer between two plots to prevent 
lateral infiltration. Each plot contained two rows, with 20 plants in each 
row in the two tomato experiments. The tomato seedlings (Xianke 8) 
were transplanted at the 2–3 leaf stage. The growth period was from 
August to December 2017 for the tomato 1 experiment and from 
September 2017 to May 2018 for the tomato 2 experiment. The N, K, and 
P fertilizer inputs in F1CK treatment were 450 kg N ha–1, 215 kg K ha–1, 
and 97 kg P ha–1 using urea, potassium sulfate, calcium superphosphate, 

Table 1 
Soil physical and chemical properties in 0–20 cm layer for cucumber and tomato experiments.  

Experiment Soil particle size distribution (%) Available soil nutrient (mg kg-1) SOC (g kg-1) Bulk density (g cm-3) Field capacity (%) 

20–200 µm 2–20 µm <2 µm N P K 

Cucumber  56.7  37.2  6.1  57  22  112 10.1  1.44 25.7% 
Tomato 1  62.9  30.7  6.4  72  19  99 9.2  1.35 24.5% 
Tomato 2  26.1  58.8  15.1  95  47  178 –  1.28 28.9%  

Fig. 1. The schematic of a negative pressure irrigation system.  

S. Li et al.                                                                                                                                                                                                                                        



Agricultural Water Management 251 (2021) 106853

4

respectively. For the F2CK, the three fertilizer inputs were 660 kg N 
ha–1, 430 kg K ha–1, 262 kg P ha–1. The three fertilizer inputs of the F2D 
treatment were 520 kg N ha–1, 289 kg K ha–1, 211 kg P ha–1. The three 
fertilizer inputs of the NPI were the least in the tomato 2 experiment. 
Table 2 showed the detailed information about the fertilizer inputs 
under the three experiments. The concentrations and the fertilization 
method under the NPI system in the two tomato experiments were the 
same as the cucumber experiment. A total of 60% N and K fertilizers 
were applied by adding them to the water supply tank three times on 12 
October 2017 (flowering stage), 28 October 2017 (fruit enlarging stage), 
and 12 November 2017 (fruit maturity stage) in the tomato 1 experi-
ment. For the tomato 2 experiment, the three dates at the three growth 
stages for applying N and K fertilizers were 17 November 2017, 1 
January 2018, and 20 February 2018. 

2.3. Sampling and measurements 

The VSWC in the 0–15 cm layer was measured by a soil water sensor 
(ECA-SW1, Tuopu, Beijing, China) in the cucumber experiment between 
17:00 and 18:00 every 8 days so that the changes in VSWC during the 
cucumber growth period were determined. The cumulative water 
application was recorded every day at 17:00 by reading the sighting tube 
for the water level in the NPI system water tank (Fig. 1). The irrigation 
water was measured by a measuring cylinder in the PCK treatment and 
by a water meter in the F1CK, F2CK, and F2D treatments. 

The soil water and NO3
–-N distributions were measured on four 

sampling dates in the three experiments and the dates corresponded 
with the flowering stage, fruit enlarging stage, fruit maturity stage, and 
late fruit harvesting stage. The four sampling dates were 14 August 
2015, 27 August 2015, 11 September 2015, and 30 September 2015 in 
the cucumber experiment, 15 October 2017, 1 November 2017, 15 
November 2017, and 1 December 2017 in the tomato 1 experiment, and 
20 November 2017, 4 January 2018, 23 February 2018, and 28 March 
2018 in the tomato 2 experiment. It should be noted that all the sam-
pling times in the F1CK, F2CK, and F2D treatments were on the third day 
after irrigation, hence, the interval between the sampling and the pre-
vious irrigation under these treatments is the same. The samples were 
collected using a hand auger with a 2 cm internal diameter at three 
depths in the three experiments. The three depths were 8 cm, 16 cm, and 
24 cm in the cucumber experiment and 10 cm, 20 cm, and 30 cm in the 
two tomato experiments. The soil samples were shaken and extracted in 
2 M KCL (1:5 soil to solution ratio) for 1 h and then the soil NO3

–-N 

Fig. 2. Photographs of the negative pressure (NPI) system in the cucumber (a and b) and tomato (c and d) experiments. Seeding stage of cucumber (a), Fruiting stage 
of cucumber (b), Fertilizer management of tomato (c), and Flowing stage of tomato (d). 

Table 2 
The fertilizer inputs in the cucumber and two tomato experiments.  

