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Abstract: To explore the compensation effect of aeration on tomato vegetative and reproductive
growth in arid and semi-arid areas, a two-year field experiment was conducted with four micro-nano
aeration ratios (0%, 5%, 10%, and 15%) and three nitrogen topdressing levels (80, 60, and 40 kg·ha−1)
during the tomato growth period in Ningxia, China. The results showed that increasing the aeration
ratio in the range of 0–15% was conducive to the enhancement of tomato root vigor (the ability of
triphenyltetrazolium chloride to be reduced, 3–104%) and the leaf net photosynthetic rate (14–63%),
favorable to the facilitation of plant dry matter accumulation (3–59%) and plant nitrogen accumulation
(2–70%), and beneficial to the improvement of tomato yield (12–44%) and fruit quality. Interestingly,
since the aeration ratio exceeded 10%, the increase in the aeration ratio showed no significant effects
on the single-fruit weight, tomato yield, and fruit quality. Moreover, with aerated underground drip
irrigation, properly reducing the traditional nitrogen topdressing level (80 kg·ha−1) by 25% was
favorable for enhancing tomato root vigor (5–31%), increasing tomato yield (0.5–9%), and improving
fruit soluble solid accumulation (2–5%) and soluble sugar formation (4–9%). Importantly, increasing
the aeration ratio by 5% could compensate for the adverse effects of reducing the nitrogen topdressing
level by 25% by improving the leaf photosynthetic rate, promoting plant dry matter accumulation,
increasing tomato yield, and enhancing the soluble solid and soluble sugar accumulation in tomato
fruits. Synthetically considering the decrease in the nitrogen topdressing amount, leading to plant
growth promotion, a tomato yield increase, and fruit quality improvement, a favorable nitrogen
topdressing level of 60 kg·ha−1 and the corresponding proper aeration ratio of 10% were suggested
for tomato underground drip irrigation in the Yinbei Irrigation District of Ningxia.

Keywords: underground drip irrigation; micro-nano bubble; root vigor; dry matter accumulation;
nitrogen accumulation

1. Introduction

Both cultivated land degradation and non-point source pollution have gradually be-
come serious restrictions for agricultural sustainable development in arid and semi-arid
regions, posing serious challenges for regional crop production. In addition to specific
geographic conditions, complicated climatic factors, intensive agricultural activities, etc. [1],
unreasonable irrigation modes and over-fertilization can also result in the decline of farm-
land soil productivity [2]. Thus, highly efficient water-saving irrigation technologies and
scientific fertilization systems are urgently required for sustainable crop production in arid
and semi-arid agricultural regions.

As one of the high-efficiency irrigation technologies, aerated underground drip irriga-
tion is conducted by transferring water-gas mixture through underground drip irrigation
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systems to increase soil moisture and improve soil oxygen content in the crop rootzone [3–5].
Compared with the traditional surface drip irrigation technologies, aerated underground
drip irrigation provides sufficient oxygen for a series of physiological actions of plant roots
and the phytoedaphon [4], which usually contribute to the improvement of soil nutrient
use efficiency [2,6–9] and the rootzone soil microenvironment [10,11], an increase in soil fer-
tility [10,12] and crop production [8,9], and the facilitation of plant growth and fruit/grain
development. Additionally, the mixing of water, fertilizer, and air both in time and space
can be achieved through underground drip irrigation systems [13,14], which is more fa-
vorable for quick-acting nutrient release in the soil [7,10,15], the efficiency improvement
of farmland fertilizer use [7], and crop yield increases. The current studies about aerated
underground drip irrigation mainly focus on the influences of aeration proportions on crop
growth characteristics and soil physical–chemical properties. However, few studies have
paid attention to the effects of aeration ratios on root vigor, leaf physiological performance,
and tomato fruit development with underground drip irrigation technology.

Tomato, a cash crop sensitive to soil oxygen stress, is widely cultivated in arid and
semi-arid areas [16]. However, after long-term tomato cultivation, farmland tends to expe-
rience problems (compaction, acidification, salinization, etc.) due to intensive cultivation,
excessive fertilization, and improper irrigation [4,17]. Soil degradation is generally accom-
panied by a reduction in soil oxygen content and permeability [7,18], the inhabitation of
water and nutrient absorption by tomato roots [18], and irreversible damage to tomato
fruits [19,20]. Extensive studies have indicated that aeration irrigation is conducive to
increasing the soil oxygen content in the rhizosphere of tomato, alleviating the damage
resulting from hypoxic stress and salt stress in tomato plants [8,21], enhancing the normal
physiological activities of tomato plants [22], accelerating tomato growth [7,8,16], and
increasing tomato yield [20,23].

To reduce farmland non-point source pollution, decrease field greenhouse gas emis-
sions, and improve fertilizer use efficiency, the inefficient traditional fertilization modes
with high fertilizer application levels for high agricultural production are no longer applica-
ble. However, crop yields usually show a decreasing trend with the decline in the fertilizer
application amount. Thus, effective measures (such as oxyfertigation) are necessary to
alleviate the detrimental effects of fertilization reduction for considerable yield. Few studies
have concentrated on the compensatory influence of aeration for fertilization reduction
on plant growth and development, which is important for high-efficiency irrigation and
precise fertilization in arid and semi-arid areas. Thus, a two-year field experiment with
four micro-nano aeration ratios and three nitrogen topdressing levels was conducted in
the Yinbei Irrigation area of Ningxia, China, with the following aims: (1) to investigate the
coupling effects of the aeration ratio and nitrogen topdressing level on tomato root vigor
(represented by the ability of triphenyltetrazolium chloride to be reduced), leaf photosyn-
thetic rate, plant dry matter accumulation, and nitrogen accumulation at the flowering
stage and fruit expanding stage; (2) to explore the compensatory influence of aeration for
nitrogen topdressing reduction on tomato fruit yield and quality; and (3) to suggest the
favorable aeration ratio and nitrogen topdressing level for tomato field cultivation with
underground drip irrigation in arid and semi-arid areas.

2. Results
2.1. Influences of Aeration Ratios and Nitrogen Topdressing Levels on Root Vigor

The root absorption abilities of soil water and nutrients are closely related to the root
vigor. During the tomato flowering period and fruit expanding period, the tomato root
vigor for different aeration ratios and topdressing levels is shown in Table 1. The tomato
root vigor for the aeration treatments was higher than that fir the non-aeration treatments;
the A3F2 treatment obtained the maximum value of root vigor both at the flowering stage
and fruit expanding stage, while the A0F3 treatment achieved the minimum root vigor.
With the same nitrogen topdressing level, the A3 aeration ratio obtained the highest root
vigor, while with same aeration proportion, the root vigor for the F2 nitrogen topdressing



Plants 2024, 13, 1378 3 of 20

level was higher than that for the F1 and F3 nitrogen topdressing levels. Under non-aeration
conditions, there was no significant difference in the root vigor for different treatments at the
flowering stage. With the same topdressing level, the root vigor for aeration treatments was
significantly higher than that for the non-aeration treatments during the fruit enlargement
period. Additionally, the analysis of variance results (Table 1) showed that both the aeration
ratio and nitrogen topdressing level exhibited highly significant (p < 0.01) effects on tomato
root vigor at the flowering stage and fruit expanding stage. Though the interaction of the
two factors had extremely significant influences on root vigor at the tomato fruit expanding
stage, the two factors exhibited no significant effect on root vigor at the tomato flowering
stage in 2020.

Table 1. Effects of different levels of aeration and nitrogen topdressing on root vigor at the flowering
stage and fruit expanding stage in 2019 and 2020. Separately for each source of variation and within
each column, means followed by a common letter are not significantly different according to the LSD
test (p < 0.05).

Source of Variation 2019 2020
Aeration Nitrogen Topdressing Flowering Stage Fruit Expanding Stage Flowering Stage Fruit Expanding Stage

A0 F1 1.31 ± 0.039 f 0.36 ± 0.076 ef 1.33 ± 0.043 gh 0.38 ± 0.061 e
A0 F2 1.38 ± 0.057 ef 0.43 ± 0.029 de 1.40 ± 0.035 efg 0.44 ± 0.051 de
A0 F3 1.29 ± 0.019 f 0.34 ± 0.053 f 1.28 ± 0.014 h 0.35 ± 0.067 e
A1 F1 1.38 ± 0.051 ef 0.52 ± 0.034 c 1.38 ± 0.071 fgh 0.53 ± 0.055 c
A1 F2 1.52 ± 0.049 cd 0.48 ± 0.041 cd 1.54 ± 0.044 bcd 0.49 ± 0.025 cd
A1 F3 1.49 ± 0.053 d 0.40 ± 0.005 ef 1.49 ± 0.041 de 0.41 ± 0.051 de
A2 F1 1.47 ± 0.065 de 0.63 ± 0.039 b 1.46 ± 0.043 def 0.64 ± 0.048 b
A2 F2 1.62 ± 0.054 ab 0.68 ± 0.029 b 1.64 ± 0.064 ab 0.68 ± 0.020 b
A2 F3 1.42 ± 0.068 de 0.54 ± 0.049 c 1.45 ± 0.085 def 0.55 ± 0.036 c
A3 F1 1.61 ± 0.026 bc 0.67 ± 0.037 b 1.62 ± 0.048 abc 0.68 ± 0.059 b
A3 F2 1.71 ± 0.084 a 0.87 ± 0.030 a 1.71 ± 0.063 a 0.89 ± 0.016 a
A3 F3 1.51 ± 0.065 cd 0.62 ± 0.029 b 1.53 ± 0.071 b 0.63 ± 0.031 b

Significance level
Aeration ratio ** ** ** **

Nitrogen topdressing level ** ** ** **
Aeration ratio × Nitrogen

topdressing level * ** ns **

Note: ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05), and extremely
significant difference (p < 0.01) according to the two-way ANOVA, respectively.

