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Abstract: Negative pressure irrigation (NPI) is an important water management strategy that can
improve crop yields and water use efficiency (WUE). However, because NP1 is affected by vital
factors, such as negative pressure values, soil properties, and fertilization dosages, there is a lack of
systematic analyses of the application effects of NPI on various crops. Hence, this study collected the
results of 44 published studies and established the validity of 142 crop yields, 121 WUEs, 138 crop
qualities, and 138 crop nutrient statuses in a database for NPI systems. The meta-analysis method
was used to analyze NPI in comparison to conventional irrigation (CI) conditions. The results
showed that the NPI yields and WUEs significantly improved by 17% and 63% compared to those
of CI, respectively. Meanwhile, the negative pressure values were —2~—5 kPa; the improvement
effects on yields were the best; and the WUEs exhibited the highest performance with negative
pressure values of —6~—10 kPa. NPI promoted crop quality and plant nutrient uptakes under the
appropriate NPI conditions. The synergistic impacts for sandy loam, alkalescent soils, and leafy
vegetables were greater than for clay loam, neutral soils, and fruit vegetables under NPI conditions.
Simultaneously, it was shown that the soil available phosphorus content and application of P fertilizer
have a greater impact on NPI and CI crop yields. Therefore, the meta-analysis demonstrated the
impacts of NPI on crop yields, WUEs, quality, and nutrient absorption, and quantified the effects of
NPI on crop growth under various conditions, which provides an important water-saving technology
for greenhouse production.
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1. Introduction

The growth and development of crops depends on the absorption of large amounts
of water, and artificial irrigation is the main source of water to satisfy crop water require-
ments [1-3]. Conventional irrigation (CI) systems, such as furrows, depressions, and flood
irrigation, have relatively low water use efficiencies (WUE), while advanced water-saving
technologies, including sprinkler, drip, microspray, and alternate root zone irrigation, pro-
vide significantly improved WUEs [4-7]. The introduction of irrigation water into farmland
requires human labor and equipment, and the process for water to enter soils depends
entirely on human irrigation [3,8]. Crop and soil systems are consistently in a state of
passively receiving irrigation water [5,9]. In the past 20 years, negative pressure irrigation
(NPI) technology has been developed, which is based on the active absorption of soil water
by crops, and water enters the soil under the driving forces of the physiological activities
of crop transpiration and water consumption characteristics, which can continuously and
smoothly supply crops with water for its absorption and utilization from soil [5,10-12].
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NPI is a new type of subsurface irrigation technology, which is also known as active
water absorption by crops. The processes by which soil supplies water to crop roots, water
supply time, intensity, and water consumption mainly depend on the physiological needs
of dryland crops [13-15]. Due to transpiration and the absorption of soil water by root
systems, which cause the soil matrix potential to have a gradient between the soil and
emitter, the water absorption force spreads out through the soil and attracts water away
from the rhizosphere and into root systems [3,10,16]. When the water absorption force
of the crops is less than or equal to the external water suction force, crops suspend their
absorption of water from the soil, and the outside biotope stops supplying water to the
soil [5,15,17]. This ensures that crops can be supplied in a stable manner with suitable
water amounts for growth in NPI systems. Since the water supply process is regulated by
the controllable negative pressure that is generated in the system, the technology is named
“negative pressure” [3,5,18].

At present, NPI has been used in practical research in greenhouse production, which
is mainly manifested by the fact that dryland crops have suitable pressure values (e.g.,
within the range from —2 to —10 kPa) [3,8,19]. For example, the yields of rape, pepper,
cucumber, lettuce, tomato, and other crops under suitable negative pressure conditions
have shown significant increases from 29% to 77%, and the WUEs have increased from 35%
to 166% compared with CI [3,20,21]. NPI also improves the absorption of nutrients and the
utilization efficiency of nutrients by crops [15-17]. In addition, NPI affects the soil nutrient
availabilities and spatial distributions, soil microbial diversities, and soil and plant enzyme
activities [9,11,22,23]. The study also found that NPI increased the microbial diversities in
the rhizospheres of rape and tomato (OUT, Chaol, Shannon) and the activities of catalase,
urease, and phosphatase in pepper and tomato soils [9,24,25], and it decreased the levels
of the superoxide anion, malondialdehyde, proline, catalase, and polyphenol oxidase in
maize under NPI conditions [26]. This is proof enough that NPI has emerged as a key
potential solution for reducing water extraction in the context of increasing agricultural
intensification and climate change. Given its importance, Yang et al. (2022) systematically
reviewed the development of NPI in recent years through literature analysis [8]. However,
the study lacks a quantitative analysis of the crop yield and WUE by NPI. In addition,
although NPI has provided many research achievements, the results occasionally appear to
be discrepancies or contradictions, and there is a lack of independent systematic combined
analyses of results with common research destinations, analyses of the diversity among
studies, and quantitative comprehensive evaluations of research results.

