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Abstract: Aerated irrigation (AI) is a method to mitigate rhizosphere hypoxia caused by the wetting
front from subsurface drip irrigation (SDI). This study evaluated the impacts of AI on soil aeration,
plant growth performance, fruit yield (tomato), irrigation water use efficiency (IWUE), fruit nutrition
(lycopene and Vitamin C (VC)) and taste (soluble sugar, organic acid and sugar–acid ratio) quality.
A three-factorial experiment including AI and SDI at three irrigation levels (W0.6, W0.8 and W1.0,
corresponding with crop-pan coefficients of 0.6, 0.8 and 1.0) and two dripper depths (D15 and D25,
burial at 15 and 25 cm, respectively), totaling 12 treatments overall, was conducted in a greenhouse
during the tomato-growing season (April–July) in 2016. The AI improved soil aeration conditions,
with significantly increased soil oxygen concentration and air-filled porosity relative to SDI. Moreover,
the AI improved crop growth performance, with increased root morphology (diameter, length
density, surface area and volume density), delayed flowering time, prolonged flowering duration and
increased shoot (leaf, stem and fruit) dry weight, and harvest index. Fruit yield per plant, fruit weight,
IWUE, the contents of lycopene, VC and soluble sugar, and sugar–acid ratio significantly increased
under AI treatments (P < 0.05). As the irrigation level increased, fruit yield, number, and weight
increased (P < 0.05), but IWUE and fruit lycopene, soluble sugar, and organic acid content decreased
(P < 0.05). The dripper depth had no significant impact on fruit yield, nutrition and taste quality.
Principal component analysis revealed that the optimal three treatments in terms of fruit yield, IWUE,
and nutrition and taste quality were the treatments W0.6D25AI, W1.0D25AI and W1.0D15AI. These
results suggest that AI can improve tomato growth performance and increase fruit yield, nutrition
and taste quality, and IWUE through enhancing soil aeration conditions.

Keywords: aerated irrigation; subsurface drip irrigation; yield; nutrition and taste quality; irrigation
water use efficiency

1. Introduction

Compared with traditional irrigation methods, such as furrow irrigation and flood irrigation,
subsurface drip irrigation (SDI) is increasingly applied in arid and semiarid regions because it can
improve water use efficiency (WUE), thereby saving irrigation water and alleviating environmental
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pollution caused by excessive irrigation [1–4]. However, soil oxygen deficiency caused by continuous
saturated wetting fronts near the drippers [5,6] during and even after an irrigation event is likely
to be a major limitation on the development of SDI. Frequent and intensive irrigation often occurs
in SDI; however, the drippers are positioned below the cultivation depth, and the soil near the
drippers are thus often affected by soil compaction [6], further aggravating soil oxygen deficiency.
However, crop roots prefer to grow near drippers [7], which may further bear the damage of oxygen
deficiency. Bhattarai et al. [8] and Payero et al. [9] reported that yields decreased as the irrigation
rate increased for cotton and corn, respectively, once the irrigation rate passed a certain threshold.
They attributed these non-corresponding phenomena to oxygen deficiency conditions as a result
of the SDI wetting front. If oxygen deficiency conditions from SDI occur over a prolonged period,
the soil–crop root microenvironment firstly becomes altered through decreased soil respiration, soil
microorganisms (including bacteria, fungi, and actinomycetes) abundance, and soil enzyme (including
urease, phosphatase, catalase) activity [10,11]; then root nutrient uptake becomes damaged and root
diseases may even occur [12–16]. Subsequently, stomata closure occurs, and the transpiration and
photosynthesis rates reduce correspondingly, causing crop metabolic disorder and impairing the
growth of the crop’s aboveground parts [17,18]. Finally, hypoxic conditions from SDI could lead to the
income from the yield being insufficient to offset the investment in SDI infrastructure, leading to the
slow adoption of SDI technology around the world [5].

Aerated irrigation (AI), which uses the Venturi air-injector installed on the SDI pipeline, enables the
input of aerated water, including air bubbles, dissolved air, and water, into soil through the drippers [5].
Thus, AI not only makes full use of the high WUE attributable to SDI, but also alleviates damage
from the oxygen deficiency conditions induced by SDI [5,6,19]. Previous studies have shown that AI
provides yield benefits to a range of crops, including soybean [19,20], cotton [19,21,22], tomato [6,23],
pumpkin [24], chickpea [24], wheat [22], and corn [25,26].

In recent years, research on AI has no longer focused on its influence on crops’ apparent and
physiological characteristics, such as plant height, stem diameter, leaf area, dry biomass, days to
flowering, fruit set percentage, sap flow, stomata conductance, leaf water potential, chlorophyll
content, transpiration rate, and photosynthetic rate [6,19,20,22,24,26,27]. The initial differences between
AI and SDI were that one only inputted water, while the other allowed water and air (both gas
and dissolved phases) simultaneously into soil. Thus, the first change brought by adoption of AI
rather than SDI was the change of the water–air ratio of the soil (aeration conditions), leading to
changes in the microenvironment of the soil–root zone. Thus, the impacts of AI on the soil–crop
root zone microenvironment, such as soil oxygen, water, greenhouse gas emission, the abundance of
microorganisms, enzyme activity, and root and microbial respiration [6,10,11,23,26], have become the
emphasis of research. Moreover, research on the conditions of AI have also no longer focused on only
water–air coupling at different irrigation levels [6], dripper depths [11,24,28], aeration frequencies [11],
soil types [20,22], and aeration methods [22,26,29,30]. Sustainable and precise irrigation based on
water, air, fertilizer, and agrochemicals coupling developed from AI and SDI is thus becoming the
future direction of research [31].

However, the original intention of AI was to increase crop yield and WUE. Furthermore, fruit
(nutrition and taste) quality, in addition to yield, is becoming an important factor influencing human
nutrition and health, and the commercial value of fruit, especially for tomato, one of the most popular
vegetables [32–35]. Thus, increasing crop yield output and WUE should still be the main focus for
research on AI. In this research, AI and SDI were applied at different irrigation levels and dripper
depths in a greenhouse to seek the optimal treatments through a comprehensive evaluation based
on a combination of the fruit yield, irrigation water use efficiency (IWUE), and fruit nutrition and
taste quality parameters of greenhouse tomato. The impacts of AI on soil aeration conditions, root
morphology and crop growth performance were also studied in order to provide a relevant theoretical
basis for improving fruit yield, IWUE and fruit quality of greenhouse tomato.
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2. Materials and Methods

2.1. Study Area

The experiment was conducted from April 11 to July 3, 2016 in a greenhouse at the Key Laboratory
of Agricultural Soil and Water Engineering in Arid and Semiarid Areas of the Ministry of Education,
Northwest A&F University, Yangling, Shaanxi, China (34◦20′N, 108◦24′E). The soil in the greenhouse
used for the experiment was “Lou” soil (loess with a clay loam), with the following properties: sand,
silt and clay contents of 26.0%, 33.0%, and 41.0% respectively; field capacity of 32.1% by volume; dry
bulk density of 1.35 g cm−3; and pH of 7.82. This region has a semiarid climate with an annual sunshine
duration of 2163.8 h and a frost-free period of 210 d. The groundwater depth is at least 150 m below
the surface.