2.2. Effects of Aeration Ratios and Nitrogen Topdressing Levels on Leaf Net Photosynthetic Rate

As one of the most important metabolic processes in plants, photosynthesis is very
sensitive to the contents of rootzone oxygen and nutrients. The tomato leaf net photosyn-
thetic rate for treatments at the flowering stage and fruit enlargement stage are shown in
Figure 1a,b. As shown in the significance analysis in Table 2, both at the flowering stage
and the fruit expanding stage, the aeration ratio exerted a highly significant (p < 0.01)
influence on the leaf net photosynthetic rate (Pn), while the two-factor interaction exhibited
no significant effects (p > 0.05) on leaf Pn.

At both the flowering stage and fruit expanding stage of tomato plants, the Pn for
aeration treatments was significantly higher than that for the non-aeration treatments. The
A3F1 treatment and A0F3 treatment achieved the maximum and minimum Pn, respectively.
With the same aeration percentage, leaf Pn decreased with the decline in nitrogen topdress-
ing levels, and there was no significant difference in leaf Pn for treatments with the same
nitrogen topdressing level. With the equivalent topdressing level, the leaf Pn increased
with increasing aeration ratios. During the tomato flowering period, the leaf Pn for the
A3F1 treatment increased by 46.6% compared with the A0F1 treatment; and the leaf Pn for
the A2F2 treatment increased by 39.6% compared with the A0F2 treatment. The leaf Pn for
the A2F2 treatment was 27.4% higher than the corresponding value for the A0F2 treatment.
Furthermore, in terms of the same treatment, the leaf Pn at the flowering stage was higher
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than the corresponding value at the fruit enlargement stage. In particular, the variation
amplitude in leaf Pn for the A2F3 treatment was 12.7%, which was higher than the values
for the other treatments.
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Figure 1. Leaf net photosynthetic rate at the tomato flowering stage and fruit expanding stage. (a) Leaf
net photosynthetic rate at the tomato flowering stage (Pn_flowering); (b) leaf net photosynthetic rate
at the tomato fruit expanding stage (Pn_expanding). Note: Different letters above the bars mean a
significant difference according to the LSD test (p < 0.05).

Table 2. Significance levels of treatments’ impacts on net photosynthetic rates.

Source of Variation
2019 2020

Flowering Stage Fruit Expanding Stage Flowering Stage Fruit Expanding Stage

Aeration ratio ** ** ** **
Nitrogen topdressing level ** * ns ns
Aeration ratio × Nitrogen

topdressing level ns ns ns ns

Note: ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05), and extremely
significant difference (p < 0.01) according to the two-way ANOVA, respectively.

2.3. Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Plant Dry
Matter Accumulation

The significance analysis regarding the effects of nitrogen topdressing levels and
aeration ratios on the dry matter accumulation of tomato plant tissues (root, stem, leaf, and
fruit) is shown in Table 3. The influence of topdressing levels on the plant tissue dry matter
accumulation at the flowering stage was extremely significant, and the effect on plant stem
dry matter accumulation at the fruit enlargement stage was not significant (p > 0.05). The
aeration ratio had significant effects on plant tissue dry matter accumulation during the
flowering period and fruit enlargement period of tomato (p < 0.01). The interaction of the
two factors showed significant influences on the dry matter accumulation of tomato roots
and fruits at the flowering stage, and only showed significant effects on the stem dry matter
accumulation at the fruit expansion stage (p < 0.05).
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Table 3. Significance analysis of dry matter accumulation in plant tissues.

Source of Variation
Flowering Stage Fruit Expanding Stage

Root Stem Leaf Fruit Plant Root Stem Leaf Fruit Plant

Aeration ratio * ** ** ** ** ** ** ** ** **
Nitrogen topdressing level ** ** ** ** ** ** ns * ** **
Aeration ratio × Nitrogen

topdressing level ** ns ns ** ns ns * ns ns ns

Note: ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05), and extremely
significant difference (p < 0.01) according to the two-way ANOVA, respectively.

At the flowering stage of tomato plants, the A3F1 treatment obtained the highest
value of plant dry matter accumulation, while the A0F3 treatment obtained the lowest
value (Figure 2). The dry matter accumulation for leaves (44.48–57.50% of the plants’ total
dry matter accumulation) was larger than other tissues, followed by the stem dry matter
accumulation (36.72–48.27%), and the dry matter accumulation for roots was the lowest.

Plants 2024, 13, x FOR PEER REVIEW 6 of 21 
 

 

In addition, the dry matter accumulation of roots, stems, and fruits at the tomato fruit 
enlargement stage was higher than that at the flowering stage. However, the dry matter 
accumulation of leaves at the fruit enlargement stage was lower than that at the flowering 
stage. Compared with the proportion of dry matter accumulation of roots, stems, leaves, 
and fruits in the plants’ total dry matter accumulation at the flowering stage, the corre-
sponding proportion of roots, stems, and leaves at the fruit enlargement stage decreased, 
while the corresponding proportion of fruits increased by 32–45%. 

 
Figure 2. Dry matter accumulation of plant tissues at the flowering stage and fruit enlargement stage 
for different treatments. Note: Different letters above the bars indicate a significant difference ac-
cording to the LSD test at p < 0.05. 

Table 3. Significance analysis of dry matter accumulation in plant tissues. 

Source of Variation Flowering Stage Fruit Expanding Stage 
Root Stem Leaf Fruit Plant Root Stem Leaf Fruit Plant 

Aeration ratio * ** ** ** ** ** ** ** ** ** 
Nitrogen topdressing level ** ** ** ** ** ** ns * ** ** 
Aeration ratio × Nitrogen 

topdressing level 
** ns ns ** ns ns * ns ns ns 

Note: ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05), and 
extremely significant difference (p < 0.01) according to the two-way ANOVA, respectively. 

2.4. Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Plant  
Nitrogen Accumulation 

The results of variance analysis (Table 4) showed that the nitrogen topdressing level 
showed significant effects on the nitrogen accumulation of roots, stems, and fruits. The 
aeration proportion exhibited significant effects on the nitrogen accumulation of plant tis-
sues at the flowering stage and fruit enlargement stage, while the interaction of the two 
factors had no significant influence on plants’ nitrogen accumulation. 

At the tomato flowering stage, the plant nitrogen was mainly accumulated in the 
stems and leaves, as shown in Figure 3. With the same nitrogen topdressing level, the 
plant total nitrogen accumulation increased with the increase in aeration ratios. Moreover, 
the nitrogen accumulation of stems and leaves increased with the increase in aeration 
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stage for different treatments. Note: Different letters above the bars indicate a significant difference
according to the LSD test at p < 0.05.

With the same aeration ratio, the dry matter accumulation of stems, leaves, and total
plant matter decreased with the decline in the nitrogen topdressing level, and no significant
difference in plant dry matter accumulation was observed between the treatments with F1
and F2 nitrogen topdressing levels. Additionally, with aeration levels of A2 and A3, the
dry matter amount for treatments with the F3 nitrogen topdressing level was significantly
lower than that for treatments with the F1 and F2 nitrogen topdressing levels. With the
same nitrogen topdressing level, although the effects of the A1 aeration ratio on plant dry
matter accumulation was not significant, compared with non-aeration treatment, the plant
dry matter accumulation increased significantly with the increasing aeration ratio in the
range of 5–15%.

During the fruit enlargement period, the A3F2 treatment achieved the highest plant
dry matter accumulation. The fruit dry matter accumulation (about 35.61–48.64% of the
total dry matter accumulation of plants) was larger than that of other tissues, followed by
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the stem dry matter accumulation, and the root dry matter accumulation (about 1.47–1.89%
of the total dry matter accumulation of plants) was smaller than that of other tissues. For
the non-aeration treatments, although the plant dry matter accumulation decreased with a
reduction in the topdressing level, there was no significant difference in plant dry matter
accumulation corresponding to treatments with various nitrogen topdressing levels. With
the same aeration ratio, the dry matter accumulation amount of the roots, stems, leaves, and
fruits increased first and then decreased with the decrease in topdressing level. In addition,
with the A2 and A3 aeration ratios, the plant dry matter accumulation corresponding to the
F2 nitrogen topdressing level was significantly higher than that for the F1 and F3 nitrogen
topdressing levels. With the same nitrogen topdressing level, the dry matter accumulation
of stems, fruits, and plants increased with the increase in the aeration ratio.

In addition, the dry matter accumulation of roots, stems, and fruits at the tomato
fruit enlargement stage was higher than that at the flowering stage. However, the dry
matter accumulation of leaves at the fruit enlargement stage was lower than that at the
flowering stage. Compared with the proportion of dry matter accumulation of roots,
stems, leaves, and fruits in the plants’ total dry matter accumulation at the flowering stage,
the corresponding proportion of roots, stems, and leaves at the fruit enlargement stage
decreased, while the corresponding proportion of fruits increased by 32–45%.