Previous studies have focused on the effects of different negative pressure values
on crop growth and WUEs. The results indicated that different crops favor different
negative pressure values of NPL In fact, the efficiency of NPl is also affected by the soil
texture, soil property, and water and fertilizer applications, which cannot be ignored. To
comprehensively understand the full effect of NPI on crop growth and its relationship with
soil physicochemical properties, published experimental data were collected for a synthetic
analysis between NPI and crop growth, and these were systematically quantified. The
data collection step was carried out by using the published articles related to NPI, and
the meta-analysis method was used to systematically analyze the effects of NPI on crop
yield and quality, water use efficiency, and nutrient absorption, as well as to clarify the
negative pressure values. According to the existing data that were mined, the appropriate
fertilization dosages under NPI were quantitatively recommended and would provide a
theoretical basis for the development of NPI technology.

2. Materials and Methods
2.1. Data Collection

We collected data from published papers by using the Web of Science (https://www.
webofscience.com (accessed on 1 January 2020)) and China National Knowledge Infrastruc-
ture (https://www.cnki.net (accessed on 1 January 2020)) databases between 1 January
2000 and 31 December 2021 and used the following 4 search terms: “negative pressure
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irrigation”, “negative emitter irrigation”, “negative pressure water supply technology”,
and “negative emitter water supply”. The literature screening was conducted based on the
following conditions: (1) the experiment was conducted by using potted and greenhouse
experiments; (2) the same experiment must include both an NPI treatment and conventional
irrigation treatment and provide yield or water use efficiency or quality or crop nutrient
status index data; and (3) the basic physical and chemical indices for the 0~20 cm soil layer
are included in the literature. A total of 44 peer-reviewed papers spanning 142 sets of crop
yield data, 121 sets of water use efficiency data, 138 sets of crop quality data, and 138 sets
of crop nutrient status data were included in this meta-analysis.

A schematic diagram of the negative pressure irrigation system designed by the Chi-
nese Academy of Agricultural Sciences is shown in Figure 1a [5,9,25]. Figure 1b,c show
the cultivation of cucumber and rapeseed with NPI in greenhouse production, respec-
tively [3,9].
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Figure 1. Schematic of plant growth when using a negative pressure irrigation system (a). Negative
pressure irrigation applied to cucumber [3] (b) and rapeseed [9] (¢) in greenhouse production.

2.2. Data Analysis

In the meta-analysis method, the standard deviations and number of repetitions of
the experimental group and control group are very important parameters. If the original
literature clearly mentions the sample sizes, mean, and standard deviations (or standard
errors), the data were directly extracted. If the standard deviations were not provided
directly in the literature, these studies were processed in the following two ways: (1) The
data for each treatment are listed. When there were multiple replicates of experimental data,
the experimental data were sorted with Excel to obtain the means and standard deviations.
(2) The corresponding standard deviations are estimated based on the ratios of the existing
standard deviations to the means [27]. If only graphs of the above data parameters are
presented in the literature, GetData Graph Digitizer software was used for data extraction.
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2.3. Data Calculation

Only the standard error (SE) was provided in the literature, which was converted to
the standard deviation (SD) using Formula (1):

SD =SE x /n 1)

The statistical indicators were expressed as the response ratio (RR) and calculated by
Formula (2) and the logarithm of the response ratio (InRR) to reflect the effect of negative
pressure irrigation on conventional irrigation:

RR = A 2
IRR = M4 _ 11 A, — InA 3)
InA.
The sampling variance for each InRR was calculated using Formula (4):
2 2
V- SDi = SDf @

AZn;  AZn

In the formula, SD;, A, and n; are the standard deviation, mean, and number of
samples of the experimental group, respectively; SD¢, A¢, and n. are the standard deviation,
mean, and number of samples of the control group, respectively.

To facilitate the interpretation, the change percentage of the crop yield, WUE, qual-
ity, and nutrient uptake under the NPI treatment compared with the CI treatment was
calculated using the following formula:

Effect size (%) = (exp (InRR) — 1) x 100 (5)

The meta-analysis was performed including the studies as random factors using the
rma function in metafor (setting method “REML”), which was necessary to reduce data
dispersion due either to the experimental design or the measuring method.

If the 95% confidence interval does not include zero points, this means that NPI has a
significant effect as compared to conventional irrigation; otherwise, this means that there
was no significant effect. If all values fall on the negative semi-axis, this means that the
negative pressure irrigation provided a negative effect; otherwise, this means that there
was a positive effect. To evaluate the quality of our meta-analysis, we determined Egger’s
tests. The results show that there is no publication bias in any of the data (p > 0.05, Table 1).
We also performed a sensitivity analysis of the meta-analysis results using the Leavelout
function in the R software metafor package, and the results showed that the conclusions of
this study were reliable.

Table 1. Publication bias test of relevant data—Egger’s test.

Sample Size (n) Z Value p Value
Crop yields 135 0.5472 0.5842
Water use efficiencies 113 —0.1597 0.8731
Crop quality 132 0.7764 0.4375
Nutrient content 54 1.7533 0.0796
Nutrient 63 —0.9302 0.3523
concentration

Note: p > 0.05 indicates that there is no publication bias.