2.2. Experimental Design and Treatments

Tomato cultivar ‘Jinpeng No. 10′ seedlings were transplanted from humus pots on April 4,
2016, to moist soil in order to ensure seedling survival [10]. Seven days were allowed for seedling
recovery before the experiment began on April 11. The length and width of the rows were 4 and 0.8
m, respectively, and the irrigation drippers were buried in the middle of the row. The spacing of the
drippers or plants were both 35 cm, the distance between a plant and the nearest dripper was 5 cm,
and there was a total of 11 plants in one row (one experiment plot). The soil surface was mulched
with low-density white polyethylene in order to minimize surface evaporation. Pressurized irrigation
water was supplied by a bucket, which was connected to a water pump. For the AI treatment, a
Mazzei 287 Venturi air-injector (Mazzei Injector Company, LLC, Bakersfield, CA, USA) following
Bernoulli’s principle was installed at the head of each irrigation line. The pressure differential within
the Venturi injector (inlet, 0.1 MPa; outlet, 0.02 MPa) was calibrated with pressure gauges on both sides
and controlled by a pressure-regulated bypass tubule, and a volumetric air concentration of 17% was
established in the aerated water [36,37].

Three irrigation levels were applied: W0.6, W0.8 and W1.0, representing crop-pan coefficients (kcp)
of 0.6, 0.8, and 1.0, respectively. Two burial depths of drippers were used: D15 and D25, representing
burial depths of 15 and 25 cm, respectively. Non-aerated SDI (henceforth CK) was used as a control for
AI. The experiment was performed with a three-factor (3×2×2) and completely randomized design.
The experiments finally consisted of 12 treatments and were replicated three times.

Irrigation was applied every 3–4 d between 08:00 and 12:00, based on the total evaporation
(measured daily) following the last irrigation event as determined by an E601 evaporation pan. The
irrigation amount was calculated according to Zhao et al. and Doorenbos and Pruitt [38,39]:

W = A × Epan × kcp (1)

where W is the irrigation amount (L), A is the plot area controlled by one irrigation dripper (0.14 m2 =

0.35 m × 0.4 m), Epan is the total evaporation following the last irrigation event (mm), and kcp is the
crop-pan coefficient.

The tomato-growing season had a duration of 83 d and the seedling, flowering, fruiting, and
mature stages were April 11–19, April 20–25, April 26 to June 5, and June 6 to July 3, respectively.
Within the tomato-growing season, the total irrigation amount for treatments W0.6, W0.8, and W1.0

were 19.73, 26.31, and 32.89 L, respectively, and 23 irrigation events occurred. Agronomic management
practices, such as uniformly applied basal fertilizer before transplanting, pruning, spraying, and
pollinating, were applied according to local production practices.
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2.3. Measurement of Soil Oxygen Concentration, Air-Filled Porosity, Crop Growth Performance Parameters,
Tomato Yield, and Fruit Nutrition and Taste Quality Index

The soil oxygen concentration was monitored by a Fiber-Optic Oxygen Meter connected with
two oxygen miniprobes, and the values were recorded with Firesting Logger software (Firesting O2;
PyroScience GmbH, Aachen, Germany) [40]. The probes were installed at the center of the rows 10 cm
below the soil surface and 5 cm away from the plants. The oxygen concentration was recorded after
the probes had been left for 2–3 min and after the gaps in the soil around the probes had been sealed
with moist soil to minimize the gas exchange between the soil and atmosphere [10]. The soil oxygen
concentration was measured between 12:00 and 14:00, because the value measured during this time
could represent the daily mean value [6]. The soil oxygen concentration was measured about every 15
d and 2 d after the nearest irrigation event.

The soil moisture was measured at depths between 0 cm and 40 cm (at increments of 10 cm) with
the gravimetric method at two sampling points in one plot. The soil moisture was measured on the
same day as the soil oxygen concentration. Air-filled porosity was calculated at each sampling time:

Pa =

(
ρs−ρb

)
ρs

−θ (2)

where Pa is air-filled porosity (%), ρs is the particle density (2.65 g cm−3), ρb is the bulk density (g cm−3);
θ is the volumetric water content (%).

The flowering time and duration for three ear flowers of each tomato plant were recorded. The
dry matter of the aboveground parts (separated into stem, leaf, and fruit) and roots was derived from
two plants at harvest (on 90 days after transplanting; DAT) for each experimental plot. Components
were dried in the oven to a constant mass before weighting. Before the roots were dried, root diameter,
surface area, length density, and volume density were analyzed with an Epson Perfection V700 scanner
and a WinRHIZO Pro image processing system (Regent Instruments Inc., 2672 Chemin Sainte-Foy,
Quebec City, Quebec, Canada) [28]. The fruit nutrition quality index including lycopene content and
Vitamin C (VC) content, and the taste quality index including soluble sugar content, organic acid
content, and sugar–acid ratio, were measured from four mature fruits at harvest for each experimental
plot. Lycopene was extracted with 2% dichloromethane and petroleum as solvents to enhance the
solubility of lycopene, and the absorption at 502 nm was subsequently measured [41]. The VC content
was determined by molybdenum blue colorimetry and soluble sugar by anthrone colorimetry [42,43].
Organic acid was titrated with 0.1 mol L−1 NaOH and calculated as equivalents of citric acid [42,44].
The sugar–acid ratio was calculated by dividing the soluble sugar content by the organic acid content.
Yield data, including the fruit yield per plant, the fruit weight, and the number of fruit per plant, were
recorded for the fruit harvested from five plants from the middle of each plot. The IWUE (g L−1) was
calculated as follows:

IWUE = Y/W (3)

where Y is fruit yield per plant (g), and W is the irrigation amount (L).

2.4. Data Analysis

All statistical analyses were performed with SPSS 22.0 software (SPSS Inc., Chicago, IL, USA),
SigmaPlot 10.0. All parameters were analyzed by one-way analysis of variance (ANOVA) including
the factors of irrigation levels, dripper depths, and AI or CK, and the interactions of these factors.
The least significant difference was determined when ANOVA indicated significant differences (P
< 0.05). All statistical analyses were conducted to the P < 0.05 level, unless stated otherwise. A
principal component analysis based on fruit yield and quality parameters was used to produce a new
set of unrelated comprehensive indexes to improve the reliability of the evaluation and to obtain a
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comprehensive score and rank among the various treatments. Rotary factor method was used in the
principal component analysis.