2.4. Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Plant Nitrogen Accumulation

The results of variance analysis (Table 4) showed that the nitrogen topdressing level
showed significant effects on the nitrogen accumulation of roots, stems, and fruits. The
aeration proportion exhibited significant effects on the nitrogen accumulation of plant
tissues at the flowering stage and fruit enlargement stage, while the interaction of the two
factors had no significant influence on plants’ nitrogen accumulation.

Table 4. Significant analysis of nitrogen accumulation in tomato plants.

Source of Variation
Flowering Stage Fruit Expanding Stage

Root Stem Leaf Fruit Plant Root Stem Leaf Fruit Plant

Aeration ratio ** ** ** ** ** ** ** ** ** **
Nitrogen topdressing level ** ** ns ** ** ** ** ** ** **
Aeration ratio × Nitrogen

topdressing level ** ns ns ** ns ** ns * ** ns

Note: ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05), and extremely
significant difference (p < 0.01) according to the two-way ANOVA, respectively.

At the tomato flowering stage, the plant nitrogen was mainly accumulated in the stems
and leaves, as shown in Figure 3. With the same nitrogen topdressing level, the plant total
nitrogen accumulation increased with the increase in aeration ratios. Moreover, the nitrogen
accumulation of stems and leaves increased with the increase in aeration ratios. In addition,
the nitrogen accumulation amount for treatments with the A2 and A3 aeration ratios was
significantly higher than that for the non-aeration treatments. With the same aeration ratio,
there was no significant difference in plant nitrogen accumulation for treatments with the
F2 and F3 nitrogen topdressing levels. The plant nitrogen accumulation decreased with
the decline in nitrogen topdressing levels, and the leaves’ nitrogen accumulation amount
decreased with the decline in topdressing levels.

During the fruit enlargement period of tomato plants, nitrogen was mainly accu-
mulated in the fruits and leaves. The fruit nitrogen accumulation amount accounted
for 31.75–42.44% of the total, while the root nitrogen accumulation only accounted for
0.81–1.82%. With the same nitrogen topdressing level, the plants’ and stems’ nitrogen
accumulation increased significantly with the increase in the aeration ratio. With the same
aeration level, the plant and stem nitrogen accumulation amount decreased with the de-
cline in nitrogen topdressing levels. In addition, the leaf nitrogen accumulation decreased
with the decline in nitrogen topdressing levels. However, the proportion of stem nitrogen
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increased with the decline in nitrogen topdressing levels. In terms of the tomato flowering
stage and fruit expanding stage, the nitrogen accumulation amounts of tomato roots, fruits,
and stems at the flowering stage were lower than those at the fruit expansion stage.
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Figure 3. Nitrogen accumulation in tomato plant tissues at the flowering stage and the fruit en-
largement stage for different treatments. Note: Different letters above the bars indicate a significant
difference according to the LSD test at p < 0.05.

2.5. Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Tomato Fruit Development

The single-fruit weight, tomato yield, and number of harvested fruits per plant for
the treatments in 2019 and 2020 are shown in Figure 4. The A3F2 treatment obtained a
higher single-fruit weight and tomato yield than the other treatments, being 104.2 g and
6.9 × 104 kg·ha−1 in 2019 and 105.1 g and 6.8 × 104 kg·ha−1 in 2020, respectively. Mean-
while, the A0F3 treatment obtained the lowest single-fruit weight and tomato yield, being
78.2 g and 4.5 × 104 kg·ha−1 in 2019 and 78.9 g and 4.5 × 104 kg·ha−1 in 2020, respectively.
Moreover, the number of harvested fruits per plant for each treatment ranged between 9.4
and 11.2, and the values for the aeration treatments were significantly higher than those
for the non-aeration treatments. The A3F1 treatment and A3F3 treatment provided the
maximum value in 2019 and 2020, respectively. With the same topdressing level, both the
single-fruit weight and tomato yield increased with increasing aeration proportions. In par-
ticular, the tomato yield for the A2 aeration ratio increased by approximately 20%, 26% and
25% compared to the non-aeration treatment at the F1, F2, and F3 nitrogen application lev-
els, respectively. For the non-aeration treatments, both the single-fruit weight and tomato
yield decreased with reducing topdressing levels. In terms of the same aeration ratio, the
single-fruit weight and tomato yield for the F2 topdressing level were higher than those for
the F1 and F3 topdressing levels. With same aeration ratio of A0, A1, or A2, the number of
harvested fruits per plant for each treatment with designated nitrogen topdressing levels
showed no significant difference. The analysis of variance results (Table 5) exhibited that
the aeration ratio, the topdressing level and the two-factor interaction exhibited extremely
significant (p < 0.01) effects on the single-fruit weight and tomato yield. Only the aeration
ratio exhibited highly significant (p < 0.01) influences on the number of harvested fruits
per plant.
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Note: Different letters above the boxes mean a significant difference according to the LSD test at
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Table 5. Significance levels of treatments’ impacts on tomato yield, single-fruit weight and number of
harvested fruits per plant.

Source of Variation
2019 2020

Single-Fruit
Weight Tomato Yield Fruit Number Single-Fruit

Weight Tomato Yield Fruit Number

Aeration ratio ** ** ** ** ** **
Nitrogen topdressing level ** ** ns ** ** *
Aeration ratio × Nitrogen

topdressing level ** ** ns ** ** ns

Note: ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05), and extremely
significant difference (p < 0.01) according to the two-way ANOVA, respectively.

2.6. Influences of Aeration Ratios and Nitrogen Topdressing Levels on Tomato Fruit Quality

The A3F2 treatment and A0F3 treatment achieved the maximum and minimum con-
tents of soluble solids, organic acid, soluble sugars, and soluble proteins in tomato fruits,
respectively (Figure 5). No significant difference in organic acid content was observed for
the treatments. The contents of soluble solids, soluble sugars, and soluble proteins of tomato
fruit under aeration conditions were higher than those for the non-aeration treatments. The
contents of soluble solids, soluble sugars, and soluble proteins decreased with reducing
nitrogen topdressing levels under non-aeration conditions. With the same aeration ratio,
the contents of soluble solids, soluble sugars, and soluble proteins for treatments with a
nitrogen topdressing level of F2 were higher than the corresponding values for the nitrogen
topdressing levels of F1 and F3. With the same topdressing level, the contents of soluble
solids, soluble sugars, and soluble proteins increased with the increase in the aeration ratio.
The extent of the increase in the soluble solid content and soluble sugar content for aeration
treatments with an F2 nitrogen topdressing level was higher than the corresponding values
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for the non-aeration treatments with nitrogen topdressing levels of F1 and F3. Meanwhile,
the extent of the increase in the soluble protein content for aeration treatments with an
F3 nitrogen topdressing level was higher than that for the non-aeration treatments with
nitrogen topdressing levels of F1 and F2.
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Figure 5. Tomato fruit quality for treatments in 2019 and 2020. SS, SU, AC, and SP represent the
soluble solid content (10 mg·g−1), the soluble sugar content (10 mg·g−1), the organic acid content
(mg·g−1), and the soluble protein content (mg·g−1). Note: Different letters following the values
indicate a significant difference according to the LSD test at p < 0.05.

The analysis of variance results (Table 6) indicated that both the aeration ratio and
the nitrogen topdressing level exhibited highly significant (p < 0.01) influences on tomato
fruit organic acid content, while no significant (p > 0.05) effects on soluble sugar content
and soluble protein content were observed. Additionally, there was no significant (p > 0.05)
impact of the two-factor interaction on fruit quality traits.

Table 6. Significance levels of treatments’ effects on tomato fruit quality traits in 2019 and 2020.

Source of Variation
2019 2020

SS SU AC SP SS SU AC SP

Aeration ratio ns ns ** ns * ns ** ns
Topdressing level ns ns ** ns * ns ** ns

Aeration ratio
× Topdressing level ns ns ns ns ns ns ns ns

Note: SS, AC, SU, and SP represent the soluble solid content, organic acid content, soluble sugar content and
soluble protein content; ns, *, and ** indicate no significant difference (p > 0.05), significant difference (p < 0.05),
and extremely significant difference (p < 0.01) according to the two-way ANOVA, respectively.

3. Discussion
3.1. The Response of Root Vigor to Aeration Ratios and Nitrogen Topdressing Levels

Aerated underground drip irrigation generally mixes water, fertilizer, and air syn-
chronously and transports them to the crop rootzone. This is usually beneficial for alleviat-
ing the hypoxic conditions of the crop rootzone [3,5], conducive to promoting the aerobic
respiration of crop roots [7,19], and favorable for improving the soil nutrient availability
and soil nutrient utilization efficiency by crop roots. With aeration irrigation, the scientific
reduction in the topdressing amount of chemical fertilizer can not only contribute to re-
ducing the risk of farmland non-point source pollution, but also meet the fertilizer supply
requirements for vigorous crop growth [16,23–25]. The present two-year field experiment
showed that the aeration ratio exhibited highly significant effects on root vigor during the
flowering period and fruit expanding period. This demonstrates that aeration is closely
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related to tomato root vigor. With the same aeration ratio, as the nitrogen topdressing
amount reduced by 25%, the root vigor correspondingly increased by 5.4–10.7% at the
tomato flowering stage and 6.8–29.9% at the fruit expanding stage. With the same topdress-
ing level, the root vigor corresponding to an aeration ratio of 10% increased by 10.4–24.5%
at the flowering stage and 13.3–103.9% at the fruit enlargement stage. In addition, the
root vigor for the aeration treatments was higher than that for the non-aeration treatments
at both the tomato flowering and fruit expanding stages. This result is in line with the
results of Yang et al. (2019) and Baram et al. (2022) [9,26], which may be due to the fact that
aeration results in the improvement of the rootzone soil microenvironment [9], as well as
the increase in plants’ roots’ metabolism level [13].