The above data processing was performed in R 4.1.0, and Origin 2019b was used
for graphing.
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3. Results
3.1. Effect Size on Crop Yield under NPI

As shown in Figure 2, NPI significantly improved crop yields by 17.4% compared to
conventional irrigation (CI) (all effect sizes and their 95% confidence). However, the crop
yield responses showed discrepancies for various levels of negative pressure values, and
the crop yields were noticeably improved for the ranges of —2~—5 kPa and —6~—10 kPa.
Among these, —2~—5 kPa provided the best yield increase (41.6%), while negative pressure
values of —12~—15 kPa remarkably reduced crop yields (—26.2%). The yield-promoting
effects of NPI on a variety of crops were different; leafy vegetables had the best yield
increase (30.2%), followed by fruit vegetables (8.0%).
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Figure 2. Effect size analysis of various factors on crop yields under negative pressure irrigation
compared with conventional irrigation conditions. P, phosphorus; N, nitrogen.

The soil impacts on crop yields vary according to texture (Figure 2). NPI produces a
noteworthy yield increase for sandy loam (22.7%) but not for clay loam. Simultaneously,
NPI boosts crop yields in alkalescent soils (16.8%), but the effect size was not seen for neutral
soils. The effect of NPI on the crop yield was influenced by the soil organic matter content.
NPI significantly increased the crop yield at soil organic matter levels below 20 g kg~!.
NPI significantly increased the crop yield at soil available phosphorus levels between 0
and 20 mg kg~!, while this effect was not significant at 20~40 mg kg~!. When the soil total
nitrogen content was 0~1 g kg~ !, NPI significantly increased the crop yield (17.0%).
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3.2. Effect Size on Water Use Efficiency under NPI

NPI significantly increased the WUESs of crops under various factors by 62.6% (Figure 3).
Differing from the yields, the WUEs are associated with minor differences under various
negative pressure values, with the highest WUEs occurring for the range of —6~—10 kPa
(75.1%), followed by —12~—15 kPa (67.3%), and then by —2~—5 kPa (53.5%). The WUE
results for various crop species were not consistent with the yields, and leafy vegetables
(72.8%) were slightly better than fruit vegetables. The WUEs were higher in sandy loam
soils than clay loam soils, which were consistent with the yield results. NPI had the
greatest impact on the WUEs in alkaline soils (pH > 7.5). The effects of the soil organic
matter, available phosphorus, and total N changed significantly with the difference in
content under NPI conditions. NPI may significantly increase the WUE under a different
organic matter content, and the increase was the best under a low organic matter content
(0~10 g kg~ !). The subgroups of the available P and total N showed the same trend in the
results as organic matter.
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Figure 3. Effect size analysis of various factors on water use efficiencies under negative pressure
irrigation compared with conventional irrigation conditions. P, phosphorus; N, nitrogen.

3.3. Crop Quality and Nutrient Uptake on NPI

The quality indicators used in this study were the soluble sugar content, vitamin C
(Vc), nitrate, and soluble protein, as shown in Figure 4. NPI markedly increased the crop
soluble sugar and Vc contents, and the effect sizes were 15.0% and 16.5%, respectively.
The nitrate contents were significantly reduced by 11.7%. However, the effects were not
significant for soluble proteins. NPI also significantly promoted the uptakes of the nitrogen
(N), phosphorus (P), and potassium (K) contents and concentrations in plants.
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Figure 4. Effect size analysis of various factors on crop quality and nutrient uptake under negative
pressure irrigation compared with conventional irrigation conditions. P, phosphorus; N, nitrogen.
K, potassium.

3.4. Analysis of Factors Influencing Yield under NPI and CI

In order to evaluate the effect of NPI's application, the random forest model in the
R Programming Language was used to analyze the influence of various soil factors on
crop yield (Figure 5). The variance explanation degrees of the nine factors included in the
analysis of the NPI and CI crop yields were 76.98% and 93.68%, respectively, indicating
that these nine factors may well explain the impact on crop yield.

Importance (%) Importance (%)

0 2 4 6 8 10 12 14 0 2 4 6 8 0o
KF | 1333
PF | 135
AP D
AK [ 1180
™ | 116
KF = | 1119 pH ‘ 11.02
AKE | 1 NF - | 0.0
soMm [ | 1013 som |- | o2
sof e @ g | | 768 ®)

Figure 5. Influencing factors analysis under NP1 (a) and CI (b). AP represents available soil phospho-

rus, PF represents application amount of phosphorus fertilizer, TN represents total soil nitrogen, NF

represents application amount of nitrogen fertilizer, KF represents application amount of potassium
fertilizer, AK represents available soil potassium, SOM represents soil organic matter, and SBD
represents soil bulk density.
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The major factors affecting the yield under NPI were the soil available phosphorus,
phosphorus fertilizer application, and soil pH, and the soil organic matter (SBD) had the
least effect (Figure 5a). The potassium and phosphorus fertilizer applications were the
main factors affecting the CI yield, followed by the soil available phosphorus (Figure 5b).