3. Results

3.1. Variations of Soil Oxygen Concentration and Air-Filled Porosity

The variations of the soil oxygen concentration for all 12 treatments generally showed the trend of
firstly increasing and then decreasing (Figure 1). The soil oxygen concentration in the D15 and D25

treatments had no significant differences under any irrigation level for both the AI and CK treatments
(Figure 1a–c). Soil oxygen concentration decreased as irrigation level increased in both the AI and
CK treatments under D15 or D25 (Figure 1d,e). However, only some measurement points between the
W0.6AI and W1.0AI treatments had significant differences, and the W0.8AI treatment had no significant
differences with the W0.6AI or W1.0AI treatments. The W0.6CK treatment had significant differences
with W1.0CK or W0.8CK treatments under the D15 condition but had significant differences only with
the W1.0CK treatment under the D25 condition. The average values in the W0.6CK, W0.8CK, and W1.0CK
treatments were 5.25, 5.03, and 5.00 mL L−1 under D15, respectively, but were 5.15, 5.02, and 4.90 mL L−1

under D25, respectively. Thus, soil oxygen concentration in the W0.6D15CK treatment was significantly
higher than in the W0.8D15CK and W1.0D15CK treatments by 4.26% and 4.79%, respectively, and the
W0.6D25CK treatment was significantly higher than the W1.0D25CK treatment by 4.97%.
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Figure 1. Seasonal variations of soil oxygen concentration for the 12 treatments during the tomato-

growing season. (a), (b), and (c) show the aerated irrigation (AI) or non-aerated SDI (CK) treatments 

at two dripper depths (D15 and D25) but the same irrigation levels of kcp (W) of 0.6, 0.8, and 1.0, 

respectively. (d) and (e) show the AI or CK treatments at three irrigation levels (W0.6, W0.8 and W1.0) 

but the same dripper depth of 15 and 25 cm, respectively. Different letters in the same column indicate 

significance at P < 0.05. The error bars show ±standard deviation and the n value is 3 (replicated three 

times). 
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Figure 1. Seasonal variations of soil oxygen concentration for the 12 treatments during the
tomato-growing season. (a), (b), and (c) show the aerated irrigation (AI) or non-aerated SDI (CK)
treatments at two dripper depths (D15 and D25) but the same irrigation levels of kcp (W) of 0.6, 0.8,
and 1.0, respectively. (d) and (e) show the AI or CK treatments at three irrigation levels (W0.6, W0.8

and W1.0) but the same dripper depth of 15 and 25 cm, respectively. Different letters in the same
column indicate significance at P < 0.05. The error bars show ±standard deviation and the n value is 3
(replicated three times).

The soil oxygen concentrations in the AI treatments under the same irrigation levels and dripper
depths were significantly higher than the CK treatments (Figure 1). The average values of the soil
oxygen concentration in the W0.6AI, W0.8AI, and W1.0AI treatments were 5.54, 5.43, and 5.41 mL L−1

under D15, respectively, and were 5.48, 5.40, and 5.34 mL L−1 under the D25 condition, respectively.
Thus, the soil oxygen concentrations of the AI treatments under the W0.6, W0.8, and W1.0 levels were
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significantly higher than the CK treatments by 5.09%, 7.43%, and 7.44% under D15, respectively, and
were significantly higher than the CK treatments under D25 by 5.95%, 6.97%, and 8.37%, respectively.

The soil air-filled porosity generally increased initially and then stabilized during the
tomato-growing season (Figure 2). A comparison of either the D15AI and D25AI treatments or
the D15CK and D25CK treatments revealed that the soil air-filled porosity generally had no significant
differences at any irrigation level (Figure 2a–c). Similar to the oxygen concentration, the soil air-filled
porosity at the same dripper depth also decreased as the irrigation level increased in both the AI and
CK treatments (Figure 2d,e). The W1.0AI treatment showed a significant difference with the W0.6AI
treatment but had no significant differences with the W0.8AI treatment under D15 and D25. The W0.6AI
treatment had a significant difference with the W0.8AI treatment under D25, but only some measurement
points had a significant difference under D15. The average values of the W0.6AI, W0.8AI, and W1.0AI
treatments were 25.17%, 24.28%, and 23.09%, respectively, under D15, and 26.07%, 24.37%, and 23.64%,
respectively, under D25. Thus, the soil air-filled porosity in the W0.6AI treatment was significantly
higher than the W1.0AI treatment, by 8.29% and 9.30% under D15 and D25, respectively. The soil
air-filled porosity in the W0.6D25AI treatment was significantly higher than the W0.8D25AI treatment,
by 6.50%. The W0.6CK, W0.8CK, and W1.0CK treatments generally had a significant difference from
each other under the D15 or D25 conditions, except for the W0.8D25CK and W1.0D25CK treatments,
which showed no significant difference. The average soil air-filled porosity of the W0.6CK, W0.8CK,
and W1.0CK treatments were 24.25%, 22.96%, and 21.62%, respectively, under D15, and were 24.75%,
22.92%, and 22.45%, respectively, under D25. Thus, the soil air-filled porosity in the W0.6CK treatment
was significantly higher than the W0.8CK treatment by 5.29% and 7.38%, respectively, and significantly
higher than the W1.0CK treatment under D15 and D25 by 10.81% and 9.28%, respectively. Furthermore,
values in the W0.8D15CK treatment were significantly higher than the W1.0D15CK treatment, by 5.83%.
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Figure 2. Seasonal variations of the soil air-filled porosity for the 12 treatments during the tomato-
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significance at P < 0.05. The error bars show ±standard deviation and the n value is 3 (replicated three 

times). 
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Figure 2. Seasonal variations of the soil air-filled porosity for the 12 treatments during the
tomato-growing season. (a), (b), and (c) show the aerated irrigation (AI) or non-aerated SDI (CK)
treatments at two dripper depths (D15 and D25) but the same irrigation levels of kcp (W) of 0.6, 0.8,
and 1.0, respectively. (d) and (e) show the AI or CK treatments at three irrigation levels (W0.6, W0.8

and W1.0) but the same dripper depth of 15 and 25 cm, respectively. Different letters in the same
column indicate significance at P < 0.05. The error bars show ±standard deviation and the n value is 3
(replicated three times).

In general, at the same irrigation level and dripper depth, the air-filled porosity in the AI treatments
were significantly higher than the CK treatments (Figure 2). Thus, the values in the W0.6AI, W0.8AI
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and W1.0AI treatment were significantly higher than the corresponding CK treatments under D15, by
3.68%, 5.44%, and 6.33%, respectively, and significantly higher than the corresponding CK treatments
under D25, by 5.07%, 5.96%, and 5.04%, respectively.