Treatment N (kg ha-1) K (kg ha-1) P (kg ha-1) 

PW  714  587  206 
PCK  714  587  206 
F1W  315  150  68 
F1CK  450  215  97 
F2W  480  264  194 
F2CK  660  430  262 
F2D  520  289  211  
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concentration was measured by a continuous flow auto analyzer (SEAL 
AutoAnalyzer 3, Norderstedt, Germany). 

The Christiansen uniformity coefficients (CU) for soil water and NO3
–- 

N in the soil profile were used to evaluate the distribution uniformities of 
the soil water and NO3

–-N. The CU was first proposed by Christiansen 
(1942) to calculated the system uniformity of overlapping sprinklers. 
However, some previous studies have successfully used it in furrow 
irrigation (Kang et al., 2000), drip irrigation (Lopes et al., 2019), and 
micro-irrigation (Kumar et al., 2009) systems. The CU can also be used 
to quantify the uniformities of plant height (Zhao et al., 2012), soil water 
content with depth (Kang et al., 2000), nitrogen uptake (Guan et al., 
2013), soil nitrogen (Zhou et al., 2018). The CU of the soil water was 
calculated as follows: 

CUof soilwater = 1 −

∑n

i=1
|θi − θ|

nθ  

where the CU of soil water is the soil water distribution uniformity in the 
0–24 cm layer of the cucumber experiment and the 0–30 cm layer in the 
two tomato experiments and ranges from 0 (low uniformity) to 1 (high 
uniformity); θ is the average observed VSWC at the three soil depths and 
n = 3 in this study. The CU of the soil NO3

–-N is also obtained from the 
aforesaid equation. 

Tomato yield was determined by harvesting ten contiguous plants 
from each plot. Volumetric soil water content in the 0–100 cm soil layer 
was measured at the beginning and the end of the two tomato experi-
ments, which was used to calculate soil water balance and then enabled 

estimation of total water use. Water productivity (WP) was calculated as 
the vegetable yield (kg) divided by total water consumption (m3) 
(Fernández et al., 2020; Kijne and Barker, 2003) and detailed informa-
tion about how to calculate total water consumption can be found in the 
studies (Li et al., 2019; Yang et al., 2020). Nitrogen use efficiency (NUE) 
was calculated using the following equation: 

NUE = (Yn − Y0)/N  

where Yn and Y0 are the vegetable yields (kg) in the nitrogen application 
and no application treatments, respectively, and N is the applied nitro-
gen (kg). Detailed information about how to calculate NUE can be found 
in Badr et al. (2016). 

2.4. Statistical analysis 

The variables (soil water content, soil NO3
–-N, CU of soil water and 

NO3
–-N, yield, WP, and NUE) were analyzed among the treatments in the 

cucumber and two tomato experiments, along with repeated measures 
during the growth period at the three soil depths. Analyses of variance 
(ANOVA) was used and the least significant difference (LSD) test 
(p ≤ 0.05) was conducted using SAS 9.4 software (SAS Institute Inc., 
Cary, North Carolina, USA) to evaluate the differences among treat-
ments for soil water content, soil NO3

–-N, CU of soil water and NO3
–-N, 

yield, WP, and NUE. The general linear model procedure (PROC CORR) 
was used to determine initial relationships among these variables. 

Fig. 3. The changes in volumetric soil water content in the 0–15 cm layer and cumulative water application under different water and nitrogen treatments of the NPI 
system during the cucumber growth period in the cucumber experiment. Vertical bars represent standard errors. 
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3. Results 

3.1. Temporal dynamics for volumetric soil water content (VSWC) and 
cumulative water application 

The temporal dynamics for VSWC (0–15 cm layer) under the NPI 
system for the nitrogen application (N1) and no application (N0) 
treatments were shown in Fig. 3a and b, respectively. The water supply 
pressure had a significant influence on VSWC during the same growth 
period (p < 0.05), whereas nitrogen application had no significant effect 
on VSWC (p > 0.05). The VSWC at 0 kPa (PW1), –5 kPa (PW2), –10 kPa 
(PW3), and –15 kPa (PW4) were 27.8–29.3%, 21.4–24.4%, 18.3–21.7%, 
and 14.1–16.4% during the cucumber growth periods, respectively. 