4. Discussion
4.1. NPI Improves Crop Yields and WUEs

The advantage of NP1 is that it can generate a stable water supply, assist the soil water
contents to remain within a stable range, and ensure that crops take up water according
to their physiological needs [5,21,26]. For example, under NPI, the soil water content
remained relatively stable between 9.7 and 11.7%, which was less than 8.6-13.3% of the
CI fluctuation range in rapeseed, thereby avoiding the stress of wetting and drought [9].
Determining a suitable water supply pressure value is a basic key approach when applying
NPI. Through the meta-analysis, it was found that the crop yields generally showed trends
of first increasing and then decreasing with supply pressure reductions (the absolute value
of the pressure value increased) on a negative pressure generator (Figure 2). The meta-
analysis indicated that negative pressure values of —2~—5 kPa had the best performance
with respect to the yields, and negative pressure values of —12~—15 kPa were too low. The
crops exhibited symptoms of water shortage, which resulted in reduced yields. This is
primarily because the negative pressure water supply devices are buried in the soil without
water saturation, and the water supplied pressure of the external water of NPI is lower
than the atmospheric pressure, which limits the supply of water [3]. For example, when the
negative pressure value was —5 kPa, the cabbage yields increased by 51% compared with a
value of —10 kPa [28], and the cucumber yields increased by 45% at —5 kPa compared to
0 kPa [29]. The water and fertilizer supply modes of NPI are conducive to the uptake of
water and fertilizer by root systems through the soil, which thereby improve the operation
and accumulation of the substances assimilated in plants [14,30]. An appropriate water
supply increases the biomass of crops, improves photosynthesis, and improves the ability
of roots to absorb soil nutrients [9,25]. Therefore, it is meaningful to discuss crop yields
and WUEs under suitable pressure values.

In the 121 sets of data analyzed, the WUESs significantly improved under NPI (Figure 3).
For example, tomato and rapeseed decreased their water consumption levels by 20% and
23% compared to CI, respectively, and their WUEs also improved [9,15]. This is due to the
crops under NPI absorbing water according to their physiological needs by maintaining un-
saturated water in the rhizosphere and by reducing surface evaporation and deep leakage
loss of water from the soil [9,12,21]. Simultaneously, NPI is able to transport water directly
to the rhizosphere to accurately and constantly supply water to crops [5,19]. Furthermore,
negative pressure values in the range from —2 to —15 kPa could improve the WUE, while
the range of —6~—10 kPa resulted in the best performance (Figure 3). In addition, con-
sidering the differential influences of the NPI values on the crop yield and WUE, it was
difficult to achieve a balance of the best effects of the three factors. For example, when
the negative pressure of the water supply was —5 kPa, the WUE was 11% higher than
that at 0 kPa [29]; simultaneously, for pepper, the WUE was 32% higher at —5 kPa than
at —10 kPa [31]. In an experiment conducted on Chinese cabbage, the yields increased by
32% at —5 kPa compared to —10 kPa, but the WUEs decreased by 52% [28]. The fundamen-
tal reason is that providing different negative pressure values leads to different soil matrix
changes, thereby altering the water requirements of the plants under NPI

Soil texture is closely related to the distribution and transport of water and nutrients in
the soil layer under NPI conditions [32,33]. There are significant positive impacts on sandy
loam, alkalescent soils (pH > 7.5), soils with low organic matter contents (e.g., 0~10 g kg~ 1),
and available P levels of 0~20 mg kg~ ! under NPI conditions (Figures 2 and 3). Mainly, the
cumulative infiltration, horizontal and vertical distances, and wet volumes of clay loam
soils under NPI were significantly higher than those for sandy loam soils [34]. For the same
pressures and water supply times, the same results were also observed [32]. Moreover, soil
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layers with higher clay contents are prone to salt accumulation at their interfaces [35]. For
the same soil matrix potential level, clay loam soils have better water and fertilizer retention
capacities than sandy loam soils, and the soil volumetric water contents and water uptake
capacities are greater [3,22]. However, NPI that supplies water from the rhizosphere can
significantly improve the low infiltration of sandy loam soils and increase the WUEs.

The analysis of the 72 groups of collected data concluded that sandy loam soils
exhibit more obvious impacts on increasing yields under NPI conditions (Figure 2). The
higher air permeabilities of sandy loam soils are more conducive to microbial activity.
NPI significantly increases the numbers and activities of soil microbial populations and
promotes the decomposition of organic matter, such as humus [3,9,24]. NPI simultaneously
stimulates the growth of rhizosphere soil microorganisms and decomposition of soil humus,
which is beneficial to the transformation, absorption, and utilization of nutrients [36]. The
pH values of the applied water-soluble fertilizers are approximately 5.5, which makes it
easier to neutralize the pH values in alkalescent soils, and the root systems can adjust the
soil pH after nutrient uptake, which avoids reductions in pH values in acidic soils. However,
soils with low organic matter contents and available P levels can significantly increase
crop yields under NPI (Figure 2). This is primarily because NPI directly supplies water
and nutrients to the rhizospheres of crops, which can be actively absorbed and utilized
by the root systems, and avoids nutrient loss and volatilization caused by traditional
irrigation methods [9,21]. Therefore, low-nutrient soil environments are suggested to be
more conducive to applications of NPI in greenhouse production.

The root systems of leafy vegetables are not strongly developed, and they can only
take up shallow soil water, which is easily lost by evaporation, but NPI mainly supplies
water at depths from 15 to 20 cm from the soil surface [9,17,21]. This is just enough to meet
the water uptake by the root systems in this area, so the effect of increasing the yields of
leaf vegetables is better than that for fruit vegetables, such as cucumber and tomato [28,29].
Another consideration is that leafy vegetables consume less water and nutrition than fruit
vegetables, which results in higher yield increase ratios than fruit vegetables.