3.2. Impacts of AI on Flowering Time and Duration, Dry Matter, Root Parameters, Fruit Yield, Nutrition and
Taste Quality

Except for the flowering duration of the second ear, the flowering time and duration for all three
ears in the AI treatments were significantly different from the CK treatments (Table 1). The flowering
times of the first ear in the W0.8D25AI and W1.0D15AI treatments were significantly delayed by 3.00 and
2.34 d, respectively, compared with the W0.8D25CK and W1.0D15CK treatments. The flowering time of
the third ear in all AI treatments were significantly different compared to the CK treatments at the same
irrigation level and dripper depth, with the exception of the flowering time between the W1.0D25AI and
W1.0D25CK treatments. The flowering duration of the third ear in the W0.6D15AI treatment significantly
increased by 2.00 d compared with the W0.6D15CK treatment. The mean values of the six AI and CK
treatments showed that the AI treatments significantly delayed the flowering time of the first, second,
and third ear by 2.00, 1.56, and 1.89 d, respectively, and the AI treatments significantly prolonged the
flowering duration of the first and third ear by 0.89 and 1.00 d, respectively. The flowering time of the
first ear was also significantly different as the irrigation level increased, and the values in the W0.8D25AI
(or W1.0D25AI), W1.0D15AI, and W1.0D25CK treatments were significantly delayed by 3.00, 2.67, and
3.33 d, respectively, compared with the W0.6D25AI, W0.6D15AI, and W0.6D25CK treatments. The mean
values for the W0.6, W0.8, and W1.0 treatments showed that the W0.8 and W1.0 treatments significantly
delayed the flowering time of the first ear by 2.00 and 2.50 d relative to the W0.6 treatments. The
flowering time of third ear in the W0.6D25AI treatment was significantly delayed by 2.00 d compared
with the W0.6D15AI treatment, and the mean values of the D15 and D25 treatments showed that the
flowering time of the third ear in the D25 treatments were significantly delayed, being 1.00 d later
than the D15 treatments. The irrigation level and dripper depth had no significant impact on the
flowering duration.

Table 1. The flowering time (indicated by DAT) and flowering duration of three ears with the AI
and CK treatments under three irrigation levels (W0.6, W0.8, and W1.0) and two dripper depths (D15

and D25).

Treatments
First Ear Second Ear Third Ear

Flowering
Time

Flowering
Duration

Flowering
Time

Flowering
Duration

Flowering
Time

Flowering
Duration

W0.6D15AI 16.00abc 1 7.67a 25.67ab 7.00a 31.67bcd 8.00c
W0.6D15CK 15.33ab 6.00a 25.00ab 6.00a 30.00a 6.00a
W0.6D25AI 16.00abc 7.67a 27.00b 6.00a 33.67e 7.67bc
W0.6D25CK 14.00a 6.33a 25.00ab 6.00a 31.33abc 6.33ab
W0.8D15AI 18.33cde 7.00a 26.00ab 6.00a 32.33cde 7.67bc
W0.8D15CK 16.00abc 6.00a 25.00ab 6.00a 30.33ab 6.33ab
W0.8D25AI 19.00e 7.00a 27.00b 6.00a 33.00de 7.67bc
W0.8D25CK 16.00abc 6.33a 25.00ab 6.00a 31.33abc 6.67abc
W1.0D15AI 18.67de 6.33a 26.00ab 6.00a 32.67cde 7.67bc
W1.0D15CK 16.33abcd 6.00a 24.33a 6.00a 30.33ab 7.00abc
W1.0D25AI 19.00e 6.33a 27.00b 6.00a 32.67cde 7.67bc
W1.0D25CK 17.33bcde 6.00a 25.00ab 6.00a 31.33abc 8.00c

F-value

AI 11.44 ** 2 7.61 ** 14.74 ** 0.586 35.09 ** 9.80 **
W 6.86 ** 1.58 0.038 0.579 0.015 1.042
D 0.026 0.097 2 0.586 5.64 * 0.38

1 The different letters in the same column indicate significance at P < 0.05; 2 * indicates significance at P < 0.05, **
indicates significance at P < 0.01. The same applies below.
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The F-values revealed that AI and dripper depth had no significant effects on the root dry weight
(Table 2); however, the mean values in the W0.6, W0.8, and W1.0 treatments showed that the root dry
weight in the W1.0 treatments significantly increased by 24.03%, compared with the W0.6 treatments.
The fruit dry weight in the W0.6D25AI treatment significantly increased by 29.15% compared to the
W0.6D25CK treatment. Moreover, the AI treatments had significant or highly significant (P < 0.01)
impacts on the leaf, stem, and fruit dry weight and harvest index, with mean values of the AI treatments
being significantly higher than the CK treatments, by 12.09%, 15.79%, 23.94%, and 6.49%, respectively.
The irrigation level had significant or highly significant (P < 0.01) effects on leaf and stem dry weight;
the mean values of the four W0.6, W0.8, and W1.0 treatments showed that the leaf dry weight in the
W1.0 treatments significantly increased by 17.24% compared with the W0.6 treatments, and the stem
dry weight in the W0.8 and W1.0 treatments significantly increased by 16.18 and 22.78%, respectively,
compared with the W0.6 treatments. However, variations of irrigation level had no significant effects
on the fruit dry weight and harvest index. Variations of dripper depth had no significant impacts on
either the dry matter partitioning or harvest index.

Table 2. The impacts of AI and CK treatments under three irrigation levels (W0.6, W0.8, and W1.0) and
two dripper depths (D15 and D25) on the dry matter partitioning and harvest index (fruit weight: total
dry weight) at harvest time.

Treatment
Dry Weight (g)

Harvest Index
Root Leaf Stem Fruit

W0.6D15AI 2.55ab 28.25ab 29.60abc 78.53bcd 0.5627a
W0.6D15CK 2.42a 24.03a 24.14a 58.08ab 0.5270a
W0.6D25AI 2.41a 26.98ab 26.83abc 76.77bcd 0.5731a
W0.6D25CK 2.21a 23.94a 23.21a 54.39a 0.5155a
W0.8D15AI 3.20ab 30.19ab 33.98bc 80.37cd 0.5442a
W0.8D15CK 2.68ab 27.47ab 29.10abc 61.65abc 0.5125a
W0.8D25AI 2.98ab 30.96ab 34.07bc 78.65bcd 0.5332a
W0.8D25CK 2.55ab 26.71ab 26.66ab 58.09ab 0.5082a
W1.0D15AI 3.50b 32.84b 35.86bc 85.31d 0.5429a
W1.0D15CK 3.03ab 29.92ab 32.00abc 68.26abcd 0.5045a
W1.0D25AI 3.13ab 33.44b 36.17c 85.87d 0.5466a
W1.0D25CK 2.98ab 28.50ab 30.38abc 68.79abcd 0.5207a

F-value

AI 2.684 5.35 * 8.41 ** 22.58 ** 5.00 *
W 5.21 ** 3.82 * 6.34 ** 2.19 0.585
D 0.922 0.052 0.473 0.156 0.001

The root diameter showed no significant difference within the AI or CK treatments, but all the AI
treatments were significantly higher than all the CK treatments (Figure 3a). Thus, AI had a significant
effect on the root diameter, but the irrigation level and dripper depth did not exhibit a significant effect
(Table 3). The AI treatments significantly increased the mean root diameter by 26.04% compared with
the CK treatments. The root length density, surface area, and volume density in all AI treatments
was significantly higher than the CK treatments at the same irrigation levels and dripper depth
(Figure 3b–d). Moreover, the F-values revealed that AI treatment had highly significant impacts on
the root length density, root surface, and volume density, with the mean values being significantly
higher than the CK treatments by 30.65%, 29.58%, and 31.76%, respectively (Table 3). As the irrigation
level increased, a comparison of the three treatments (i.e., the W0.6D15AI, W0.8D15AI, and W1.0Da5AI
treatments) revealed significantly higher root length density, surface area, and volume density under
the W1.0 treatments than under the W0.6 treatments (Figure 3b–d). Moreover, the F-values showed that
the irrigation level had highly significant impacts on the root length density, surface area, and volume
density (Table 3). Compared with the W0.6 treatments, the mean values in W1.0 treatments significantly
increased by 31.60%, 23.97%, and 23.82%, respectively. Variations of dripper depth had no significant
impacts on root diameter, length density, surface area, and volume density.
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Table 3. The impacts of factors of AI (or CK), irrigation level (W, including W0.6, W0.8, and W1.0) and dripper depths (D, including D15 and D25) on the root parameters
(diameter, length density, surface area, and volume density) at harvest time.