The temporal dynamics for cumulative water applications were 
shown in Fig. 3c and d. The cumulative water applications for PW1N1 
and PW2N1 were 56.6% and 41.8% higher than for PW1N0 and PW2N0 
at 80 days after transplanting, respectively. However, there was no 
significant difference between PW3N1 and PW3N0. The PW4N1 treat-
ment was 13.2% lower than PW4N0. At the same nitrogen application 
level, the cumulative water application decreased as the negative pres-
sure of the water supply increased (PW2 > PW3 > PW4). Furthermore, 
the cumulative water application in PW1 was higher than in PW2 during 
the 0–40 day period (p < 0.05), but less than in PW2 during the 
40–80 day period (p < 0.05). 

3.2. Effect of water supply pressure on VSWC and cumulative water 
application 

The relationships between VSWC and water supply pressure under 

nitrogen application and no nitrogen application treatments were shown 
in Fig. 4a and b, respectively. There was a significant exponential rela-
tionship between the two variables, regardless of whether there was 
nitrogen application or no application (p < 0.001). The VSWC 
decreased as the negative pressure of the water supply increased 
(PW1 > PW2 > PW3 > PW4) under both nitrogen application condi-
tions. There was a parabolic relationship between cumulative water 
application and water supply pressure in both nitrogen treatments 
(Fig. 4c and d). The main reason was that the water supply pressure 
controlled VSWC (Fig. 3) and less water will be supplied under low soil 
water content throughout the growth period. Cumulative water appli-
cation increased at first and then decreased as the negative pressure of 
the water supply increased. The N1 treatment had a higher cumulative 
water application value than N0 when the water supply pressure was 
between –5 and 0 kPa. 

3.3. The VSWC distribution 

The VSWC in the 0–24 cm layer during the four cucumber growth 
periods are shown in Fig. 5a–d. The VSWC at 8 cm, 16 cm, and 24 cm 
depths decreased as the negative pressure of the water supply increased 
under the NPI system. Their ranges for PW1, PW2, PW3, PW4, and PCK 
in the 0–24 cm layer during the four growth periods were 25.6–28.9%, 
19.4–22.3%, 17.0–19.7%, 12.9–15.7%, and 17.1–24.8%, respectively. 
The VSWC of tomato 1 and 2 experiments in the 0–30 cm layer are 
shown in Fig. 5e–h and i–l, respectively. The VSWC distribution in the 
0–30 cm layer was mainly controlled by the location of the clay pipe in 
the NPI system (F1W and F2W), and VSWC at 20 cm depth was higher 
than at 10 and 30 cm. The VSWC in F1CK treatment was higher in the 

Fig. 4. The changes in volumetric soil water content and cumulative water application with water supply pressure under two nitrogen treatments in the cucum-
ber experiment. 
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30 cm layer than in the F1W treatment, except for 15 November. In the 
tomato 2 experiment, the VSWC of F2W was also lower than F2CK and 
F2D treatment during the growth period. In addition, the variation trend 
showed that the VSWC of F1CK and F2CK treatments increased with soil 
depth. The VSWC ranges of F1W and F1CK in the 0–30 cm layer over the 
four growth periods were 19.3–23.2% and 16.7–23.9%, respectively, 
and they were 20.9–25.8%, 21.1–27.6%, and 21.8–27.3% for F2W, 
F2CK, and F2D treatments, respectively. 

3.4. Soil NO3
–-N distribution 

In the cucumber experiment (Fig. 6a–d), the average value for soil 
NO3

–-N in the 0–24 cm layer increased as the negative pressure of the 
water supply (PW1 < PW2 < PW3 < PW4). Soil NO3

–-N in the PCK 

treatment was less than in the PW2, PW3, and PW4 treatments at 8 cm 
depth over the four growth periods, while PCK had more soil NO3

–-N than 
PW1, PW2, and PW3 at 24 cm depth. The same trend occurred in the two 
tomato experiments (Fig. 6e–h). Soil NO3

–-N in FCK was less than in FW 
at 10 cm depth over the four growth periods. However, F1CK was higher 
than F1W at 30 cm depth and the soil NO3

–-N at this soil layer under 
F2CK and F2D treatments was also higher than F2W. Furthermore, in the 
three experiments, soil NO3

–-N increased with soil depth under the 
traditional irrigation treatments (e.g. PCK, F1CK, F2CK, and F2D). 