4.2. NPI Benefits Crop Quality and Nutrient Uptake

Crop quality can be improved by reasonably controlling the soil water contents to
provide a suitable water environment for crops under NPI conditions [9,17,19,25]. For
example, the soil water contents of rapeseed under NPI were relatively stable, with a range
from 9.7% to 11.7%, compared with the soil water contents that appear to vary greatly
with CI, with a range from 8.6% to 13.3%, and result in improved quality and N, P, and K
contents in rapeseed of 21~57% [9]. Meanwhile, the vitamin C and soluble sugar contents
of pak choi, lettuce, and tomato increased by between 23% and 35% with NPI compared
to CI [3,15,37]. This is because appropriate water and nutrient contents are beneficial
for increasing the stomatal conductances and chlorophyll contents of plants, reducing
osmoregulation in the pericarp, promoting vitamin C, and increasing the concentrations of
sugar entering the phloem [21,38,39]. In addition, decreasing the application of N fertilizer
by 30% with NPI also increased the N uptake of plants by 11% and the nitrogen use
efficiency as compared with CI [25]. Meanwhile, increasing the K absorption by crops can
promote nitrate metabolism, reduce nitrate contents, and increase the soluble sugar and
vitamin C contents in plants [15,29]. Furthermore, the K uptake levels increased by 48%,
and the K utilization rates increased by 12% with NPI (—10 kPa value) as compared with
CI [40]. However, nutrient applications on the soil surface, especially of N fertilizer, easily
cause volatilization and leaching, which not only cause the loss of N but also decrease the
quality of crops due to the uptake of excessive nitrate.

4.3. Fertilizer Savings under NPI Conditions

Planting crops decreases the fertilization dosages that are needed with NPI systems
compared with CI, but excessive fertilizer applications did not significantly improve the
crop yields [3,9,25]. It was found that the NPI application rates of N, P, and K decreased
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by 30% compared with CI, but the yields were not significantly different in greenhouse
production [23]. Meanwhile, the N dosage for lettuce under NPI was 20% lower than
that under CI, and its yields still significantly increased by 14% [25]. The primary reason
is that the fertilizer dosages that are applied to vegetables are generally high in China’s
greenhouses [41,42], which mainly rely on furrow and drip irrigation technologies that are
applied to the soil surface and easily cause the volatilization and leaching of N fertilizer.
However, NPI can solve this shortcoming; the utilization efficiency of N fertilizer in cucum-
ber increased by 52%, and the K utilization efficiency increased by 20%; simultaneously,
the uptakes of NPK by tomato, lettuce, and cucumber increased by between 12% and 60%
compared with CI [3,20,23].

In addition, using an appropriate fertilizer dosage improves crop yields and fertilizer
use efficiencies under NPI conditions [9,23,25]. For example, for rapeseed irrigation with
water and fertilization under NPI, the production was highest with a dose of 225 N kg ha~!,
compared with other N application treatments, and dosages of excessive amounts of
fertilizer resulted in significant production declines [9]. Compared with the same N
fertilizer dosage as CI, the N amounts can be reduced by 30% under NPI, but the yields
did not decrease; the utilization of ammonium nitrogen can be improved, and the nitrate
nitrogen levels can be reduced, which result in the mitigation of N,O emissions [25].
Excessive applications of N fertilizer pollute rivers and groundwater and lead to high levels
of greenhouse gas emissions [43,44].

This study found that NP1 yields increased by 17% compared to a uniform dosage
with CI, it provides guidance on fertilizer dosages for future research of NPI by using
the meta-analysis, which would be helpful for fertilization management. The analysis
of the yield influencing factors also showed that phosphorus fertilizer and potassium
fertilizer had greater influences on the crop yield under negative pressure and conventional
irrigation (Figure 5). Therefore, while considering reductions in the fertilizer applications
under NPI, their impact on the environment can also be studied, especially large-scale N
fertilizer applications and the mechanisms of soil and greenhouse gas emissions, which
deserve further investigation.

At present, the research on NPI mainly applies to vegetables, especially those with
shallow root systems, such as rapeseed, spinach, and lettuce [9,24,25]; it has been less
frequently applied to cereals and fruits, and there are also few experimental studies in the
field [3]. In addition, it is necessary to use NPI technology in water-deficient areas to solve
water shortage problems. Moreover, most of the water emitters used for NPI consist of
ceramic heads, which are expensive and only have a service life from approximately 1 to
2 years, and the phenomenon of micropore blockage will occur, which is also one of the
technologies that needs improvement [3,8]. In short, the combination of the water and
fertilizer integration technologies of NPI can save water and nutrients and improve the
yields and quality of crops. Negative pressure irrigation is an important strategy to solve
the water resource shortage in China.

5. Conclusions

Overall, NPI significantly promoted crop yields, water use efficiencies, quality, and
nutrient uptakes when compared to conventional irrigation. Negative pressure values
of —2~—5 kPa were the best indicator of the crop yields, followed by the values of
—6~—10 kPa and —12~—15 kPa, which decreased yields, while the WUEs exhibited the
highest performance at —6~—10 kPa. The yield increases of leafy vegetables were signifi-
cantly higher than those of fruit vegetables, and the WUEs were slightly higher for fruit
vegetables. There was a dominance of sandy loam over clay soils and of alkalescent soils
over neutral soils under NPI conditions. The soil available phosphorus (P) content and
application of P fertilizer have a greater impact on the NPI and CI crop yields.