Treatments Root Diameter
(mm)

Root Length Density
(cm m−3)

Root Surface Area
(cm−2)

Root Volume Density
(cm3 m−3)

AI CK Mean AI CK Mean AI CK Mean AI CK Mean
W0.6 3.22 2.39 2.80a 1 1597 982.8 1289.9a 548.5 364.2 456.4a 15.34 10.99 13.16a
W0.8 3.35 2.51 2.93a 1879.5 1264.8 1572.2ab 614 443.3 528.6ab 18.47 12.31 15.39ab
W1.0 3.51 2.56 3.04a 2130.7 1641.1 1885.9b 697.9 502.6 600.2b 20.67 13.88 17.28b
D15 3.28 2.43 2.85 1912.1 1281.5 1596.8 626.4 437.2 531.8 18.22 12.12 15.17
D25 3.44 2.55 2.99 1826 1311 1568.5 613.9 436.2 525 18.1 12.66 15.38

Mean 3.36B 2.49A 1869.1B 1296.2A 620.1B 436.7A 18.16B 12.39A

F-value

AI 84.2 ** 37.21 ** 41.60 ** 73.01 **
W 0.582 10.01 ** 4.806 * 4.986 *
D 0.617 0.043 0.025 0.031

1 The different lowercase or uppercase letters in the same column or row indicate significance at P < 0.05.
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Figure 3. The impacts of the AI and CK treatments under the three irrigation levels (W0.6, W0.8, and 

W1.0) and two dripper depths (D15 and D25) on the root (a) diameter, (b) length density, -(c) surface 
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error bars show ±standard deviation and the n value is 3 (replicated three times).

Figure 3. The impacts of the AI and CK treatments under the three irrigation levels (W0.6, W0.8, and
W1.0) and two dripper depths (D15 and D25) on the root (a) diameter, (b) length density, (c) surface area
and (d) volume density at harvest time. Different letters indicate significance at P < 0.05. The error bars
show ±standard deviation and the n value is 3 (replicated three times).

The variations of dripper depth had no significant effects on the yield parameters and IWUE
(Table 4). However, the AI and irrigation level, not only separately, but also interactively, had highly
significant (P < 0.01) effects on yield per plant. The yield per plant in every AI treatment was
significantly higher than the corresponding CK treatment at the same irrigation level and dripper
depth, with the AI treatments significantly increasing the mean yield per plant by 29.22%. The yield
per plant among the W0.6AI, W0.8AI, and W1.0AI treatments or between the W0.6CK and W1.0CK
treatments in both D15 and D25 were significantly different from one another. The yield per plant
under the W0.8 and W1.0 treatments was significantly higher than under the W0.6 treatments, by
13.19% and 25.28%, respectively, and that under the W1.0 treatments was significantly higher than
that under W0.8 treatments, by 13.92%. Thus, the highest and lowest yield per plant was obtained
from the W1.0D15AI and W0.6D15CK treatment, which had no significant difference with the W1.0D25AI
and W0.6D25CK treatment, respectively. The F-values also showed that the AI and irrigation level
separately had highly significant (P < 0.01) effect on the fruit weight and IWUE. The fruit weight and
IWUE in every AI treatment were both significantly higher than the corresponding CK treatment, with
the AI treatments increasing the mean values by 25.32% and 28.59%, respectively, compared with
the CK treatments. The fruit weight under the W1.0 treatments was significantly higher than in the
corresponding W0.6 treatments, with an increase of 12.53%. The highest fruit weight was obtained
from the W1.0D15AI treatment, which had no significant difference from the W1.0D25AI treatment,
and the lowest fruit weight was obtained from the W0.8D25CK treatment, which had no significant
difference with the W0.8D15CK, W0.6D15CK, and W0.6D25CK treatments. The IWUE under the W0.8

or W1.0 treatments was significantly lower than under the corresponding W0.6 treatments, with the
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mean values decreased by 15.75% and 24.52% under W0.8 and W1.0 treatments, respectively, compared
with the W0.6 treatments. Thus, the highest IWUE was obtained from the W0.6D25AI treatment, which
had no significant difference from the W0.6D15AI treatment. The lowest IWUE was obtained from
the W1.0D15CK treatment, which had no significant difference from the W1.0D25CK, W0.8D25CK, and
W0.8D15CK treatments.

Table 4. The impacts of the AI and CK treatments under three irrigation levels (W0.6, W0.8, and W1.0)
and two dripper depths (D15 and D25) on fruit yield, number and weight of fruit per plant, and IWUE.

Treatments Yield Per Plant (g) Number of Fruit Per Plant Fruit Weight (g) IWUE (g L−1)

W0.6D15AI 1096.5 ± 52.6c 11.4 ± 0.542ab 99.0 ± 4.94bcde 53.9 ± 2.59e
W0.6D15CK 803.8 ± 42.8a 10.7 ± 0.692a 79.0 ± 4.43a 39.5 ± 2.10b
W0.6D25AI 1103.3 ± 40.4c 11.8 ± 0.638ab 102.1 ± 8.24cde 54.2 ± 1.98e
W0.6D25CK 851.4 ± 53.2a 11.4 ± 0.995ab 85.9 ± 8.72ab 41.8 ± 2.61bc
W0.8D15AI 1285.7 ± 43.3d 12.4 ± 0.400ab 106.1 ± 4.42def 47.4 ± 1.60d
W0.8D15CK 926.4 ± 46.7ab 12.6 ± 0.751b 80.1 ± 5.83a 34.1 ± 1.72a
W0.8D25AI 1320.2 ± 36.7d 12 ± 0.469ab 112.6 ± 3.91efg 48.6 ± 1.35d
W0.8D25CK 908.6 ± 46.8ab 11.9 ± 0.645ab 77.1 ± 1.73a 33.5 ± 1.72a
W1.0D15AI 1576.7 ± 38.6e 13.1 ± 0.479b 123.8 ± 4.83g 46.5 ± 1.14cd
W1.0D15CK 1016.7 ± 38.3bc 12.6 ± 0.638b 85.8 ± 5.91ab 30.0 ± 1.13a
W1.0D25AI 1496.3 ± 44.4e 12.8 ± 0.463b 120.5 ± 5.00fg 44.1 ± 1.30bcd
W1.0D25CK 1069.5 ± 57.7c 12.7 ± 0.765b 88.2 ± 4.71abc 31.5 ± 1.70a

F-value

AI 156.31 ** 0.414 74.88 ** 155.21 **
W 29.60 ** 5.28 ** 5.083 ** 17.54 **
D 0.036 0.005 0.339 0.088

W × D1 0.202 0.669 0.247 0.233
W × AI 5.89 ** 0.192 2.543 0.109
D × AI 0.595 0.046 0 0.407

W × D × AI 1.036 0.088 0.569 0.678
1
× is the interaction effect of experiment factors of irrigation level (W), method (AI or CK) and/or dripper depth (D).