3.5. The CU for soil water and NO3
–-N 

The negative pressure irrigation system had higher CU for soil water 
and NO3

–-N than conventional irrigation over all the growth period in the 

Fig. 5. Volumetric soil water content distribution under the nitrogen application at 0–24 cm layer in the cucumber experiment (a–d) and at 0–30 cm layer in the 
tomato 1 (e–h) and the tomato 2 (i-l) experiments. ns, *, **, and ***, which were influenced by water treatments at the same soil depth, mean no significant, 
P < 0.05, P < 0.01, and P < 0.001, respectively. 
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cucumber (Fig. 7a and d) and tomato (Fig. 7b, c, e, and f) experiments. 
The average CU for soil water in the PW1, PW2, PW3, and PW4 treat-
ments at 0–24 cm depth during the four growth periods were 5.3%, 
4.0%, 4.1%, and 3.4% higher than for the PCK treatment, respectively. 
The average soil water CU of F1W treatment was 4.4% higher in the 
0–30 cm layer than F1CK and the soil water CU under F2W was 5.2% 
and 2.7% higher than F2CK and F2D treatments, respectively. The CU 
for soil NO3

–-N is shown in Fig. 7d–f. In the cucumber experiment, the 
PW1, PW2, PW3, and PW4 treatments had 33.2%, 37.4%, 35.0%, and 
37.7% higher average soil NO3

–-N CU during the cucumber growth 
period than the PCK treatment, respectively. The average soil NO3

–-N CU 
for the F1W treatment was 15.5% higher than F1CK, whereas the soil 
NO3

–-N CU for conventional irrigation on 30 September 2015 decreased 
by 18.7% compared with the 14 August 2015 in the cucumber 

experiment. The CU on the 1 December 2017 decreased by 15.5% 
compared with the 15 October 2017 in the tomato 1 experiment. In 
addition, soil NO3

–-N CU for the F2W treatment was also higher than 
F2CK and F2D during the tomato growth period (p < 0.05), which was 
the same as the tomato 1 experiment. 

3.6. Total water supply, yield, water productivity (WP), and nitrogen use 
efficiency (NUE) 

Total water supply, yield, WP, and NUE with nitrogen fertilizer 
application in the cucumber and tomato experiments were shown in  
Table 3. The PW2, PW3, and PW4 treatments decreased the total water 
supply compared to PCK treatment. In the two tomato experiments, 
negative pressure irrigation also reduced the total water supply 

Fig. 6. Soil NO3
- -N distribution under the nitrogen application at 0–24 cm layer in the cucumber experiment (a–d) and at 0–30 cm layer in the tomato 1 (e–h) and the 

tomato 2 (i-l) experiments. Ns, *, **, and ***, which were influenced by water treatments at the same soil depth, mean no significant, P < 0.05, P < 0.01, and 
P < 0.001, respectively. 
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compared to furrow and drip irrigations. The cucumber yield increased 
at first, but then decreased as the negative pressure of the water supply 
increased. The PCK yield was higher than the PW4 yield in the cucumber 
experiment. However, it was 14.4%, 40.9%, and 16.9% less than PW1, 
PW2, and PW3, respectively. In addition, there was no significant yield 
difference between F1W and F1CK. In the tomato 2 experiment, irriga-
tion systems also had no influence on tomato yield. The NPI system, 
compared to traditional irrigation (e.g. PCK and F1CK), significantly 
increased WP in the cucumber and tomato experiments, but NUE 
decreased as the negative pressure of the water supply increased. The 
PW1, PW2, and PW3 treatments significantly increased NUE compared 
with the PCK treatment, whereas NUE in PCK was higher than PW4 in 
the cucumber experiment. The NUE in the F1W treatment was 107.1% 
higher than F1CK in the tomato experiment. Furthermore, negative 
pressure irrigation significantly increased the WP compared to furrow 
and drip irrigations in the tomato 2 experiment. 

3.7. Relationships among yield, WP, NUE, and soil properties 

The correlation coefficients among yield, WP, NUE, the averages for 
soil water and NO3

–-N contents, and the CU for soil water and NO3
–-N 

during the cucumber and tomato growth periods are shown in Table 4. 
The VSWC had a positive relationship with yield in the cucumber 
experiment, but no relationship with yield in the two tomato experi-
ments. The VSWC and NO3

–-N content had a significant correlation with 

NUE in the cucumber experiment, but no correlation with NUE in the 
tomato 1 experiment. The CU for soil water and NO3

–-N had positive 
correlations with WP in cucumber and tomato 1 experiments, and there 
was also a positive correlation between soil water content CU and NUE. 
We also found that the CU for soil water had a positive correlation with 
WP in the tomato 2 experiment. The CU for soil NO3

–-N had a positive 
correlation with NUE in the tomato 1 experiment, but no correlation in 
the cucumber experiment. The CU for soil water had a positive corre-
lation with the CU for soil NO3

–-N in the three experiments. 