Agronomy 2022, 12,1925 11 of 12

Author Contributions: Conceptualization, H.L. and S.Z.; methodology, Y]., X.G. and S.Z.; software,
YJ.; validation, Y.J., X.G. and S.Z.; investigation, Y.J. and X.G.; resources, H.L., R.Z.,, XW. and S.Z.;
data curation, Y.J. and X.G.; writing—original draft preparation, Y.J., X.G. and S.Z.; writing—review
and editing, Y.J., X.G. and S.Z.; supervision, H.L., XW., Z.S. and S.Z.; project administration, R.Z. and
H.L.; funding acquisition, H.L. and S.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2018YFE0112300).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data sets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kadiresan, K.; Khanal, P. Rethinking irrigation for global food security. Irrig. Drain. 2018, 67, 8-11. [CrossRef]

2. Peng, Y.; Xiao, Y.; Fu, Z.,; Dong, Y.; Zheng, Y.; Yan, H.; Li, X. Precision irrigation perspectives on the sustainable water-saving of
field crop production in China: Water demand prediction and irrigation scheme optimization. J. Clean. Prod. 2019, 230, 365-377.
[CrossRef]

3. Long, H.; Wu, X.; Zhang, S.; Wang, J.; Drohan, PJ.; Zhang, R. Connotation and research progress of crop initiate water drawing
technology. Trans. Chin. Soc. Agric. Eng. 2020, 36, 139-152. (In Chinese)

4. Fan, Z,; Lin, S.; Zhang, X,; Jiang, Z.; Yang, K_; Jian, D.; Chen, Y.; Li, J.; Chen, Q.; Wang, J. Conventional flooding irrigation causes
an overuse of nitrogen fertilizer and low nitrogen use efficiency in intensively used solar greenhouse vegetable production. Agric.
Water Manag. 2014, 144, 11-19. [CrossRef]

5. Long, H,; Zhang, H.; Yue, X.; Zhang, R. Design and experiment of heavy-type negative pressure value used for negative pressure
irrigation. Trans. Chin. Soc. Agric. Eng. 2018, 34, 85-92. (In Chinese)

6. Michael, O.; David, O.; Frederick, A.; Paul, A.; Kwame, A. Meta-analysis of crop yields of full, deficit, and partial root-zone
drying irrigation. Agric. Water Manag. 2018, 197, 79-90. [CrossRef]

7. Lv,H,; Lin, S.; Wang, Y.; Lian, X.; Zhao, Y; Li, Y.; Du, J.; Wang, Z.; Wang, ].; Butterbach-Bahl, K. Drip fertigation significantly
reduces nitrogen leaching in solar greenhouse vegetable productions system. Environ. Pollut. 2019, 245, 694-701. [CrossRef]

8.  Yang, P; Bai, J.; Yang, M.; Ma, E.; Yan, M; Long, H.; Liu, J.; Li, L. Negative pressure irrigation for greenhouse crops in China: A
review. Agric. Water Manag. 2022, 164, 107497. [CrossRef]

9.  Zhao, X;; Gao, X.; Zhang, S.; Long, H. Improving the growth of rapeseed (Brassica chinensis L.) and the composition of rhizosphere
bacterial communities through negative pressure irrigation. Water Air Soil Poll. 2019, 239, 9. [CrossRef]

10. Moniruzzaman, S.; Fukuhara, T.; Terasaki, H. Experimental study on water balance in a negative pressure difference irrigation
system. J. Jpn. Soc. Civ. Eng. 2011, 67, 103-108. [CrossRef]

11. Zhang, J.; Ji, ].; Wang, P; Long, H.; Wu, X. Molecular mechanism of negative pressure irrigation inhibiting root growth and
improving water use efficiency in maize. Plant Soil 2021, 472, 127-143. [CrossRef]

12.  Zhang, J.; Wang, P;; Ji, J.; Long, H.; Wu, X. Transcriptome analysis reveals molecular mechanism of yield increases in maize under
stable soil water supply. PLoS ONE 2021, 9, e0257756. [CrossRef]

13. Iwama, H.; Kubota, T.; Ushiroda, T.; Osazawa, S.; Katou, H. Control of soil water potential using negative pressure water
circulation technique. Soil Sci. Plant Nutr. 1991, 37, 7-14. [CrossRef]

14. Bian, Y.; Yang, P; Long, H.; Ding, Y.H.; Li, D. Water use efficiency and nutrient absorption of spinach (Spinacia oleracea L.) under
two material emitters and negative water supply pressure. |. Plant Nutr. Fert. 2018, 24, 507-518. (In Chinese)

15. Gao, X.; Zhang, S.; Zhao, X.; Long, H. Stable water and fertilizer supply by negative pressure irrigation improve tomato
production and soil bacterial communities. SN Appl. Sci. 2019, 1, 178. [CrossRef]

16. Li, Y,; Xue, X.; Guo, W.; Wang, L.; Duan, M.; Chen, H.; Chen, F. Soil moisture and nitrate-nitrogen dynamics and economic yield
in the greenhouse cultivation of tomato and cucumber under negative pressure irrigation in the North China Plain. Sci. Rep. 2019,
9, 4439. [CrossRef] [PubMed]