The AI had no significant effects on the number of fruit per plant (Table 4). However, the variation
of irrigation level had significant impacts on the number of fruit per plant. The number of fruit per
plant in the W1.0D15CK or W0.8D15CK treatments was also significantly higher than in the W0.6D15CK
treatment, and the mean number of fruit per plant under the W1.0 treatment significantly increased
by 11.35% relative to the W0.6 treatment. The highest number of fruit per plant was obtained from
the W1.0D15AI treatment, which only had a significant difference with the W0.6D15CK treatment (the
lowest value).

Both the AI and irrigation level had significant or highly significant (P < 0.01) effects on the
contents of lycopene and soluble sugar (Table 5). Lycopene in all AI treatments were significantly
higher than in the corresponding CK treatments, with the AI treatments significantly increasing the
mean values by 38.98%. The lycopene contents in the W1.0D15AI and W1.0D25AI treatments were
significantly lower than those under W0.6D15AI and W0.6D25AI treatments, respectively. Moreover, the
mean contents of lycopene under W1.0 conditions were significantly decreased by 22.33%, compared
with those under the W0.6 conditions. The soluble sugar content both in the W0.6AI and W1.0AI
treatments was significantly different from the W0.6CK and W1.0CK treatments, respectively, and the
AI treatments significantly increased the mean soluble sugar content by 26.83%, compared with the CK
treatments. The soluble sugar content in W0.6D25CK treatment was significantly different from that in
W1.0D25CK treatment and the mean soluble sugar content in the W1.0 treatments was 20.26% lower
than in W0.6 treatments. The variation of dripper depth had no significant impacts on the lycopene and
soluble sugar content. Thus, the highest and lowest contents of lycopene and soluble sugar were both
obtained from the W0.6D25AI and W1.0D15CK treatments and had no significant difference with the
W0.6D15AI and W1.0D25CK treatments, respectively. The AI also had highly significant (P < 0.01) effects
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on the VC content and sugar–acid ratio. The VC content in all AI treatments and the sugar–acid ratio in
the W0.6AI and W1.0AI treatments had a significant difference from the corresponding CK treatments,
with the mean VC content and sugar–acid ratio in the AI treatments being 36.35% and 31.69% higher
than in the CK treatments, respectively. Variations of both irrigation level and dripper depth had
no significant impacts on the VC content. The highest and lowest VC contents were obtained from
W0.6D25AI and W0.8D15CK treatments, respectively. The variation of dripper depth had significant
impacts on the sugar–acid ratio, with the sugar–acid ratio in the W0.6D15AI and W0.6D25AI treatments
showing a significant difference from each other, and the mean values in the D25 treatments increasing
by 15.52% compared with the D15 treatments. The highest and lowest sugar–acid ratios were obtained
from the W1.0D25AI and W1.0D15CK treatments, respectively. The organic acid in the AI treatments
under W0.6 were significantly lower than in the corresponding CK treatments; however, under W0.8,
they were significantly higher than in the CK treatments. Thus, the AI treatments had no significant
effect on the organic acid content. The irrigation level had significant effects on organic acid, with the
mean values in the W0.8 and W1.0 treatments significantly decreased by 12.19 and 16.10%, respectively,
compared with the W0.6 treatments. The highest and lowest organic acid contents were obtained from
the W0.6D15CK and W1.0D25AI treatments, respectively.

Table 5. The impacts of the AI and CK treatments under three irrigation levels (W0.6, W0.8, and W1.0)
and two dripper depths (D15 and D25) on fruit nutrition (lycopene and VC) quality and taste (soluble
sugar content, organic acid content, and sugar–acid ratio) quality.

Treatments Lycopene (ug g−1) VC (mg 100 g−1) Soluble Sugar (%) Organic Acid (%) Sugar–Acid Ratio

W0.6D15AI 45.38 ± 2.78e 3.90 ± 0.33ef 4.21 ± 0.53cd 0.854 ± 0.060bcde 4.97 ± 0.54cd
W0.6D15CK 25.19 ± 2.15ab 2.86 ± 0.42bcd 3.12 ± 0.30ab 1.017 ± 0.049f 3.27 ± 0.45ab
W0.6D25AI 46.22 ± 2.76e 4.23 ± 0.31f 4.93 ± 0.57d 0.777 ± 0.059abc 6.73 ± 0.85e
W0.6D25CK 29.76 ± 2.52b 3.18 ± 0.43cde 3.69 ± 0.41bc 0.978 ± 0.054ef 3.84 ± 0.42abc
W0.8D15AI 41.25 ± 1.92de 3.93 ± 0.12ef 3.38 ± 0.36abc 0.934 ± 0.039def 3.71 ± 0.45abc
W0.8D15CK 24.54 ± 0.91ab 1.97 ± 0.10a 3.05 ± 0.27ab 0.712 ± 0.040ab 4.48 ± 0.53abcd
W0.8D25AI 43.63 ± 1.44e 4.07 ± 0.14f 4.01 ± 0.34bcd 0.869 ± 0.041cde 4.77 ± 0.51bcd
W0.8D25CK 25.21 ± 1.23ab 2.36 ± 0.32abc 3.31 ± 0.27abc 0.717 ± 0.044ab 4.73 ± 0.40bcd
W1.0D15AI 35.53 ± 1.81c 3.06 ± 0.17def 4.01 ± 0.28bcd 0.734 ± 0.061abc 5.98 ± 0.72de
W1.0D15CK 21.76 ± 2.17a 2.19 ± 0.45ab 2.43 ± 0.16a 0.873 ± 0.072cdef 3.01 ± 0.29a
W1.0D25AI 37.01 ± 2.18cd 3.84 ± 0.24ef 4.26 ± 0.20cd 0.685 ± 0.048a 6.83 ± 0.79e
W1.0D25CK 25.50 ± 1.70ab 2.43 ± 0.37abc 2.55 ± 0.20a 0.831 ± 0.051abcd 3.20 ± 0.30a

F-value

AI 163.48 ** 63.35 ** 28.81 ** 1.827 25.998 **
W 4.6 * 2.424 3.463 * 5.358 ** 0.308
D 1.531 1.684 3.625 1.732 4.526 *

The yield per plant was positively correlated with the number of fruit per plant, fruit weight,
VC content, and sugar–acid ratio (P < 0.01 or 0.05), and the correlation coefficient was greater than
0.5 (Table 6). The number of fruit per plant was negatively correlated with the organic acid. The
fruit weight, IWUE, and lycopene, VC, and soluble sugar contents were positively correlated with
each other (P < 0.01 or 0.05), with correlation coefficients greater than 0.6. The sugar–acid ratio was
negatively correlated with the organic acid, with a coefficient of −0.678 (P < 0.01).
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Table 6. Correlation coefficients among fruit yield index, IWUE, fruit nutrition and taste quality index.