4. Discussion 

The soil water status method has been well documented and is 
widely used for irrigation scheduling (Kumar et al., 2019; Van Pelt and 
Wierenga, 2001). However, the efficient use of the method remains a 
challenge because traditional irrigation systems, such as furrow and 
sprinkler irrigation, are affected by the spatial and temporal variations 
in soil water content (Hendrickx et al., 1994; Zhao et al., 2012). In our 
study, NPI, a new subsurface irrigation technique, could solve the 
problem to improve WP and NUE by using its water supply character-
istics, which is conducive to the promotion of NPI. 

Efficient irrigation can provide suitable water supplies to vegetables 
based on water demand (Montesano et al., 2018). Therefore, establish-
ing the relationship between the water supply characteristics of an 
irrigation system and vegetable water demand could help evaluate the 

Fig. 7. The Christiansen uniformity coefficient (CU) of soil water and NO3
- -N at 0–24 cm layer in the cucumber experiment (a and d) and at 0–30 cm layer in the 

tomato 1 (b and e) and tomato 2 (c and f) experiments. ns, *, **, and ***, which were influenced by water treatments at the same growth period, mean no significant, 
P < 0.05, P < 0.01, and P < 0.001, respectively. 

Table 3 
Total water supply (TWS), yield, water productivity (WP), and nitrogen use efficiency (NUE) under the nitrogen application in the cucumber and tomato experiments.  

Experiment Treatment TWS (mm) Yield (g plant-1) WP (kg m-3) NUE (%) 

Cucumber PW1 1058 ± 73a 1071 ± 69b 14.8 ± 0.5c 49.6 ± 4.7a  
PW2 860 ± 61b 1551 ± 85a 16.5 ± 1.2b 41.3 ± 4.0a  
PW3 538 ± 38c 1100 ± 51b 18.7 ± 1.4a 24.3 ± 3.4b  
PW4 209 ± 17d 456 ± 31d 19.9 ± 0.8a 12.2 ± 2.5d  
PCK 1118 ± 59a 916 ± 15c 7.5 ± 0.3d 17.5 ± 1.7c 

Tomato 1 F1W 148 ± 12b 1989 ± 63a 58.5 ± 1.9a 29.1 ± 3.2a  
F1CK 249 ± 17a 2014 ± 173a 35.1 ± 3.0b 14.0 ± 1.3b 

Tomato 2 F2W 217 ± 11c 1962 ± 72a 41.7 ± 2.3a –  
F2CK 328 ± 24a 1978 ± 96a 25.0 ± 1.7c –  
F2D 266 ± 18b 1889 ± 139a 32.3 ± 1.4b – 

Note: Values within a column in the same experiment followed by the same letters are not significantly different (p < 0.05) 
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irrigation technique. The cumulative water applications in the PW1N1 
and PW2N1 treatments with nitrogen application were higher than 
PW1N0 and PW2N0 without nitrogen application. However, there was 
no significant difference in VSWC between the N1 and N0 treatments 
(Fig. 3). These results suggested that the NPI system could keep soil 
water content stable by automatically supplying irrigation water ac-
cording to vegetable water demand and the NPI working principle. The 
NPI system will supply irrigation water as long as soil water is consumed 
because soil water consumption makes the pressure insider the emitter 
higher than soil matric potential. The system will automatically stop 
supplying irrigation when the soil matric potential is equal to the 
negative pressure insider the irrigation system. The negative pressure is 
controlled by a negative pressure generator (Fig. 1). Hence, NPI can 
provide different soil water contents by changing the negative pressure. 
In the cucumber experiment, the values of the negative pressure were 
0 kPa, –5 kPa, –10 kPa, and –15 kPa that controlled the range of soil 
water content in 27.8–29.3%, 21.4–24.4%, 18.3–21.7%, and 
14.1–16.4% during the cucumber growth periods, respectively (Fig. 3). 
Several researchers have also reported that soil water content was stable 
under each negative pressure of NPI during the plant growth period. For 
example, the VSWC under negative pressure of –5 kPa was 21.4–24.4% 
in our study (Fig. 3), 20.6–25.0% in Li et al. (2019), and 9.7–11.7% in 
Zhao et al. (2019). 