3.2. The Response of Leaf Net Photosynthetic Rate to Aeration Ratios and Nitrogen
Topdressing Levels

The results of significance analysis showed that the aeration ratio exhibits highly
significant effects on leaf Pn at the tomato flowering stage and fruit expanding stage.
Lowering the nitrogen topdressing level was observed to be detrimental to the improvement
of leaf Pn. This result may be due to the nutrient deficiency at a low nitrogen topdressing
level, which is not conducive to the roots’ growth and development. With the same
nitrogen topdressing level, the leaf Pn showed an increasing trend with the increase in
the aeration ratio—the leaf Pn for treatments with an aeration ratio of 10% increased by
37–54% compared with the non-aeration treatment. These results may be attributed to the
ventilation with aeration during irrigation, which alleviates the soil hypoxic stress caused
by the underground drip irrigation. Furthermore, soil moisture and nutrient absorption
from the rootzone by crops was facilitated, and the photosynthesis rate was improved [27].
With the same aeration ratio, leaf Pn decreased with the reducing topdressing levels at
the flowering stage and fruit expanding stage. Moreover, the leaf Pn decreased by 2–11%
as the nitrogen topdressing amount declined by 25%. In addition, the A3F1 and A0F3
treatments achieved the maximum value and minimum value of leaf Pn, respectively.
These results regarding the leaf net photosynthetic rate are consistent with those in existing
research [8,28,29]. Li et al. (2019) found that rhizosphere soil aeration promoted chlorophyll
accumulation in tomato leaves [8]. Parveen et al. (2021) showed that the chlorophyll
content and wheat leaves stomatal conductance increased after aeration, and the leaf Pn
and transpiration rate increased accordingly [29].

3.3. The Response of Tomato Drymatter to Aeration Ratios and Nitrogen Topdressing Levels

Aerated irrigation can effectively increase the soil oxygen content, alleviate the low-
soil-oxygen stress in the rootzone of plants, and promote the dry matter accumulation of
plants [4,16]. At the tomato flowering stage and fruit enlargement stage, the aeration ratios
and nitrogen topdressing levels have very significant effects on the dry matter accumulation
of tomato plants. This indicates that the aeration ratios and nitrogen topdressing levels
are closely related to the tomato dry matter accumulation. With the same topdressing
level, the plants’ dry matter accumulation amount increased with the increasing aeration
ratio. This may be due to the increase in ventilation with underground drip irrigation,
which effectively alleviates the soil hypoxic stress caused by buried drip irrigation. This is
more conducive to the respiration of plant roots and the absorption of soil moisture and
nutrient elements, thus promoting the synthesis of photosynthetic products and plant dry
matter accumulation. The present experiment showed that, with the same aeration ratio,
as the nitrogen topdressing level decreased from 80 kg·ha−1 to 40 kg·ha−1, the proportion
of root dry matter in plants’ dry matter decreased with the decrease in the topdressing
level at the flowering and fruit setting stages. Meanwhile, the percentage first increased
and then decreased with the decrease in the topdressing level at the fruit expansion stage.
This result shows that the appropriate reduction in the topdressing level was beneficial for
tomato plant roots’ growth and development. In addition, the A3F2 treatment obtained
the highest dry matter accumulation during the fruit expansion period, which indicated
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that with a high aeration ratio (A3), appropriately reducing the topdressing level was
beneficial to plants’ dry matter accumulation. Aeration irrigation effectively improved the
ventilation of crop roots, which in turn exhibited positive effects on tomato plants’ growth
and development. The dry matter accumulation of the roots, stems, and fruits at the fruit
enlargement stage was higher than that at the flowering stage, while the leaves’ dry matter
accumulation at the fruit enlargement stage was lower than that at the flowering stage.
This implies that the leaves’ dry matter accumulation rate is less than the leaves’ dry matter
consumption rate, from the flowering stage to the fruit expansion stage, and the dry matter
accumulated by plants is mainly distributed in the roots, stems and fruits.

3.4. The Response of Tomato Nitrogen Distribution to Aeration Ratios and Nitrogen
Topdressing Levels

Some studies have shown that nitrogen plays an important role in the growth of stems
and leaves and fruit development and is closely related to tomato yield [30]. The results
of this experiment show that tomato plants’ nitrogen accumulation is closely related to
aeration ratios and topdressing levels. With the same aeration ratio, the plants’ nitrogen
accumulation decreased with the decrease in nitrogen topdressing level, which indicates
that reducing nitrogen topdressing level is not conducive to plant nitrogen accumulation.
The aerated subsurface drip irrigation technology usually mixes water, fertilizer, and gas
and synchronously transports them to tomato rootzone. This is beneficial for alleviating
the hypoxic conditions in the crop rootzone [5], increasing the the antioxidant enzyme
activity in the roots, promoting the aerobic respiration of soil microorganisms in the crop
rootzone [9], directly promoting the soil bacterial and fungal communities, and improving
the effectiveness of crop roots utilizing soil nutrients [2]. In this study, the plants’ nitrogen
accumulation increased with the increase in the aeration ratio under the same topdressing
level, which indicated that aeration in the crops’ rootzone was beneficial to promoting
plant nutrients accumulation [31]. In this experiment, nitrogen was mainly accumulated in
the fruits and leaves during the tomato fruit expansion period, which was consistent with
the results of Wu et al. [32], who found that the leaves’ nitrogen content is higher than that
in the roots, stems, and fruits.

3.5. The Response of Tomato Fruit Development to Aeration Ratios and Nitrogen
Topdressing Levels

Soil hypoxia usually inhibits the utilization of soil water and soil nutrients by the plant
root system, which is not conducive to plant photosynthesis, and often exhibits adverse
effects on various physiological activities during the plant growth period, which may result
in crop yield reduction and fruit quality decline [7,23]. The present experiments found that
both the aeration ratio and the nitrogen topdressing level had extremely significant effects
on the single-fruit weight and tomato yield. With the same nitrogen topdressing level,
both the single-fruit weight and tomato yield increased with the increasing aeration rate;
moreover, the tomato yield increased by 20–26% when the aeration ratio reached 10% com-
pared to 0%. This result indicates that the increase in the aeration ratio with underground
drip irrigation was conducive to an increase in the single-fruit weight and tomato yield.
That result was in accordance with the results of Pendergast et al. (2013) and Bagatur et al.
(2014), as they found that rootzone aeration can accelerate crop growth and development,
increase crop yield, increase single-fruit weight, and improve crop quality [3,33]. Moreover,
previous studies have indicated that the increase in tomato yield with aeration irrigation
is mainly attributed to the increase in single-fruit weight [34]. In addition, with the same
aeration ratio, the tomato yield increased by 0.4–9.1% when the nitrogen topdressing
amount decreased by 25%; the single-fruit weight and tomato yield for the A3F2 treatment
were significantly higher than those for the A3F1 treatment and A3F3 treatment. These
results indicate that both an excessive nitrogen topdressing rate and an insufficient nitrogen
topdressing rate exhibit adverse effects on crop production [35]. Additionally, aeration in
the underground drip irrigation system is conducive to significantly increasing the number
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of ripe tomato fruits per plant. This may be due to the fact that aeration in the underground
drip irrigation system contributes to an increase in the tomato fruit setting rate.

The tomato fruit organic acid content was significantly affected by aeration ratios and
nitrogen topdressing levels, while the soluble sugar content and soluble protein content
were not significantly affected by the aeration proportions and nitrogen topdressing levels.
The ratios of soluble sugar content to organic acid content for designed treatments ranged
from 7 to 8.3. This implies that the tomato taste quality was excellent, since the optimal
sugar–acid ratio for tomato fruit is in the range of 7–10 [36]. With the same nitrogen
topdressing level, the contents of fruit soluble solids, soluble sugars, and soluble proteins
increased with the increasing aeration ratios; specifically, the contents of soluble solids and
organic acids of tomato fruit increased by 3–19% and 2–9%, respectively. These results
indicate that aeration in the underground drip irrigation system is beneficial to improving
tomato fruits’ nutritional quality (soluble solids, soluble protein content) and flavor (soluble
sugar). These results are partially similar to the findings of Zhang et al. (2022) [16], as Zhang
et al. (2022) indicated that rootzone aeration could significantly increase tomato fruits’
soluble solid content, soluble sugar concentration, organic acid content, soluble protein
concentration, and vitamin C content [16]. Additionally, the present study found that the
F3 nitrogen topdressing level tended to be more conducive to significantly improving the
tomato nutritional quality, while the F2 nitrogen topdressing level was more conducive to
significantly improving the tomato fruit taste quality.