Factors Yield Per
Plant (g)

Number of Fruit
Per Plant

Fruit Weight
(g) IWUE (g L−1) Lycopene (ug g−1) VC

(mg 100 g−1)
Soluble Sugar

(%)
Organic Acid

(%)
Sugar–Acid

Ratio

Yield per plant (g) 1 0.644 * 0.962 ** 0.454 0.551 0.604 * 0.45 −0.431 0.596 *
Number of fruit per plant 1 0.456 −0.258 −0.094 −0.131 −0.163 −0.641 * 0.223

Fruit weight (g) 1 0.647 * 0.707* 0.777 ** 0.628 * −0.299 0.661 *
IWUE (g L−1) 1 0.956 ** 0.943 ** 0.891 ** 0.058 0.609 *

Lycopene (ug g−1) 1 0.948 ** 0.844 ** −0.047 0.609 *
VC (mg 100 g−1) 1 0.847 ** 0.073 0.597 *
Soluble sugar (%) 1 −0.257 0.863 **
Organic acid (%) 1 −0.678 *
Sugar–acid ratio 1
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Three principal components were extracted through principal component analysis, and the
cumulative variance contribution rate was 96.966% (Table 7). The variance contribution of the first
principal component was 60.521%, which was mainly positively correlated with IWUE, VC, lycopene,
and soluble sugar (Table 8). Moreover, these four parameters were positively correlated with each other
(P < 0.01), and the coefficient of correlation was greater than 0.8 (Table 6), indicating that Z1 (Equation
(4)) increased with IWUE, VC, lycopene, or soluble sugar increasing. The variance contribution of the
second principal component was 25.701% (Table 7), which was mainly positively correlated with the
yield and number of fruit per plant (Table 8). Similarly, yield per plant was also significantly positively
correlated with the number of fruit per plant, with a coefficient of 0.644 (Table 6). Thus, Z2 (Equation
(4)) increased as the yield per plant or number of fruit per plant increased. The variance contribution
of the third principal component was 10.743% (Table 7), which was mainly negatively correlated with
the organic acid (Table 8). Thus, Z3 (Equation (4)) decreased as organic acid increased.

Table 7. The eigenvalue, variance, and cumulative variance contribution of principle components
based on principal component analysis.

Principle Components Eigenvalue Variance Contribution Rate (%) Cumulative Variance
Contribution Rate (%)

1 5.447 60.521 60.521
2 2.313 25.701 86.223
3 0.967 10.743 96.966
4 0.173 1.921 98.887
5 0.058 0.639 99.526
6 0.032 0.353 99.879
7 0.007 0.081 99.96
8 0.003 0.037 99.997
9 0 0.003 100

Table 8. The component matrix based on rotary factor method.

Factors
Principle Components

1 2 3

IWUE (g L−1) 0.985 0.023 0.009
VC (mg 100 g−1) 0.968 0.215 −0.066

Lycopene (ug g−1) 0.945 0.168 0.038
Soluble sugar (%) 0.909 −0.034 0.394
Yield per plant (g) 0.447 0.862 0.193

Number of fruit per plant −0.302 0.861 0.35
Fruit weight (g) 0.651 0.732 0.131
Organic acid (%) 0.085 −0.339 −0.924
Sugar–acid ratio 0.622 0.191 0.744

Combining the variance contribution rates of the three principal components, the linear function
of the comprehensive evaluation of every treatment based on the fruit yield and quality parameters
were obtained as follows:

Z = 0.60521Z1 + 0.25701Z2 + 0.10743Z3 (4)

where Z is comprehensive score of every treatment (Table 9); and Z1, Z2, and Z3 are the score of the
first, second, and third principal components, respectively, which were calculated from standardized
fruit yield and quality parameters multiplied by the score coefficient.
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Table 9. The comprehensive score of the 12 treatments calculated by principal component analysis
based on the impacts of these treatments on fruit yield index, IWUE, and fruit nutrition and taste
quality index.

Treatments Main Factor 1 Main Factor 2 Main Factor 3 Comprehensive Score Comprehensive Ranking

W0.6D15AI 1.1799 −0.70252 −0.13636 0.5188828 5
W0.6D15CK −0.17724 −1.43581 −1.20373 −0.605549 8
W0.6D25AI 1.46025 −0.85679 1.09338 0.7809773 1
W0.6D25CK 0.09878 −0.98895 −0.77664 −0.27779 7
W0.8D15AI 0.50083 0.94261 −1.44153 0.3905328 6
W0.8D15CK −1.23719 −0.36919 1.14365 −0.720801 11
W0.8D25AI 0.93278 0.54084 −0.61529 0.6374322 4
W0.8D25CK −0.9064 −0.95226 1.23719 −0.66041 10
W1.0D15AI 0.3325 1.66496 0.5358 0.6866686 3
W1.0D15CK −1.43756 0.48576 −0.63815 −0.813708 12
W1.0D25AI 0.49425 1.0636 1.24433 0.7061063 2
W1.0D25CK −1.24089 0.60777 −0.44266 −0.642331 9

The top six treatments identified by the comprehensive ranking were all AI treatments, which
all had a positive comprehensive score (Table 9). The W0.6D25AI treatment was optimal, and had the
highest Z1, that is the highest value of nutrition quality (VC and lycopene), taste quality (soluble
sugar), and IWUE (Tables 4 and 5). The second ranked was the W1.0D25AI treatment because of its
high Z2 and Z3 (Table 9) comprising a higher value of fruit yield and number of fruit per plant and the
lowest organic acid content (Tables 4 and 5). The third ranked treatment was the W1.0D15AI treatment
because it had the highest Z2 (Table 9), indicating the highest value of fruit yield and number per plant
(Table 4). The bottom six treatments were all CK treatments, and had at least two negative values of Z1,
Z2 and Z3, indicating lower values of nutrition quality, IWUE, fruit yield, number of fruit per plant, or
soluble sugar content, or a higher organic acid content.

