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Abstract: As living standards rise, enhancing quality has become a central objective for many
researchers. Soilless cultivation, known for its efficient use of resources, is increasingly used in
vegetable production. It is critical to develop effective water and fertilizer management strategies
to achieve high-quality yields and promote sustainable development in modern agriculture. This
study employed an orthogonal experimental design to assess the impact of varying nutrient solution
concentrations (50%, 75%, 100%, and 125% of Hoagland’s), lower irrigation thresholds (40%, 55%,
70%, and 85% field capacity (FC)), and ozone concentrations (0, 1, 2, and 4 mg·L−1) on lettuce
growth, yield, quality, and water–fertilizer use efficiency. The results indicated that fixed nutrient
solution concentrations and lower irrigation thresholds enhanced growth metrics for lettuce. Similarly,
increasing ozone concentrations initially improved, then reduced growth metrics when the lower
irrigation threshold was constant. Furthermore, maintaining stable ozone concentrations while
raising the nutrient solution concentration initially boosted, then diminished, growth indicators.
Optimal conditions for water and fertilizer management were identified at a nutrient solution
concentration of 75% to 100% and an ozone concentration of 0 to 1 mg·L−1. Variance analysis
highlighted the significant effects of nutrient solution concentration, lower irrigation thresholds, and
ozone concentrations on lettuce yield, quality, and water and fertilizer use efficiency. Range analysis
revealed the optimal management combination to be a nutrient solution concentration of 100%, an
85% lower FC irrigation threshold, and an ozone concentration of 1 mg·L−1, yielding 16.82 t·ha−1 of
lettuce and a water use efficiency of 40.14 kg·m−3. These findings provide theoretical support for the
sustainable advancement of soilless cultivation in contemporary agriculture.

Keywords: water–fertilizer management; soilless cultivation; ozone; lettuce yield; water–fertilizer
use efficiency

1. Introduction

Countries worldwide face challenges due to limited land availability, high population
density, and constrained agricultural spaces [1]. In response to growing food demands,
producers often overuse water and fertilizers to maximize yields, which in turn leads to
inefficiencies and environmental pollution. Soilless culture presents an effective alternative,
optimizing the use of natural and land resources. Extensive research has validated its ca-
pacity to deliver high yields, superior quality, and ease of management [2,3]. Consequently,
developing soilless cultivation models that improve yield, quality, and environmental
sustainability is essential for advancing modern agriculture.

Substrate cultivation, a soilless culture technique, supplies plants with nutrients in
liquid form [4] and supports lettuce growth in a controlled environments like greenhouses
to mitigate adverse conditions [3,5]. This method, particularly when integrated with tidal
irrigation, not only conserves resources such as fertilizer, water, and labor but also minimizes
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pest and disease incidence [6,7]. Additionally, it yields advantages such as reduced growth
cycles, cost efficiency, and the possibility of nutrient solution reuse [8–10]. Focusing on water
and nutrient management is essential in substrate cultivation research, especially regarding
irrigation’s impact on lettuce yield and quality. For instance, studies indicate that lettuce
grown at 50% field water capacity exhibits significantly higher vitamin C content compared
to that grown with other treatments [11]. Further, Yazgan et al. [12] found that optimal
yields in greenhouse-grown lettuce in Turkey were achieved at irrigation levels of 100% and
75%, with yields of 15.1 and 12.01 kg·ha−1, respectively. Moreover, nutrient solutions, as
opposed to traditional fertilizers, have shown superior results in enhancing lettuce quality
over three cycles [13]. Thus, selecting nutrient solutions that meet the specific nutritional
needs of lettuce is crucial for maximizing the benefits of substrate cultivation, ensuring a bal-
anced supply of essential nutrients for optimal growth [14]. Research indicates that within
optimal ranges, increasing the concentration of nutrient solutions can enhance chlorophyll
levels in leaves, boost photosynthesis, improve overall quality [15], and subsequently
elevate yields [16]. However, excessively high concentrations may inhibit plant growth [17],
diminish root vigor [18], and negatively affect both yield and quality [19]. However, there
are conflicting views regarding the influence of nutrient solution on both lettuce yield and
quality. It has been noted that the application of nutrient solution substantially decreases ni-
trate content in lettuce without compromising yield [20]. Therefore, identifying the optimal
nutrient solution concentration under substrate cultivation conditions is crucial. To this end,
a systematic study is necessary to define effective water–fertilizer optimization strategies
while addressing issues related to fertilizer loss and contamination of nutrient solutions.