3.6. The Optimization of the Aeration Ratio and Topdressing Level for Underground Drip
Irrigation during the Tomato Growth Period

In terms of root vigor improvement, the aeration ratio and nitrogen topdressing
level corresponding to the A3F2 treatment were better than those of the other treatments,
followed by the A2F2 treatment. There was no significant difference in root vigor between
the A3F2 treatment and the A2F2 treatment at the tomato flowering stage, but the root vigor
for the A3F2 treatment was significantly higher than that for the A2F2 treatment at the fruit
expanding stage. The root vigor for the A3F2 treatment was about 26% and 130% higher
than that for the A0F1 treatment at the flowering stage and the fruit enlargement stage,
respectively. To improve the tomato leaf Pn, the A3F1 treatment was better than the A3F2
treatment, whereas no significant difference in the leaf Pn between the A3F1 treatment
and A3F2 treatment was found. Compared with the A3F1 treatment, the leaf Pn for the
A3F2 treatment decreased by less than 10% at the flowering stage and less than 5% at
the fruit enlargement stage. Although the dry matter for the A2F2 treatment was lower
than the maximum value obtained by the A3F1 treatment and the A3F2 treatment at the
flowering and fruit enlargement stages, respectively, the difference between the A2F2 and
A3F1 treatments at the flowering stage was less than 11%, while the difference between the
A2F2 and A3F2 treatments at the fruit enlargement stage was less than 15%. In addition,
the nitrogen accumulation amount for the A2F2 and A3F1 treatments was less than 14%
at the flowering stage and lower than 15% at the fruit expansion stage, respectively. In
terms of improving tomato single-fruit weight and fruit yield, the A3F2 treatment was
more appropriate than the other treatments, followed by the A2F2 treatment. Moreover,
the single-fruit weight and tomato yield for the A3F2 treatment increased by 38–41% and
22–24%, respectively, compared with the A0F1 treatment. There were significant differences
in the single-fruit weight and tomato yield between the A3F2 and A2F2 treatments. To
improve the contents of soluble solids, soluble sugars, organic acids, and soluble proteins
of tomato fruit, the A3F2 treatment was better than the other treatments in 2019, while
the A2F2 treatment was more appropriate in 2020. In both 2019 and 2020, there was no
significant difference in the same characteristic values of tomato fruit between the A3F2
treatment and the A2F2 treatment—the differences in the soluble solid content, soluble
sugar content, organic acid content, and soluble protein content were less than 3%, 6%, 4%,
and 7%, respectively.
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With the designed experimental conditions, taking the reduction in the nitrogen top-
dressing amount during the tomato growth period, the increase in the tomato yield and the
improvement of fruit quality into consideration, the aeration ratio and nitrogen topdressing
level corresponding to the A3F2 treatment were suggested in this study. However, limited
by the experimental conditions, the nitrogen topdressing levels and aeration ratios were
lower. The application of more precise aeration ratios and nitrogen topdressing levels for
tomato underground drip irrigation remains to be studied.

4. Materials and Methods
4.1. Experimental Site and Climate

The two-year field experiment was conducted from 2019 to 2020 in the Yinbei Irrigation
District of Ningxia Hui Autonomous Region, China (longitude: 106.58◦ E, latitude: 38.85◦ N,
1096 m a.s.l.). The experimental area experiences a mesothermal arid continental climate
characterized by sparse rainfall (average annual rainfall of 183.4 mm) and high evaporation
(average multi-year evaporation of 1702 mm), and the average annual sunshine duration
and total solar radiation are 3010 h and 5600 MJ·m−1, respectively. Moreover, the climate
features an average relative humidity of 45% and an average annual temperature of 8 ◦C.
The upper 40 cm of soil and the 40–100 cm deep layer of soil can be as classified sandy loam
and silty clay, respectively. The average buried depth of groundwater in the experimental
site is 2.2 m, while the groundwater salinity is 1.26 g·L−1. An automatic weather station
(YM-03A, Handan Yimeng Electronics Co., Ltd., Handan, China) was installed 28 m away
from the experimental field, and the meteorological parameters, including daily rainfall,
photosynthetically active radiation, extreme temperature, wind speed and relative humidity,
were recorded at intervals of 60 min. The daily precipitation, maximum temperature, and
minimum temperature from 1 April to 30 September in 2019 and 2020 are shown in Figure 6.
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4.2. Experimental Design

The tomato hybrid variety “Fenda No. 1”, a traditional variety suitable for outdoor
planting in spring or summer in temperate arid climate areas, was used for the field
experiments. This prevalent hybrid variety was selected by the Ningxia Academy of
Agriculture and Forestry Sciences in China, and the ripe fruits are characterized by an oblate
shape and pink color. According to the traditional nitrogen application rate (20 kg·ha−1 for
base fertilization and 80 kg·ha−1 for topdressing) for tomato cultivation with underground
drip irrigation in the experimental area, the main plots of the field experiments in open
air comprised four aeration ratios (proportions of air volume to mixed liquid volume),
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and three nitrogen topdressing levels were applied to sub-plots. The four aeration ratios
were 0 (A0), 5% (A1), 10% (A2), and 15% (A3), while the three nitrogen topdressing levels
were 80 kg·ha−1 (F1), 60 kg·ha−1 (F2), and 40 kg·ha−1 (F3). The twelve treatments were
replicated three times with 12 plants in each row and about 67 plants in each column, and
thus about 800 plants per replicate.

Each experimental plot for a treatment covered an area of 156 m2 (20 m in length
and 7.8 m in width). Each treatment was equipped with an independent drip irrigation
system. Infiltration tubes with an emitter spacing of 0.3 m and a flow rate of 1.38 L·h−1

(Shandong Yangtze River Water Saving Irrigation Science and Technology Co., Ltd., Jinan,
China) were placed between the plants and buried 30 cm underground on 25 April 2019
and 20 April 2020, respectively. The spacing between the two adjacent infiltration pipes
was 130 cm. Meanwhile, the base fertilizer, comprising urea (N, 46%) at rate of 45 kg·ha−1,
triple superphosphate (P2O5, 50%) at a rate of 100 kg·ha−1, and potassium sulfate (K2O,
46%) at a rate of 120 kg·ha−1, was spread uniformly in the experimental field.

Tensiometers were buried 10 cm above the infiltration tube on 28 April 2019 and 25
April 2020, respectively, for the purpose of guiding the drip irrigation. Each experimental
treatment was equipped with one water meter, one functioning tensiometer, six raised
beds, and six subsurface irrigation tubes. On 3 May 2019 and 1 May 2020, healthy tomato
seedlings were transplanted into the beds of the experimental field with a row spacing of
40 cm and a plant spacing of 30 cm (Figure 7), and the designed planting density was about
5 plants per square meter. Each treatment was drip-irrigated once to ensure the survival
rate of transplanted seedlings with local shallow groundwater (single irrigation quota of
30 mm) on 4 May 2019 and 2 May 2020.
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Figure 7. Schematic diagram of tomato planting.

Tensiometer readings were observed three times (08:00, 13:00, and 18:00) every day
after the tomato seedings were transplanted. As soon as the records reached −20 kPa (the
soil moisture at 20 cm depth below the drip irrigation tube was approximately 80% of the
field moisture capacity), drip irrigation was applied at 18:00 on the same day with a single
irrigation quota of 20 mm. Drip irrigation events were terminated when the tomato fruit
entered the red ripening period to prevent the occurrence of blossom end rot.

As shown in Figure 8, the drip tubes of the same treatment were connected to the
micro-nano bubble machine to transport the water–air mixture to the plots. According
to the designed proportions, irrigation water was aerated via the micro-nano bubble
machine (ZJC-NM-02, Shanghai Zhongjing Environmental Protection Technology Co., Ltd.,
Shanghai, China) by controlling the working pressure of the micro-nano bubble machine
(0, 0.03, 0.06, 0.11 MPa) to control the gas ratio (0, 5%, 10%, 15%) and mixing the bubbles
(average diameter of 74 nm) into the local shallow groundwater. Then, the water–air
mixture was delivered to each treatment through the underground drip irrigation system.
Three micro-nano bubble machines were used for the experiments, as each machine had a
water outflow of 2 m3·h−1 and served 12 plots. The detailed accumulated irrigation depth
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for treatments at the seeding, flowering, fruit setting and fruit expanding stages are shown
in Figure 9, and the total irrigation depth for treatments during tomato growth period
ranged from 340 mm to 460 mm. Additionally, the topdressing times were the first, second,
fourth, and sixth ear flowering stages of tomato, respectively, and the proportion of the
nitrogen amounts for the four topdressing times was 1:1:1:1. Other agronomic measures
were kept the same as in local conventional tomato cultivation.
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4.3. Observation and Equipment
4.3.1. Soil Physical and Chemical Parameters

Undisturbed soil samples were collected at 20 cm intervals 0–100 cm downward from
the surface on 29 April 2019 and 26 April 2020, respectively, for the determination of soil
physical and chemical characteristics. Soil moisture and bulk density were measured with
the gravimetric method [37], and the soil texture was analyzed using a laser particle size
analyzer (Master-sizer 3000, Malvern Instruments Ltd., Malvern, UK). The contents of
soil organic matter and total nitrogen were determined using the potassium dichromate
oxidation external heating method [38] and Kjeldahl method [39], respectively, while the
contents of available nitrogen, available phosphorus, and available potassium in the soil
layers were measured with the alkaline dissolved diffusion method [40], the molybdenum-
antimony colorimetric method, and the flame photometer method, respectively [41]. Soil
samples for the determination of pH and dissolved salt content were air-dried first, ground
and sieved through a 2 mm sieve to prepare a solution with a soil–water ratio of 1:5, then
centrifuged and oscillated (rotational speed r = 5000 turns per minute) to test the EC1:5
with a conductivity meter (DDS-308A, Shanghai Precision Scientific Instrument Co., Ltd.,
Shanghai, China). Moreover, the soil pH was determined using a pH meter (PHS-3C,
Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China). Some of the physical
and chemical characteristics in the 0–40 cm and 40–100 cm soil layers are shown in Table 7.
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Table 7. Soil physical and chemical characteristics in the experimental field.