Although soil water content at –5 kPa was stable in the above studies, 
their values were different. The reason for this is that soil water content 
under a specific negative pressure of NPI is mainly affected by soil 
texture (Wang et al., 2017) and emitter hydraulic conductivity that 
represents the ease with which water can pass through the emitter 
(Wang et al., 2019a, 2019b; Yang et al., 2020). Therefore, both factors 
should be considered when designing a NPI system. Furthermore, cu-
cumber growth under the PW2 treatment was better than under PW1 in 
about 40–80 d because excessive soil water under PW1 treatment had a 
negative effect on cucumber growth (Li et al., 2017c). In addition, soil 
NO3

–-N content under PW2 was higher than under PW1 treatment 
(Fig. 6), which was beneficial for cucumber growth under PW2. Vege-
tables need more irrigation water when their growth improves because 
there is an increase in transpiration (Andrianasolo et al., 2016; Rodney, 
1963). The NPI system can supply irrigation water based on the con-
sumption of soil water. Although VSWC in PW1 was always higher than 

in PW2, the soil water that was absorbed by the cucumber in PW2 was 
higher than in PW1 between 40 d and 80 d. Consequently, the cumu-
lative water application value for the PW2 treatment was higher than 
PW1 between 40 d and 80 d, whereas it was less than PW1 over 0–40 
days (Fig. 3). Taken together, these results further confirmed the water 
supply characteristic of NPI that the water supply was automatically 
controlled by vegetable water demand. 

The optimum soil water contents for different vegetables are varied 
(Contreras et al., 2017; Létourneau et al., 2015). For instance, the op-
timum soil matric potential for tomato, melon, and zucchini are –10 to 
–30 kPa (Wang et al., 2005), –35 to –40 kPa (Hanson et al., 2000), and 
–25 kPa (Contreras et al., 2017), respectively. The NPI system can obtain 
correspondent soil water content by controlling the negative pressure of 
water supply under a specified condition (e.g. soil texture). In our study, 
the VSWC decreased as the negative pressure of the NPI system 
increased and a significant exponential relationship was found (Fig. 4a 
and b). The result was consistent with previous research, which reported 
that soil water contents under pressures of 0, –5, –10, and –15 kPa were 
28.5%, 22.5%, 18.1%, and 15.4%, respectively (Zhao et al., 2017). The 
relationship between negative pressure and soil water content can be 
used to help formulate suitable negative pressure for a vegetable. 

With the deepening of research on the optimum soil water content of 
vegetables, how to keep it stable needs to be urgently addressed. In our 
study, the VSWC of traditional irrigation treatments (PCK, F1CK, F2D) 
was 17.1–24.8% in the cucumber experiment, 16.7–23.9% in the tomato 
1 experiment, and 21.8–27.3% in the tomato 2 experiment (Fig. 5), and 
we used the soil water content measurement method to control soil 
water content within 70–90% of field capacity under PCK, F1CK, F2CK, 
and F2D treatments (Li et al., 2019). The specific value for soil water 
content mainly depends on irrigation frequency (Liu et al., 2019) and 
sampling time during the different growth stages (Badr and Abuarab, 
2013). Furthermore, traditional irrigation, such as border and infiltra-
tion irrigation, needs to take into account the location of emitters, irri-
gation time, and soil water status (Létourneau et al., 2015) when 
attempting to keep soil water content stable. This requires relatively 
large manpower and material inputs. However, the NPI system can 
efficiently keep soil water content stable during the growth period by 
using its automatic water supply characteristics. The variation range for 
VSWC under the NPI system during the growth period was lower than 

Table 4 
Correlative coefficients among yield, WP, NUE, and the averages of VSWC, SNC, CUθ, and CUN during cucumber and tomato growth periods.  

Experiment  Yield WP NUE VSWC SNC CUθ CUN 

Cucumber Yield  1 − 0.10 ns 0.71** 0.54* − 0.29 ns 0.26 ns 0.12 ns  
WP   1 0.20 ns − 0.37 ns 0.49 ns 0.68** 0.90***  
NUE    1 0.84*** − 0.69** 0.62* 0.29 ns  
VSWC     1 − 0.93*** 0.35 ns − 0.04 ns  
SNC      1 − 0.22 ns 0.21 ns  
CUθ       1 0.85***  
CUN        1 

Tomato 1 Yield  1 0.05 ns 0.10 ns − 0.52 ns − 0.46 ns − 0.21 ns − 0.18 ns  
WP   1 0.98*** 0.28 ns − 0.41 ns 0.92** 0.96**  
NUE    1 0.16 ns − 0.54 ns 0.89* 0.95**  
VSWC     1 0.73 ns 0.57 ns 0.43 ns  
SNC      1 − 0.14 ns -0.28 ns  
CUθ       1 0.98***  
CUN        1 