4. Discussion

In this research, the soil oxygen concentration and air-filled porosity in the AI treatments were
significantly higher than those in the corresponding CK treatments (Figures 1 and 2), indicating that the
AI treatments effectively improved the soil aeration conditions. Previous research has reported that AI
is effective at aerating the rhizosphere, as indicated by an increase in dissolved oxygen saturation [26],
greater dissolved oxygen concentration over a 72 h period [6], and continuously higher diurnal soil
oxygen concentration values [22] relative to unaerated control. On account of Bernoulli’s principle
and preferential root growth around emitters, AI allows air (both dissolved and gas phases) and
water simultaneously, not only water, to enter the rhizosphere soil. Thus, the dissolved soil oxygen
concentration (Figure 1), but also the soil air-filled porosity (Figure 2) increased with the AI treatments
in this research. Furthermore, AI not only effectively slows down the trend toward hypoxia and
increases the minimum soil oxygen concentration during an irrigation event [10], but also ensures a
higher soil oxygen concentration at other times as demonstrated in this research. Bhattarai et al. [24]
have reported that larger areas of the rhizosphere are saturated under SDI than under AI. Ben-Noah
and Friedman [29] have shown that air injecting treatment pushed the water around the drippers
downwards and lowered the water content below the dripper. These results are consistent with the
increasing soil air-filled porosity with the AI treatments in this research.

The seasonal variation tendency of soil oxygen concentration and air-filled porosity mainly arises
through the interactions of irrigation, air temperature, and moist soil for seedling survival at the
beginning of the experiment. The smaller initial values of the soil oxygen concentration and air-filled
porosity and the initial increasing trend were primarily caused by the initial moist soil and then a
relatively steady and smaller irrigation amount provided by the SDI. With irrigation water provided by
SDI, the variation of soil air-filled porosity stabilizes at a later stage of tomato growth. The decreasing
trend of soil oxygen concentration at the later stage may result from the increasing air temperature
during the tomato-growth stage, as stable irrigation (or soil water) was no longer the dominant factor



Sustainability 2020, 12, 2703 16 of 19

affecting soil oxygen. Friedman and Naftaliev [45] found that the soil oxygen concentration decreased
with increasing air temperature. Ben-Noah and Friedman [29] have reported that increased oxygen
diffusion rates were negligible compared with increased oxygen consumption rates by roots and
microorganism respiration at high temperature.

In the current research, AI effectively promoted plant growth by delaying the flowering time,
prolonging flowering duration (Table 1); increasing leaf, stem, and fruit dry weight (Table 2); and
increasing root diameter, length density, surface area, and volume density (Table 3). Correspondingly,
AI significantly increased the tomato yield, with a higher yield per plant and fruit weight, and then
increased IWUE (Table 4). Du et al. [46] have reported that AI increased yield by 19.3% and WUE by
17.9% through a meta-analysis of 27 earlier studies. Other research has also shown the potential of AI
for increasing crop yield and WUE through increasing crop production, which manifested through
improved plant growth performance (e.g., plant height, stem diameter, leaf area, and dry matter
partition), reproductive performance (e.g., days to flowering, fruit set and harvest, and number of
nodes and ears), root morphology, and WUE parameters [6,20,22,26–28].

Previous research has reported the positive effects of AI on fruit size, shape, and total soluble
solids [22,24]. In this research, AI significantly promoted tomato fruit nutrition and taste quality with
higher contents of lycopene, VC, and soluble sugar and an improved sugar–acid ratio (Table 5). Li et
al. [27] have reported that air injection with an air pump increased the lycopene and VC contents and
sugar–acid ratio. Ozaki et al. [47] have suggested that hydrogen peroxide applied to soil increased the
soluble sugar content of melon fruits through increasing photosynthetic activity and sugar metabolizing
enzyme activities, which was because reactive oxygen species such as hydrogen peroxide could be
the key factor involved in activating the Calvin cycle and sugar metabolism. Antioxidants, such
as various carotenoids (including lycopene) and VC, which are provided by tomato fruits, play an
important role in human nutrition and also have the potential to reduce the risk of various cancers
and heart diseases [48]. Lycopene also has positive impacts on the red color of tomato [49], which
affects the commercial value of tomato. Horchani et al. [50] have reported that root hypoxia limits
carotenoid and ascorbate (VC) accumulation in fruits through reducing the induction of most genes
in their biosynthesis pathways. Kläring and Zude [51] have also reported that when tomato plants
were not able to adapt to hypoxia, several indicators for carotenoids and chlorophyll, respectively,
significantly decreased.

AI can effectively improve the soil–crop root zone microenvironment through, firstly, improving
soil aeration conditions by affecting the air–water ratio of soil, and then increasing the rhizosphere
soil microbial abundance and soil enzyme activity [10,11], promoting soil microbial activity and,
correspondingly, the soil respiration [10,24]. Subsequently, the crop root is affected, including root
respiration [10,52], root morphology [28], and nutrition uptake and transport to the shoot [12,15]. Then,
the AI effectively promotes crop transpiration and photosynthesis by influencing sap flow [6], stomata
conductance [20], leaf water potential, and chlorophyll content [22]. Thus, AI promotes plant growth
performance and significantly increases the fruit yield, WUE, and fruit nutrition and taste quality.
Because of the positive impacts of AI on the fruit yield, IWUE, fruit nutrition and taste quality index,
AI treatments had higher ranking according to the comprehensive score, compared with CK treatments
(Table 9).

Fruit nutrition and taste qualities decreased as the irrigation level increased, although the VC
content showed no significant differences with irrigation level variation (Table 5). Wang et al. [53]
have reported that deficit irrigation significantly improved fruit nutrition and taste quality. Compared
with full irrigation, water stress increased the activities of sucrose synthase and sucrose phosphate
synthase [54] and improved soluble sugar content. A reduced leaf area index may be the reason
for higher VC and lycopene in deficit irrigation; Dumas et al. [48] found that the accumulation of
VC and lycopene benefitted from a higher fruit light exposure. The W0.6D25AI treatment was the
highest ranking according to the comprehensive score (Table 9) and also benefitted from the highest
IWUE, and the highest VC, lycopene, and soluble sugar contents compared with the other treatments
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(Tables 4 and 5). The variation of dripper depth had no significant impacts on the fruit yield and taste
and nutrition quality index, which may be because both 15 and 25 cm are within the concentrated
distribution area of tomato root. Previous research on soybean and chickpea (a shallow-rooted and
medium-rooted crop, respectively) has also shown that the values of soil respiration, root length
density, photosynthesis, WUE, and transpiration rate all showed no significant differences between
drippers buried at 15 or 25 cm [24].

5. Conclusions

The fruit yield and weight, IWUE, the contents of lycopene, VC, and soluble sugar, and the
sugar–acid ratio in fruits with the AI treatments were significantly higher than the CK treatments
by 29.22%, 25.32%, 28.59%, 38.98%, 36.35%, 26.83%, and 31.69%, respectively. These increase in
AI treatments were accompanied by increased plant growth performance, which may benefit from
increased soil oxygen concentration and air-filled porosity. The positive impact of AI on the fruit
yield, taste and nutrition quality, and IWUE makes the aforementioned six AI treatments (i.e., all the
AI treatments in this research) rank in the top six among the 12 treatments. In addition, this study
provides guidance for future research or the practical applications of AI.
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