17.  Song, Y.; Zhao, X.; Zhang, S. Reducing nitrogen input and improving yield and quality of rape through combination of fertigation
and nitrification/urease inhibitor addition. J. Plant Nut. Fertil. 2017, 23, 632-640. (In Chinese)

18. Lipiec, J.; Kubota, T.; Iwama, H.; Hirose, ]. Measurement of plant water use under controlled soil moisture conditions by the
negative pressure water circulation technique. Soil Sci. Plant Nutr. 1998, 34, 417-428. [CrossRef]

19. Zhang, Z,;Liu, S, Jia, S.; Du, E; Qi, H.; Li, J.; Song, X.; Zhao, N.; Nie, L.; Fan, F. Precise soil water control using a negative pressure

irrigation system to improve the water productivity of greenhouse watermelon. Agric. Water Manag. 2021, 263, 107144. [CrossRef]


http://doi.org/10.1002/ird.2219
http://doi.org/10.1016/j.jclepro.2019.04.347
http://doi.org/10.1016/j.agwat.2014.05.010
http://doi.org/10.1016/j.agwat.2017.11.019
http://doi.org/10.1016/j.envpol.2018.11.042
http://doi.org/10.1016/j.agwat.2022.107497
http://doi.org/10.1007/s11270-018-4061-1
http://doi.org/10.2208/jscejhe.67.I_103
http://doi.org/10.1007/s11104-021-05190-7
http://doi.org/10.1371/journal.pone.0257756
http://doi.org/10.1080/00380768.1991.10415004
http://doi.org/10.1016/j.apsusc.2019.06.014
http://doi.org/10.1038/s41598-019-38695-4
http://www.ncbi.nlm.nih.gov/pubmed/30872622
http://doi.org/10.1080/00380768.1988.10415697
http://doi.org/10.1016/j.agwat.2021.107144

Agronomy 2022, 12,1925 12 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ding, Y.; Xiao, H.; Wang, D. Effect of potassium fertigation on potassium absorption and growth of flue-cured tobacco. J. Plant
Nutr. Fertil. 2017, 23, 1238-1248. (In Chinese)

Gao, X.; Zhang, S.; Zhao, X.; Long, H. Evaluation of potassium application on tomato performance and rhizosphere bacterial
communities under negative pressure irrigation of greenhouse-grown. J. Plant Nutr. 2020, 43, 317-326. [CrossRef]

Wang, J.; Huang, Y.; Long, Y.; Hou, S.; Xiang, A.; Sun, Z. Simulations of water movement and solute transport through different
soil texture configurations under negative-pressure irrigation. Hydrol. Process. 2017, 31, 2599-2612. [CrossRef]

Li, S; Tan, D.; Wu, X,; Degre, A.; Long, H.; Zhang, S.; Lu, ].; Gao, L.; Zheng, E; Liu, X,; et al. Negative pressure irrigation increases
vegetable water productivity and nitrogen use efficiency by improving soil water and NO3; ~-N distributions. Agric. Water Manag.
2021, 251, 106853. [CrossRef]

Li, D.; Long, H.Y,; Zhang, S.X.; Wu, X.P; Shao, H.Y.; Wang, P. Effect of continuous negative pressure water supply on the growth,
development and physiological mechanism of Capsicum annuum L. |. Integr. Agric. 2017, 16, 1978-1989. [CrossRef]

Gao, X.; Zhang, S.; Song, Y.; Long, H. Negative pressure irrigation system reduces soil nitrogen loss for lettuce during greenhouse
production. Agronomy 2021, 11, 2380. [CrossRef]

Zhang, ].; Wang, P.; Long, H.; Su, S.; Wu, Y.; Wang, H. Metabolomics analysis reveals the physiological mechanism underlying
growth restriction in maize roots under continuous negative pressure and stable water supply. Agric. Water Manag. 2022,
263, 107452. [CrossRef]

Schutz, L.; Gattinger, A.; Meier, M.; Muller, A.; Boller, T.; Mader, P.; Mathimaran, N. Improving crop yield and nutrient use
efficiency via biofertilization—A global meta-analysis. Front. Plant Sci. 2018, 8, 2204. [CrossRef]

Xiang, Y.; Huang, Y.; Huang, C.; Long, H. Influence of different water supply negative pressures on the growth and main
physiological indexes of Chinese cabbage. J. Agric. Sci. Technol. 2019, 20, 16-22. (In Chinese)

Li, S.; Wu, X,; Dang, J.; Pei, X;; Gao, L.; Li, J.; Wang, B.; Liang, G.; Long, H. Effects of negative pressure irrigation on yield, quality
and water and nitrogen use efficiency of cucumber. Soils Fertil. Sci China 2017, 2, 55-62. (In Chinese)

Wang, C.; Gu, E; Chen, J.; Yang, H.; Jiang, J.; Du, T.; Zhang, J. Assessing the response of yield and comprehensive fruit quality
of tomato grown in greenhouse to deficit irrigation and nitrogen application strategies. Agric. Water Manag. 2015, 161, 9-19.
[CrossRef]

Xiang, Y.; Huang, Y.; Long, H.; Long, Q.; Zhang, Y. Effects of different negative pressures on the growth and water use efficiency
of pepper plants. Res. Agric. Mod. 2019, 40, 161-168. (In Chinese)

Wang, J.; Huang, Y.; Long, H. Water and salt movement in different soil textures under various negative irrigation pressures. J.
Integr. Agric. 2016, 15, 1874-1882. [CrossRef]

Ma, Y;; Ren, X,; Yang, S.; Zong, ].; Sun, H.; Lv, M.; Wu, D. Effect of fertigation by keeping irrigating water under negative pressure
on quality and yield of pepper grown in greenhouse. J. Irrig. Drain. 2017, 36, 17-20.