Ozone, when dissolved in water, acts as a potent oxidant with extensive bactericidal
properties [21,22]. It decomposes into oxygen at room temperature, avoiding secondary pol-
lution and leaving no residual toxicity, thus positioning it as an ideal green oxidizing agent.
Ozone finds widespread use in various sectors, including medical treatment [23], food
preservation [24], chemical production [25], and wastewater treatment [26]. In agriculture,
ozone’s applications are expanding as an alternative to traditional pesticides and disinfec-
tants. It is used for disinfecting nutrient solutions and substrates [27,28] and managing
soil-borne pests and diseases [29–31]. For instance, in tomato cultivation, applying ozone
concentrations of 3.0 mg·L−1 in irrigation and 0.6 mg·L−1 in spraying significantly en-
hances the activity of antioxidant enzymes in tomato leaves [32]. Spraying ozonated water
at concentrations below 10 mg·L−1 has been shown to bolster tomato defenses against plant
pathogens [33]. Furthermore, ozone concentrations ranging from 10 to 40 mg·L−1 have
been found to enhance pepper germination and seedling growth under low-temperature
stress [34]. However, exposure to gaseous ozone at 66 ppb can stress soybeans, leading
to reduced mid-season yields [35]. In the context of lettuce cultivation, ozone application
significantly affects yield outcomes. Under O3-I conditions, an increase in yield is observed,
whereas O3-II conditions lead to a notable decrease compared to controls. Despite these
variations, high ozone concentrations, up to 4.0 mg·L−1, do not affect lettuce development
or root antioxidant capacity [36]. This indicates that ozone oxidation in nutrient solutions
could serve as an effective alternative disinfection method, potentially reducing both water
wastage and chemical residues from traditional disinfectants. Although ozone has demon-
strated promising outcomes in crops such as peppers, tomatoes, and soybeans, research
on its applications in substrate-cultivated lettuce remains underemployed. Despite the
beneficial results observed in these other crops, the focus has largely been outside lettuce
cultivation systems. Consequently, there is a need for further research into optimal water
and fertilizer management practices for lettuce, particularly under conditions regulated by
ozone application.

This study explored the impact of varying nutrient solution concentrations, lower
irrigation thresholds, and ozone concentrations on lettuce growth, yield, quality, and
water–fertilizer use efficiency. Utilizing a three-factor, four-level orthogonal test design,
this investigation employed a two-crop lettuce growth model with Hoagland’s formulated
nutrient solution. The objectives were to: (1) evaluate the influence of different treatments
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on various parameters including water content of lettuce shoots, NPK concentration and
uptake, biomass, plant height and crown diameter, yield, quality, water use efficiency,
and NPK use efficiency in lettuce; (2) investigate the mechanisms through which lettuce
yield and water–fertilizer use efficiency respond to the interactions among water, fertilizer
regulation, and ozone interactions; and (3) determine optimal irrigation and fertilization
management practices to improve the quality and efficiency of lettuce in soilless cultiva-
tion systems.

2. Materials and Methods
2.1. Location and Environmental Conditions

This research was carried out from March to June 2023 in a greenhouse located at the
Institute of Agricultural Irrigation, Chinese Academy of Agricultural Sciences, located at
35◦18′13.71′′ N, 113◦55′15.05′′ E on the Huang-Huai-Hai Plain. This region has a warm
temperate zone with semi-humid and semi-arid conditions. The area records an average
annual precipitation of 580 mm and an annual mean temperature of 13.5 ◦C, alongside a cu-
mulative temperature sum of 5070 ◦C. The locality benefits from 2497 h of sunshine per year,
a frost-free period of 220 days, and a potential evapotranspiration rate of 2000 mm annually.

The sunlight greenhouse used for this study spans 44 m in length and 25 m in width,
covering a total cultivation area of 1000 m2. It is oriented in a north–south direction with
crop rows aligned east–west. Manual control of indoor air temperature and relative humid-
ity was achieved through overhead shade nets and side ventilation openings. When indoor
temperatures rose above 30 ◦C, these mechanisms were employed to stabilize temperatures
around 25 ◦C. Conversely, when temperatures fell below 15 ◦C, the ventilation remained
open, except during rainfall, until the experiment’s end. Daily average temperature and
relative humidity data for the two cropping cycles are presented in Figure 1.
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Figure 1. Greenhouse average daily temperature and relative humidity map.

2.2. Substrate Physical Characteristics

The experimental substrate used in this study was a blend of peat, vermiculite, and per-
lite at a 2:1:1 volumetric ratio, provided by the QiLu Horticultural Nutrient Soil Company
(Dalian, China). This substrate is noted for its excellent water permeability and moisture
retention properties. Comprehensive details on its physical and chemical characteristics
are presented in Tables 1 and 2, respectively.

Table 1. Substrate physical characteristics.