Tomato 2 Yield  1 0.04 ns – − 0.64 ns − 0.45 ns 0.01 ns − 0.12 ns  
WP   1 – − 0.52 ns − 0.56 ns 0.93*** 0.97***  
VSWC     1 0.46 ns − 0.47 ns − 0.47 ns  
SNC      1 − 0.49 ns 0.44 ns  
CUθ       1 0.91***  
CUN        1 

Note: WP: water use efficiency; NUE: nitrogen use efficiency; VSWC: volumetric soil water content; SNC: soil NO3
- -N content; CUθ: the Christiansen uniformity co-

efficient of soil water; CUN: the Christiansen uniformity coefficient of soil NO3
- -N.; ns: not significant. 

*** p < 0.001; 
** p < 0.01; 
* p < 0.05 
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for the PCK, F1CK, and F2D treatments (Fig. 5) and the Christiansen 
uniformity coefficient (CU) of the soil water under the NPI system in the 
topsoil was significantly higher than for the traditional irrigation 
treatments (Fig. 7). The main reason is that the NPI system automati-
cally supplies water according to soil water consumption. In addition, 
the progress of supplying water is slow to infiltrate and it needs to take 
some time. Therefore, it is reasonable that the range of soil water con-
tent is floating, which is affected by temperature in the greenhouse (Li 
et al., 2019), crop growth stage (Li et al., 2020), and emitter hydraulic 
conductivity (Wang et al., 2019a, 2019b). It is possible that the NPI 
system may not supply enough irrigation water in time, which means 
that the hysteresis effect of the water supply should be considered when 
attempting to grow water-intensive vegetables using the NPI system. 
Furthermore, although small sample sizes (4 and 5 samples) have been 
adopted in some previous studies when using the formula of CU (Kang 
et al., 2000; Zhao et al., 2012), the stability and credibility of the data 
cannot be ensured. In our study, only three samples were adopted to 
calculate CU, which could increase variability. However, it is true using 
CU to assess soil water and nitrogen distribution uniformities from the 
mathematical point of view (Kang et al., 2000). In addition, we con-
ducted three experiments and measured CU four times during the 
vegetable growth period and found the result that the NPI system 
improved the distribution uniformity of soil water and NO3

–-N (Fig. 7). 
The result was consistent under different growth periods and experi-
ments, which can reduce variability and increase credibility. We also 
believe that it is necessary to increase the sample size to further reduce 
the variability in future research. 

Another advantage of the NPI system is that the system can contin-
uously provide nitrogen fertilizer to the crops as the irrigation water is 
redistributed, which could improve the distribution uniformity of soil 
NO3

–-N. In our study, the average CU for soil NO3
–-N under the NPI system 

was higher than for the CK treatment (Fig. 7). Furthermore, the fertilizer 
under the CK treatment was supplied over a shorter time compared with 
the NPI treatment. This result is consistent with a previous study, which 
found that continuous irrigation with fertilization could increase the 
distribution uniformity of soil NO3

–-N when a subsurface irrigation sys-
tem was used (Phogat et al., 2013). The most likely reason for this is that 
soil NO3

–-N can transport in the soil with irrigation water (Barber, 1995). 
It has also been reported that the CU for soil NO3

–-N had a significant 
correlation with CU of soil water in the three experiments (Table 4). 
Furthermore, soil NO3

–-N content can influence root hydraulic properties 
(Gorska et al., 2008), which leads to greater soil water absorption in 
nitrate-rich areas (Zhou et al., 2018; Zotarelli et al., 2009a, 2009b). 
Therefore, it is necessary to consider the reciprocal impact between 
irrigation water and nitrogen fertilizer in the future to better understand 
the effect of the NPI system on vegetable growth. Although the distri-
butions of soil water and NO3

–-N in vertical direction have been shown in 
this study, the spatial distribution is more helpful to reveal the effect of 
irrigation systems on crop growth (Li et al., 2005; Zhou et al., 2018). The 
spatial distribution of soil water content was also shown in our previous 
study (Wang et al., 2019a, 2019b). However, there is a lack of research 
on the effect of the spatial distribution of soil water and NO3

–-N on crop 
growth in our studies, especially the horizontal distribution, and further 
research is needed to address this topic. 