Jiang, P; Lei, T.; Bralts, V. Effects of soil textures and emitter material on the soil water movement and efficiency of negatively
pressurized irrigation system. Trans. Chin. Soc. Agric. Eng. 2006, 22, 19-22. (In Chinese)

Wang, J.; Long, H.; Huang, Y.; Wang, X.; Cai, B.; Liu, W. Effects of different irrigation management parameters on cumulative
water supply under negative pressure irrigation. Agric. Water Manag. 2019, 224, 105743. [CrossRef]

Singandupe, B.; Rao, G.; Patil, G.; Brahmanand, P. Fertigation studies and irrigation scheduling in drip irrigation system in
tomoto crop (Lycopersicon esculentum L.). Eur. ]. Agron. 2003, 19, 327-340. [CrossRef]

Zhao, X.; Song, Y.; Yue, X. Effect of different potassium levels on the growth of bok choy under negative pressure. Sci. Agric. Sin.
2017, 50, 689-697. (In Chinese)

Adiku, K.; Renger, M.; Wessolek, G.; Facklam, M.; Hecht-Bucholtz, C. Simulation of the dry matter production and seed yield of
common beans under varying soil water and salinity conditions. Agric. Water Manag. 2001, 47, 55-68. [CrossRef]

Patane, C.; Tringali, S.; Sortino, O. Effects of soil water on yield and quality of processing tomato under a Mediterranean climate
conditions. Agric. Water Manag. 2010, 97, 131-138. [CrossRef]

Xiao, H.; Ding, Y.; Huang, C.; Yang, H.; Guan, E.; Gao, K.; Long, H. Effect of negative pressure irrigation on water fertilizer
utilization and flue-cured tobacco growth. Acta Tab. Sin. 2016, 22, 52-60. (In Chinese)

Guo, Y.; Chen, Y,; Searchinger, T.; Zhou, M.; Pan, D.; Yang, J.; Wu, L.; Cui, Z.; Zhang, W.; Zhang, F; et al. Air quality, nitrogen
use efficiency and food security in China are improved by cost-effective agricultural nitrogen management. Nat. Food 2020,
1, 648-658. [CrossRef]

Wang, X.; Dou, Z.; Shi, X.; Zou, C.; Liu, D.; Wang, Z. Innovative management programme reduces environmental impacts in
Chinese vegetable production. Nat. Food 2021, 2, 47-53. [CrossRef]

Subbarao, G.V.; Searchinger, T.D. A “more ammonium solution” to mitigate nitrogen pollution and boost crop yields. Proc. Natl.
Acad. Sci. USA 2021, 118, €2107576118. [CrossRef] [PubMed]

Subbarao, G.V.; Kishii, M.; Bozal-Leorri, A.; Ortiz-Monasterio, I.; Gao, X.; Ibba, M.I.; Karwat, H.; Gonzalez-Moro, M.B.; Gonzalez-
Murua, C.; Yoshihashi, T.; et al. Enlisting wild grass genes to combat nitrification in wheat farming: A nature-based solution.
Proc. Natl. Acad. Sci. USA 2021, 118, €2106595118. [CrossRef] [PubMed]


http://doi.org/10.1080/01904167.2019.1683862
http://doi.org/10.1002/hyp.11209
http://doi.org/10.1016/j.agwat.2021.106853
http://doi.org/10.1016/S2095-3119(16)61572-1
http://doi.org/10.3390/agronomy11122380
http://doi.org/10.1016/j.agwat.2021.107452
http://doi.org/10.3389/fpls.2017.02204
http://doi.org/10.1016/j.agwat.2015.07.010
http://doi.org/10.1016/S2095-3119(15)61209-6
http://doi.org/10.1016/j.agwat.2019.105743
http://doi.org/10.1016/S1161-0301(02)00077-1
http://doi.org/10.1016/S0378-3774(00)00094-9
http://doi.org/10.1016/j.agwat.2009.08.021
http://doi.org/10.1038/s43016-020-00162-z
http://doi.org/10.1038/s43016-020-00199-0
http://doi.org/10.1073/pnas.2107576118
http://www.ncbi.nlm.nih.gov/pubmed/34039714
http://doi.org/10.1073/pnas.2106595118
http://www.ncbi.nlm.nih.gov/pubmed/34426500

	Introduction 
	Materials and Methods 
	Data Collection 
	Data Analysis 
	Data Calculation 

	Results 
	Effect Size on Crop Yield under NPI 
	Effect Size on Water Use Efficiency under NPI 
	Crop Quality and Nutrient Uptake on NPI 
	Analysis of Factors Influencing Yield under NPI and CI 

	Discussion 
	NPI Improves Crop Yields and WUEs 
	NPI Benefits Crop Quality and Nutrient Uptake 
	Fertilizer Savings under NPI Conditions 

	Conclusions 
	References