Bulk Density
(g·cm−3)

Total Pore Porosity
(%)

Ventilation Pore Porosity
(%)

Water-Holding Porosity
(%)

0.22 67.52 20.84 46.68
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Table 2. Substrate chemical characteristics.

pH EC
(µS·cm−1)

N
(g·kg−1)

P
(g·kg−1)

K
(g·kg−1)

SOM
(g·kg−1)

6.7 380 20.35 0.21 5.64 164

2.3. Plant Material

The lettuce variety ‘Hongsheng 1’ for this experiment was supplied by Zhongshu Seed
Industry Technology (Beijing) Co., Ltd. (Beijing, China) Seeds were pre-soaked and then
sown in a 128-hole tray filled with the described mixed substrate. The tray was then placed
in a smart climate chamber (purchased from Zhejiang Top Cloud Agricultural Technology
Co., Ltd., Hangzhou, China, model RTOP-268Y). Chamber conditions were maintained at
daytime/nighttime temperatures of 25 ± 3 ◦C/15 ± 3 ◦C, relative humidity of 65 ± 5%,
a 12-h photoperiod, and a light intensity of 200 µmol·m−2·s−1. Bottom irrigation with a
1/2 Hoagland nutrient solution commenced once the seedling cotyledons were fully spread
and was administered twice daily at approximately 1 L per tray. Transplantation occurred
when the seedlings had developed 4–5 true leaves, typically around 25 days post-sowing.

2.4. Experimental Design and Treatments

In alignment with previous research [37–39], the study employed an orthogonal experi-
ment L16 (43) with three factors: nutrient solution concentration, lower irrigation threshold, and
ozone concentration, each at four levels. The levels for each factor were as follows:

Nutrient solution concentration: 50% (F1), 75% (F2), 100% (F3), and 125% (F4) of
standard Hoagland’s nutrient solution (see Table 3 for its formula).

Table 3. Hoagland’s nutrient solution formula.

Formulation Elements Dissolved Substance Concentration (mg·L−1)

Major elements Ca(NO3)2·4H2O 945
MgSO4 493
(NH4)3PO4 115
KNO3 607

Ferrous salt DPTA-Fe-11 30
Minor elements HBO3 2.86

CuSO4·5H2O 0.08
ZnSO4·7H2O 0.22
MnSO4·4H2O 2.13
(NH4)6Mo7O24·4H2O 0.02

Lower irrigation threshold: 40% (W1), 55% (W2), 70% (W3), and 85% (W4).
Ozone concentrations: 0 mg·L−1 (O1), 1 mg·L−1 (O2), 2 mg·L−1 (O3), and 4 mg·L−1

(O4). This setup generated sixteen treatments (see Table 4), each replicated four times.
Each treatment comprised 36 pots, with dimensions as follows: bottom diameter 11 cm,
top diameter 16 cm, and depth 12 cm. Each pot hosted one lettuce plant, with both
plant-to-plant and row spacing maintained at 20 cm.

Table 4. Orthogonal experimental design scheme.

Treatment Nutrient (F) Solution
Concentration (%)

Lower Irrigation
Threshold (W)
(%FC)

Ozone (O)
Concentration
(mg·L−1)

EC
(mS·cm−1) pH

F1W1O1 50 (F1) 40 (W1) 0 (O1) 1.3 6.52
F1W2O2 50 55 (W2) 1 (O2) 1.3 6.53
F1W3O3 50 70 (W3) 2 (O3) 1.3 6.52
F1W4O4 50 85 (W4) 4 (O4) 1.3 6.51
F2W1O2 75 (F2) 40 1 1.8 6.51
F2W2O1 75 55 0 1.8 6.53
F2W3O4 75 70 4 1.8 6.52
F2W4O3 75 85 2 1.8 6.51
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Table 4. Cont.

Treatment Nutrient (F) Solution
Concentration (%)

Lower Irrigation
Threshold (W)
(%FC)

Ozone (O)
Concentration
(mg·L−1)

EC
(mS·cm−1) pH

F3W1O3 100 (F3) 40 2 2.2 6.50
F3W2O4 100 55 4 2.2 6.52
F3W3O1 100 70 0 2.2 6.51
F3W4O2 100 85 1 2.2 6.51
F4W1O4 125 (F4) 40 1 2.6 6.50
F4W2O3 125 55 4 2.6 6.49
F4W3O2 125 70 2 2.6 6.48
F4W4O1 125 85 0 2.6 6.50

2.5. Soilless Culture Setup

The soilless cultivation system is illustrated in Figure 2 and primarily comprised plant-
ing beds, nutrient solution storage tanks, waste liquid tanks, and ozone treatment devices.
The planting beds were made from eco-friendly ABS material, measuring 122 × 129 × 5 cm,
and equipped with inlet and outlet ports for tidal irrigation. The nutrient solution storage
tank, measuring 61 × 43 × 34 cm, featured a 12 V mini DC self-priming water pump with
an 8 L·min−1 flow rate. Manual irrigation control was achieved through a water pump
switch, with a steel ruler inside the tank to monitor the nutrient solution level (up to 35 cm).
A waste liquid tank of identical dimensions collected the used nutrient solution post-ozone
disinfection. The ozone treatment setup includes an oxygen generator (200 K, Delixi,
Shanghai, China), a high-pressure ozone generator (ZY-A30, Guangzhou, China), and an
ozone gas–liquid mixing reactor with a capacity of 120 L. The titanium microscopic aerator
within this system maintains a flow rate of 25 L·min−1, producing an ozone concentration
between 65 to 85 mg·L−1. After irrigation, the ozone generator is activated to sterilize the
nutrient solution.