Soil
Depth
(cm)

Texture
Bulk

Density
(g·cm−3)

Field
Capacity

(%)

Porosity
(%) pH

Total Salt
Content
(g·kg−1)

Available
Nitrogen
(mg·kg−1)

Available
Phospho-

rus
(mg·kg−1)

Available
Potas-
sium

(mg·kg−1)

0–40 Sandy
loam 1.39 19.72 40.27 8.54 1.47 51.10 8.20 254.50

40–100 Silty clay 1.33 17.37 38.33 7.81 1.22 47.97 3.35 123.50

The buried depth of the local groundwater was observed using a self-recording hy-
drometer, which was arranged in the groundwater observation well (5 m in depth and
located 10 m away from the experimental field). According to the observation results of
the previous experiments, the salinity of the shallow groundwater over the course of the
year was approximately 0.5 g·L−1. According to the sampling examination results, the pH,
COD, and suspended solid content of the local shallow groundwater were 7.5, 38.1 mg·L−1,
and 6.7 mg·L−1, respectively. Moreover, the contents of dissolved salt and the main salt
ions in the local shallow groundwater are shown in Table 8.

Table 8. The contents of dissolved salt and the main salt ions in the local shallow groundwater.

Dissolved Salt
(mg·L−1)

Ca2+

(mg·L−1)
Mg2+

(mg·L−1)
K+

(mg·L−1)
Na+

(mg·L−1)
HCO3−

(mg·L−1)
CO32−

(mg·L−1)
Cl−

(mg·L−1)
SO42−

(mg·L−1)

1259.4 155.5 96.0 136.5 215.4 182.4 0.0 275.1 198.5

4.3.2. Root Vigor and Leaf Net Photosynthetic Rate

Three consistent tomato plants were selected in each treatment at the flowering stage
(2 July 2019 and 6 July 2020) and fruit expanding stage (28 July 2019 and 30 July 2020),
and the roots were taken out from the soil in a circle of 0.4 m around the main root at a
depth of 0.6 m. Root samples were cleaned with fresh water, air-dried, and weighed using
a 1/1000 scale. Root vigor was determined using the “2, 3, 5-triphenyltetrazolium chloride
(TTC)” method according to Xue et al. (2023) [42]. After the root samples were cleaned, the
spectrophotometer (ND1000, Thermo Fisher Scientific Inc., Waltham, MA, USA) and some
chemical reagents (ethyl acetate, sodium hydrosulfite, 1% TTC solution, 0.1 M phosphate
buffer with pH at 7.5, and 2N sulfuric acid) were used to measure the TTC reduction
amount, and then the root vigor (Rv) was calculated according to the following equation:

Rv =
RATTC

WRoot × T
(1)

where Rv represents the root vigor (g·g−1·h−1); RATTC represents the TTC reduction
amount (g); WRoot represents the measured root weight (g); and T represents the duration
of the experiment (h).

The leaf Pn was measured by the CIRAS-3 portable photosynthetic measurement sys-
tem (PP SYSTEMS, Amesbury, MA, USA) at the flowering stage and fruit expanding stage,
at 60 days and 78 days after planting, respectively. The photosynthetically active radiation
(PAR) from the LED light source was set as 1400 µmol·m−2·s−1, while the other conditions
included 70% relative humidity, a 500 µmol·s−1 flow rate, and a CO2 concentration at 400
µmol·mol−1 through a CO2 buffer bottle during the measurement. The temperature of the
leaf varied from 28 to 30 ◦C during the entire period of gas-exchange measurements. Six
leaves were randomly selected to measure the Pn from 9:00 to 11:00 on sunny days for
each treatment.
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4.3.3. Plant Dry Matter Accumulation and Nitrogen Accumulation

At the flowering stage and fruit expansion stage, three consecutive tomato plants
were randomly selected from each experimental plot and the roots were removed from
the rootzone. Plant samples were divided into four parts: roots, stems, leaves, and fruits.
After de-enzyming at 105 ◦C for 0.5 h, the tissue samples were dried to a constant weight at
75 ◦C to determine the dry matter. Then, the dried tissue samples were milled through a
0.5 mm sieve and digested by a H2SO4-H2O2 solution, and the Kjeldahl method [39] was
applied for measuring the plant tissues’ nitrogen content.

The nitrogen accumulation amount of plants was estimated using the following equations:

UN =
4

∑
i=1

UNi (2)

UNi = ρ × cNi × Tmi (3)

where UN represents the nitrogen accumulation amount of plants, kg·ha−1; UNi represents
the nitrogen accumulation amount of the ith tissue of plants, kg·ha−1; CNi represents the
nitrogen content of the ith tissue of a single plant, %; Tmi represents the dry matter weight
of the ith tissue, kilograms per plant; ρ represents the number of tomato plants per hectare;
and i = 1, 2, 3, 4 represent the roots, stem, leaves, and fruits of the tomato plant, respectively.

4.3.4. Tomato Yield

Tomatoes were harvested at 7-day intervals from 15 August to 18 September 2019
and from 17 August to 20 September 2020. During the tomato harvest period, the number
of red-ripe fruits for each plant was recorded, and seven fruits for each treatment were
randomly selected to determine the single-fruit weight. The tomato yield was estimated
with the actual fruit production and planting area for each treatment.

4.3.5. Tomato Fruit Quality

After the tomato harvest, three uniform-maturity fruits were selected from each
treatment and homogenized for quality determination. Fruit soluble solid content was
determined with the refractometric method [43]. Moreover, the soluble sugar content
and organic acid content were determined with the Lane–Eynon method [43] and the
high-performance liquid chromatography method [43], respectively. Additionally, the
fruit soluble protein content was determined with the Coomassie brilliant blue G-205 dye
method [44].

4.4. Statistical Analysis

The least significant difference (LSD) test was performed with SPSS 24.0 (SPSS Inc.,
Chicago, IL, USA) based on the data to compare the differences among treatments at a sig-
nificance level of 5%. The root vigor, leaf net photosynthetic rate, dry matter accumulation,
nitrogen accumulation, and fruit characteristics were analyzed via two-way analysis of
variance with the factors of the aeration ratio (A), nitrogen topdressing level (F) and the
interaction of A × F. The figures were drawn using OriginPro 2021 (OriginLab Corporation,
Northampton, MA, USA).

5. Conclusions

With the experimental designed conditions, the aeration ratios exhibited extremely
significant effects on root vigor, leaf net photosynthetic rate, plant dry matter, plant nitrogen
accumulation, single-fruit weight, tomato yield, and organic acid content. Meanwhile, the
interaction of aeration ratio and nitrogen topdressing level showed no significant influences
on the leaf net photosynthetic rate, leaf dry matter, stem nitrogen accumulation, plant dry
matter, plant nitrogen accumulation, and fruit quality characteristics.

The increase in aeration ratio in the range of 0–15% was beneficial for improving
tomato root vigor (3–104%) and leaf photosynthetic rate (14–63%), favorable for promoting
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the accumulation of plant dry matter (3–59%) and plant nitrogen (2–70%), and conducive
to increasing single-fruit weight (1–26%) and tomato yield (12–44%) and improving fruit
quality. The tomato leaf net photosynthetic rate, leaf nitrogen accumulation, and plant
nitrogen accumulation declined with the decrease in the nitrogen topdressing level in
the range of 0–50%. Importantly, with aeration conditions, appropriately reducing the
traditional nitrogen topdressing level by 25% was beneficial for increasing tomato root vigor
(5–31%), favorable for promoting the dry matter accumulation of roots, stems, leaves, and
fruits at the fruit expansion stage, increases the single-fruit weight (2–10%) and tomato yield
(0.5–9%), and improves fruit soluble solid content (2–5%) and soluble sugar content (4–9%).
When the aeration ratio exceeded 10%, increasing the aeration ratio exhibited a significant
influence on tomato plant dry matter accumulation, while it had no significant effects on
the single-fruit weight, tomato yield, and fruit quality. Moreover, the stem nitrogen content
proportion in plants at the tomato fruit enlargement stage increased with the decline in the
nitrogen topdressing level, while the fruit soluble solid content and soluble sugar content
increased first and then decreased with the decrease in nitrogen topdressing level. In
terms of leaf photosynthetic rate improvement, plant dry matter accumulation, tomato
yield increase, fruit soluble solids accumulation, tomato soluble sugar formation, and
fruit organic acid build-up, the positive effects of increasing the aeration ratio by 5% was
greater than the negative influences of reducing the nitrogen topdressing level by 25%. To
reduce the nitrogen topdressing application amount, promote plant growth, and achieve a
considerable tomato yield, the appropriate nitrogen topdressing amount for tomato plants
with underground drip irrigation was 60 kg·ha−1 in Yinbei Irrigation District of Ningxia,
and the corresponding proper aeration ratio was 10%.