The primary task of irrigation is to promote vegetable growth, 
especially in terms of yield, WP, and NUE (Mon et al., 2016; Montesano 
et al., 2018). Some studies have shown that the NPI system could in-
crease yield and WP (Gao et al., 2019; Yang et al., 2020). In the cu-
cumber experiment, the NPI system increased yield under appropriate 
pressure (–10–0 kPa), but it decreased yield at –15 kPa (Table 3) 
compared with conventional treatment (PCK). This was due to the cre-
ation of serious water stress conditions. There was no significant dif-
ference in yield among the NPI, furrow irrigation, and drip irrigation in 
the two tomato experiments. However, the NPI system could reduce 
fertilizer and irrigation water inputs under the same yield requirement 
conditions. Li et al. (2019) also found that there were no significant 

differences in cucumber and tomato yields between the NPI system and 
drip irrigation. 

The CU for soil water and NO3
–-N had no relationship with yield in the 

three experiments, but it had a positive relationship with WP and NUE at 
appropriate VSWC (Table 4). This is consistent with a previous result 
that showed there is no relationship between maize yield and the dis-
tribution uniformities for soil water and NO3

–-N under drip irrigation 
system because there was no water and nitrogen stress (Zhou et al., 
2018). In the cucumber experiment, the CU for soil NO3

–-N had no 
relationship with NUE because of the serious water stress at –15 kPa, but 
there was a positive relationship between the soil NO3

–-N distribution 
and NUE at –10–0 kPa. These results suggested that the NPI system could 
increase the CU of soil water and NO3

–-N, and promote WP and NUE 
under appropriate water supply pressures. Some studies have also 
shown that increasing the CU of soil NO3

–-N improved the absorption and 
utilization of soil water and NO3

–-N by vegetables (Barber, 1995; Zhou 
et al., 2018), and reduced water and NO3

–-N losses due to deep perco-
lation (Zhao et al., 2012). In the two tomato experiments, the conven-
tional treatment (furrow irrigation and drip irrigation) had higher soil 
water or NO3

–-N contents at 30 cm depth than the NPI system (Figs. 5 and 
6). Therefore, the NPI system was able to further reduce the risk of water 
and NO3

–-N losses. Although our study showed that CU of soil water and 
NO3

–-N has a very important role in improving WP and NUE, few studies, 
to the best of our knowledge, have addressed this issue under the NPI 
system. As with other traditional irrigation methods, such as drip and 
sprinkling irrigation (Kang et al., 2000; Li and Liu, 2011), CU of soil 
water and NO3

- -N should be considered when designing an NPI system 
and because it strongly affects vegetable growth. The NPI, a new auto-
matic subsurface irrigation technique, can directly supply irrigation 
water and fertilizer to the root zone and reduce evaporation, which in-
creases WP and NUE in a similar way to other subsurface irrigation (Badr 
and Abuarab, 2013; Li et al., 2019). Furthermore, vegetables need 
different optimum soil water content at different growth stages (Kumar 
et al., 2019; Li et al., 2020) and the NPI system can accurately adjust soil 
water content according to vegetable water demand by changing the 
water supply pressure of the system. Hence, the NPI has a greater po-
tential to promote vegetable growth in the future by supplying water 
according to vegetable water demand and through improvements to the 
soil water and nitrogen distribution uniformities. 

5. Conclusions 

The NPI system is an efficient irrigation technique that can promote 
vegetable yields, WP, and NUE under appropriate water supply pres-
sures. This is because it has superior water supply characteristics and 
also can improve the soil water and NO3

–-N distribution uniformities. The 
–5 kPa treatment yield was highest in the cucumber experiment, and the 
–5 kPa treatment also produced higher WP and NUE than the CK 
treatment in cucumber and tomato experiments. The NPI system can 
automatically supply irrigation water according to the consumption of 
soil water and then keep soil water content stable during the vegetable 
growth period. The NPI system also increased the CU of soil water and 
NO3

–-N under appropriate water supply pressure conditions and 
improved WP and NUE. Therefore, the CU of soil water and NO3

–-N 
should be considered when designing an NPI system because it strongly 
affects vegetable growth. Two issues have to be addressed if the abilities 
of the NPI system to promote vegetable growth are to be further 
improved. These are optimizing water supply pressures for a vegetable 
at its different growth stages and investigating the reciprocal impact 
between irrigation water and nitrogen fertilizer. 
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Tomato nitrogen accumulation and fertilizer use efficiency on a sandy soil, as 
affected by nitrogen rate and irrigation scheduling. Agric. Water Manag. 96, 
1247–1258. https://doi.org/10.1016/j.agwat.2009.03.019. 

Zotarelli, L., Scholberg, J.M., Dukes, M.D., Muñoz-Carpena, R., Icerman, J., 2009b. 
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