Author Contributions: Conceptualization, J.L. and P.H.; methodology, J.C. and Q.J.; software, J.L.;
validation, J.L., L.C. and P.H.; formal analysis, J.L.; investigation, P.H. and J.C.; resources, J.L.;
data curation, D.C. and Q.J.; writing—original draft preparation, J.L.; writing—review and editing,
X.D. and S.D.; visualization, Q.J.; super-vision, P.H.; project administration, J.L. and P.H.; funding
acquisition, J.L. and Q.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by “the Guangxi Key Research and Development Program of
China”, grant number “GuiKe:AB22035075”; “the Guangxi Key Research and Development Program
of China”, grant number “GuiKe:AB22080093”; “Fundamental Research Funds for the Central
Universities”, grant number “B230201053” and “National Natural Science Foundation of China”,
grant number “52309046”.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We are especially grateful to Linli Shi, Bin Du, and Na Zhang for their help in
the field experiments.

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

References
1. Lekberg, Y.; Arnillas, C.A.; Borer, E.T.; Bullington, L.S.; Fierer, N.; Kennedy, P.G.; Leff, J.W.; Luis, A.D.; Seabloom, E.W.; Henning,

J.A. Nitrogen and phosphorus fertilization consistently favor pathogenic over mutualistic fungi in grassland soils. Nat. Commun.
2021, 12, 3484. [CrossRef]

2. Zhu, J.J.; Xu, N.; Siddique, K.H.M.; Zhang, Z.H.; Niu, W.Q. Aerated drip irrigation improves water and nitrogen uptake
efficiencies of tomato roots with associated changes in the antioxidant system. Sci. Hortic. 2020, 306, 111471. [CrossRef]

3. Pendergast, L.; Bhattarai, S.P.; Midmore, D.J. Evaluation of aerated subsurface drip irrigation on yield, dry weight partitioning
and water use efficiency of a broadacre chickpea (Cicer arietinum L.) in a vertosol. Agr. Water Manag. 2019, 217, 38–46. [CrossRef]

4. Du, Y.D.; Zhang, Q.; Cui, B.J.; Sun, J.; Wang, Z.; Ma, L.H.; Niu, W.Q. Aerated irrigation improves tomato yield and nitrogen use
efficiency while reducing nitrogen application rate. Agr. Water Manag. 2020, 235, 106152. [CrossRef]

5. Wang, Y.; Lei, H.J.; Zhang, Z.H.; Shi, W.J. Effects of aerated subsurface drip irrigation on rhizosphere soil environment and pepper
(Capsicum annum L.) growth in three soil types. Arch. Agron. Soil Sci. 2022, 69, 1027–1038. [CrossRef]

6. Liu, Y.; Zhou, Y.; Wang, T.; Pan, J.; Zhou, B.; Muhammad, T.; Zhou, C.; Li, Y. Micro-nano bubble water oxygation: Synergistically
improving irrigation water use efficiency, crop yield and quality. J. Clean. Prod. 2019, 222, 835–843. [CrossRef]

https://doi.org/10.1038/s41467-021-23605-y
https://doi.org/10.1016/j.scienta.2022.111471
https://doi.org/10.1016/j.agwat.2019.02.022
https://doi.org/10.1016/j.agwat.2020.106152
https://doi.org/10.1080/03650340.2022.2049766
https://doi.org/10.1016/J.JCLEPRO.2019.02.208


Plants 2024, 13, 1378 19 of 20

7. Lei, H.; Yu, J.; Zang, M.; Pan, H.W.; Liu, X.; Zhang, Z.H.; Du, J. Effects of Water-Fertilizer-Air-Coupling Drip Irrigation on Soil
Health Status: Soil Aeration, Enzyme Activities and Microbial Biomass. Agronomy 2022, 12, 2674. [CrossRef]

8. Li, Y.H.; Zhang, T.; Zhang, Z.Z.; He, K.N. The physiological and biochemical photosynthetic properties of Lycium ruthenicum
Murr in response to salinity and drought. Sci. Hortic. 2019, 256, 108530. [CrossRef]

9. Baram, S.; Weinstein, M.; Evans, J.F.; Berezkin, A.; Sade, Y.; Ben-Hur, M.; Bernstein, N.; Mamane, H. Drip irrigation with
nanobubble oxygenated treated wastewater improves soil aeration. Sci Hortic. 2022, 291, 110550. [CrossRef]

10. Zhou, Y.; Bastida, F.; Zhou, B.; Sun, Y.; Gu, T.; Li, S.; Li, Y. Soil fertility and crop production are fostered by micro-nano bubble
irrigation with associated changes in soil bacterial community. Soil Biol. Biochem. 2020, 141, 107663. [CrossRef]

11. Ouyang, Z.; Tian, J.; Yan, X.; Shen, H. Effects of different concentrations of dissolved oxygen on the growth, photosynthesis, yield
and quality of greenhouse tomatoes and changes in soil microorganisms. Agric. Water Manag. 2021, 245, 106579. [CrossRef]

12. Niu, W.Q.; Guo, C.; Shao, H.B.; Wu, P. Effects of different rhizosphere ventilation treatment on water and nutrients absorption of
maize. Afr. J. Biotechnol. 2021, 10, 949–958.

13. Martin, E.; Daniel, R.; Cornelia, R.; Benjamin, T.; Susanne, T.; Liliane, R. Effects of irrigation and fertilization practice on soil
nematode communities in arable land. Appl. Soil Ecol. 2022, 177, 104546. [CrossRef]

14. Uzair, A.; Arturo, A.; Stefano, M. Solar Fertigation: A Sustainable and Smart IoT-Based Irrigation and Fertilization System for
Efficient Water and Nutrient Management. Agronomy 2022, 12, 1012. [CrossRef]

15. Abbas, T.; Zhang, Q.C.; Jin, H.; Li, Y.; Liang, Y.C.; Di, H.J.; Zhao, Y.H. Anammox microbial community and activity changes in
response to water and dissolved oxygen managements in a paddy-wheat soil of Southern China. Sci. Total Environ. 2019, 672,
305–313. [CrossRef] [PubMed]

16. Zhang, Q.; Zhang, P.; Deng, Y.P.; Sun, C.T.; Tian, X.X.; Si, B.C.; Li, B.; Guo, X.H.; Liu, F.S.; Zhang, Z.H. Study on Regulation
Mechanism of Tomato Root Growth in Greenhouse under Cycle Aerated Subsurface Drip Irrigation. Agronomy 2022, 12, 2609.
[CrossRef]

17. Jiang, S.Q.; Yu, Y.N.; Gao, R.W.; Wang, H.; Zhang, J.; Li, R.; Long, X.H.; Shen, Q.R.; Chen, W.; Cai, F. High-throughput absolute
quantification sequencing reveals the effect of different fertilizer applications on bacterial community in a tomato cultivated
coastal saline soil. Sci. Total Environ. 2019, 687, 601–609. [CrossRef] [PubMed]

18. Padmaja, S.; Pasha, M.L.; Umadevi, M.; Hussain, S.A.; Nirmala, A. Influence of Drip Irrigation and Fertigation on Fruit Yield
and Water Productivity of Cucumber under Naturally Ventilated Poly House. Int. J. Environ. Clim. Change 2021, 11, 162–168.
[CrossRef]

19. Chen, H.; Hou, H.J.; Wang, X.Y.; Zhu, Y.; Saddique, Q.; Wang, Y.F.; Cai, H.J. The effects of aeration and irrigation regimes on soil
CO2 and N2O emissions in a greenhouse tomato production system. J. Integr. Agr. 2018, 17, 449–460. [CrossRef]

20. Zhu, Y.; Cai, H.; Song, L.; Wang, X.; Shang, Z.; Sun, Y. Aerated Irrigation of Different Irrigation Levels and Subsurface Dripper
Depths Affects Fruit Yield, Quality and Water Use Efficiency of Greenhouse Tomato. Sustainability 2020, 12, 2703. [CrossRef]

21. Fabregas, N.; Yoshida, T.; Fernie, A.R. Role of Raf-like kinases in SnRK2 activation and osmotic stress response in plants. Nat.
Commun. 2020, 11, 6184. [CrossRef] [PubMed]

22. Hu, L.; Xie, Y.; Fan, S.J.; Wang, Z.S.; Wang, F.H.; Zhang, B.; Li, H.S.; Song, J.; Kong, L.A. Comparative analysis of root transcriptome
profiles between drought-tolerant and susceptible wheat genotypes in response to water stress. Plant Sci. 2018, 272, 276–293.
[CrossRef] [PubMed]

23. Lei, H.J.; Xiao, Z.Y.; Xiao, R.; Yang, H.G.; Pan, H.W. Effect of water-fertilizer-gas coupling drip irrigation on greenhouse tomato
growth and fruit quality. Agric. Res. Arid. Areas 2020, 38, 168–175, (In Chinese with English abstract). [CrossRef]

24. Zhao, C.; Tian, J.C.; Ou, Y.Z.; Yan, X.F. Impact of Water-Fertilizer-Air-Heat Coupling on Photosynthetic and Yield of Pepper in
Greenhouse. J. Irrig. Drain. 2019, 38, 31–37, (In Chinese with English abstract). [CrossRef]

25. Yan, J.; Bogie, N.A.; Ghezzehei, T.A. Root uptake under mismatched distributions of water and nutrients in the root zone.
Biogeosciences 2020, 17, 6377–6392. [CrossRef]

26. Yang, W.L. Effects of Different Fertilizer Levels on Greenhouse Tomato in Aerated Irrigation. Master’s Thesis, Shandong
Agricultural University, Tai’an City, China, 2019.

27. Mignolli, F.; Barone, J.O.; Vidoz, M.L. Root submergence enhances respiration and sugar accumulation in the stem of flooded
tomato plants. Plant Cell Environ. 2021, 44, 3643–3654. [CrossRef] [PubMed]

28. Li, Y.; Niu, W.Q.; Xu, J.; Wang, J.W.; Zhang, M.Z.; Lv, W. Root morphology of greenhouse produced muskmelon under sub-surface
drip irrigation with supplemental soil aeration. Sci. Hortic. 2016, 201, 287–294. [CrossRef]

29. Parveen, A.; Ahmar, S.; Kamran, M.; Malik, Z.; Ali, A.; Riaz, M.; Abbasi, G.H.; Khan, M.; Bin Sohail, A.; Rizwan, M.; et al. Abscisic
acid signaling reduced transpiration flow, regulated Na+ ion homeostasis and antioxidant enzyme activities to induce salinity
tolerance in wheat (Triticum aestivum L.) seedlings. Environ. Technol. Innov. 2021, 24, 101808. [CrossRef]

30. Chu, Y.; Luo, H.Y.; Lin, J.M.; Zuo, S.F.; Zhang, X.Q.; Chen, T.X.; Xu, Z.; Wang, Z.Y. Study on the absorption law of nitrogen,
phosphorus, potassium and trace elements of tomatoes. Soil Fertil. Sci. China 2021, 1, 247–255, (In Chinese with English abstract).
[CrossRef]

31. Lei, H.J.; Yang, H.G.; Feng, K.; Zang, M.; Pan, H.W. Impact of continuous aerating irrigation on growth, water use efficiency
and nutrient uptake of Pak Choi growing in different soils. J. Irrig. Drain. 2017, 36, 13–18, (In Chinese with English abstract).
[CrossRef]

https://doi.org/10.3390/agronomy12112674
https://doi.org/10.1016/j.scienta.2019.05.057
https://doi.org/10.1016/j.scienta.2021.110550
https://doi.org/10.1016/j.soilbio.2019.107663
https://doi.org/10.1016/j.agwat.2020.106579
https://doi.org/10.1016/j.apsoil.2022.104546
https://doi.org/10.3390/agronomy12051012
https://doi.org/10.1016/j.scitotenv.2019.03.392
https://www.ncbi.nlm.nih.gov/pubmed/30959297
https://doi.org/10.3390/agronomy12112609
https://doi.org/10.1016/j.scitotenv.2019.06.105
https://www.ncbi.nlm.nih.gov/pubmed/31220714
https://doi.org/10.9734/ijecc/2021/v11i630432
https://doi.org/10.1016/S2095-3119(17)61761-1
https://doi.org/10.3390/su12072703
https://doi.org/10.1038/s41467-020-19977-2
https://www.ncbi.nlm.nih.gov/pubmed/33273465
https://doi.org/10.1016/j.plantsci.2018.03.036
https://www.ncbi.nlm.nih.gov/pubmed/29807601
https://doi.org/10.7606/j.issn.1000-7601.2020.05.24
https://doi.org/10.13522/j.cnki.ggps.20190125
https://doi.org/10.5194/bg-17-6377-2020
https://doi.org/10.1111/pce.14152
https://www.ncbi.nlm.nih.gov/pubmed/34268805
https://doi.org/10.1016/j.scienta.2016.02.018
https://doi.org/10.1016/j.eti.2021.101808
https://doi.org/10.11838/sfsc.1673-6257.19595
https://doi.org/10.13522/j.cnki.ggps.2017.11.003


Plants 2024, 13, 1378 20 of 20

32. Wu, J.F.; Wang, Y.H.; He, J.D.; Zhang, H.P.; Cui, X.R.; Zhang, C.Y.; Qi, Y. Study on the effect, absorption and distribution of NPK
on tomato in greenhouse of Beijing suburbs. J. Plant Nutr. Fertil. 2000, 4, 409–416, (In Chinese with English abstract).

33. Bagatur, T. Evaluation of plant growth with aerated irrigation water using venturi pipe part. Arabian J. Sci. Eng. 2014, 39,
2525–2533. [CrossRef]

34. Wen, G.J.; Cai, H.J.; Chen, X.M.; Liu, H.Y. Influence of aeration irrigation on growth and fruit quality of greenhouse tomato. J.
Northwest A F Univ. 2013, 41, 113–118, (In Chinese with English abstract). [CrossRef]

35. Byju, G.; Anand, M.H. Differential response of short-and long-duration cassava cultivars to applied mineral nitrogen. J. Plant
Nutr. Soil Sci. 2019, 172, 572–576. [CrossRef]

36. Ding, J.; Tian, Y.; Zhang, X. Changes of sugar and acid contents in tomato fruits at different development stages. J. Beijing Univ.
Agric. 2017, 32, 29–33, (In Chinese with English abstract). [CrossRef]

37. Li, J.G.; He, P.R.; Chen, J.; Hamad, A.A.A.; Dai, X.P.; Jin, Q.; Ding, S.Y. Tomato performance and changes in soil chemistry in
response to salinity and Na/Ca ratio of irrigation water. Agric. Water Manag. 2023, 285, 108363. [CrossRef]

38. Zhang, G.L.; Bai, J.H.; Zhao, Q.Q.; Jia, J.; Wang, X.; Wang, W.; Wang, X.Y. Soil carbon storage and carbon sources under different
Spartina alterniflora invasion periods in a salt marsh ecosystem. CATENA 2021, 196, 104831. [CrossRef]

39. Hicks, T.D.; Kuns, C.M.; Raman, C.; Bates, Z.T.; Nagarajan, S. Simplified Method for the Determination of Total Kjeldahl Nitrogen
in Wastewater. Environments 2022, 9, 55. [CrossRef]

40. Mulvaney, R.L.; Khan, S.A. Diffusion Methods to Determine Different Forms of Nitrogen in Soil Hydrolysates. Soil Sci. Soc. Am. J.
2001, 65, 1284. [CrossRef]

41. Liu, R.S.; Wang, D.M. Soil C, N, P and K stoichiometry affected by vegetation restoration patterns in the alpine region of the
Loess Plateau, Northwest China. PLoS ONE 2020, 15, e0241859. [CrossRef]

42. Xue, W.X.; Liu, W.H.; Ma, R.W.; Zhang, S.H.; Yu, X.X.; Li, T.; Luan, X.Y.; Cui, X.W.; Liu, J.; Zhang, C.W.; et al. The toxic mechanism
of tetracycline on root tips in hulless barley (Hordeum vulgare L. var. nudum). J. Hazard. Mater. 2023, 460, 132453. [CrossRef]
[PubMed]

43. Li, J.G.; Chen, J.; He, P.R.; Chen, D.; Dai, X.P.; Jin, Q.; Su, X.Y. The optimal irrigation water salinity and salt component for
high-yield and good-quality of tomato in Ningxia. Agric. Water Manag. 2022, 274, 107940. [CrossRef]

44. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13369-013-0895-4
https://doi.org/10.13207/j.cnki.jnwafu.2013.04.024
https://doi.org/10.1002/jpln.200800044
https://doi.org/10.13473/j.cnki.issn.1002-3186.2017.0207
https://doi.org/10.1080/03067319.2020.1807967
https://doi.org/10.1016/j.catena.2020.104831
https://doi.org/10.3390/environments9050055
https://doi.org/10.2136/sssaj2001.6541284x
https://doi.org/10.1371/journal.pone.0241859
https://doi.org/10.1016/j.jhazmat.2023.132453
https://www.ncbi.nlm.nih.gov/pubmed/37677969
https://doi.org/10.1016/j.agwat.2022.107940
https://doi.org/10.1016/0003-2697(76)90527-3

	Introduction 
	Results 
	Influences of Aeration Ratios and Nitrogen Topdressing Levels on Root Vigor 
	Effects of Aeration Ratios and Nitrogen Topdressing Levels on Leaf Net Photosynthetic Rate 
	Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Plant Dry Matter Accumulation 
	Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Plant Nitrogen Accumulation 
	Impacts of Aeration Ratios and Nitrogen Topdressing Levels on Tomato Fruit Development 
	Influences of Aeration Ratios and Nitrogen Topdressing Levels on Tomato Fruit Quality 

	Discussion 
	The Response of Root Vigor to Aeration Ratios and Nitrogen Topdressing Levels 
	The Response of Leaf Net Photosynthetic Rate to Aeration Ratios and Nitrogen Topdressing Levels 
	The Response of Tomato Drymatter to Aeration Ratios and Nitrogen Topdressing Levels 
	The Response of Tomato Nitrogen Distribution to Aeration Ratios and Nitrogen Topdressing Levels 
	The Response of Tomato Fruit Development to Aeration Ratios and Nitrogen Topdressing Levels 
	The Optimization of the Aeration Ratio and Topdressing Level for Underground Drip Irrigation during the Tomato Growth Period 

	Materials and Methods 
	Experimental Site and Climate 
	Experimental Design 
	Observation and Equipment 
	Soil Physical and Chemical Parameters 
	Root Vigor and Leaf Net Photosynthetic Rate 
	Plant Dry Matter Accumulation and Nitrogen Accumulation 
	Tomato Yield 
	Tomato Fruit Quality 

	Statistical Analysis 

	Conclusions 
	References