Agronomy 2024, 14, x FOR PEER REVIEW 5 of 22 
 

 

Table 4. Orthogonal experimental design scheme. 

Treatment Nutrient (F) Solution 
Concentration (%) 

Lower Irrigation 
Threshold (W) (%FC) 

Ozone (O)  
Concentration (mg·L−1) 

EC (mS·cm−1) pH 

N1W1O1 50 (F1) 40 (W1) 0 (O1) 1.3 6.52 
N1W2O2 50 55 (W2) 1 (O2) 1.3 6.53 
N1W3O3 50 70 (W3) 2 (O3) 1.3 6.52 
N1W4O4 50 85 (W4) 4 (O4) 1.3 6.51 
N2W1O2 75 (F2) 40 1 1.8 6.51 
N2W2O1 75 55 0 1.8 6.53 
N2W3O4 75 70 4 1.8 6.52 
N2W4O3 75 85 2 1.8 6.51 
N3W1O3 100 (F3) 40 2 2.2 6.50 
N3W2O4 100 55 4 2.2 6.52 
N3W3O1 100 70 0 2.2 6.51 
N3W4O2 100 85 1 2.2 6.51 
N4W1O4 125 (F4) 40 1 2.6 6.50 
N4W2O3 125 55 4 2.6 6.49 
N4W3O2 125 70 2 2.6 6.48 
N4W4O1 125 85 0 2.6 6.50 

2.5. Soilless Culture Setup 
The soilless cultivation system is illustrated in Figure 2 and primarily comprised 

planting beds, nutrient solution storage tanks, waste liquid tanks, and ozone treatment 
devices. The planting beds were made from eco-friendly ABS material, measuring 122 × 
129 × 5 cm, and equipped with inlet and outlet ports for tidal irrigation. The nutrient so-
lution storage tank, measuring 61 × 43 × 34 cm, featured a 12 V mini DC self-priming water 
pump with an 8 L·min−1 flow rate. Manual irrigation control was achieved through a water 
pump switch, with a steel ruler inside the tank to monitor the nutrient solution level (up 
to 35 cm). A waste liquid tank of identical dimensions collected the used nutrient solution 
post-ozone disinfection. The ozone treatment setup includes an oxygen generator (200 K, 
Delixi, Shanghai, China), a high-pressure ozone generator (ZY-A30, Guangzhou, China), 
and an ozone gas–liquid mixing reactor with a capacity of 120 L. The titanium microscopic 
aerator within this system maintains a flow rate of 25 L·min−1, producing an ozone con-
centration between 65 to 85 mg·L−1. After irrigation, the ozone generator is activated to 
sterilize the nutrient solution. 

  
Figure 2. Schematic diagram of experimental apparatus for the ozone treatment. (a) Diagrammatic 
drawing; (b) picture of real products. 

Figure 2. Schematic diagram of experimental apparatus for the ozone treatment. (a) Diagrammatic
drawing; (b) picture of real products.

For all treatments, the upper limit of irrigation aligned with the substrate’s field water
holding capacity. Six uniformly grown lettuce pots were selected per treatment. Daily
weigh-ins at 8 a.m. determined when irrigation was needed, based on the average weight
nearing the per-set lower irrigation threshold. During irrigation, weights were recorded
every three minutes. Once the upper irrigation limit was reached, the water pump switch
was manually turned off. The drainage valve was then opened to remove any excess
nutrient solution, which was collected in the waste liquid tank after ozone disinfection for
reuse. This approach effectively recycled the nutrient solution, ensuring sustainable use.

2.6. Nutrient Solution Management

The experiment began with the preparation of stock solutions for each reagent based
on Hoagland’s formula in the laboratory. These stock solutions were subsequently diluted
according to the specific requirements of each treatment outlined in the experimental design.
To ensure uniformity, the diluted nutrient solutions were thoroughly mixed. For optimal
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lettuce growth conditions, the pH of all nutrient solutions was adjusted to 6.50 ± 0.03
using 1 mol·L−1 H2SO4 or NaOH. The initial electrical conductivity (EC) and pH for each
treatment’s nutrient solution were measured using a portable water quality tester (EC:
0–10,000 µS·cm−1; pH: 0–14), as detailed in Table 3. Throughout the experiment, the EC
and pH levels were measured twice daily. Adjustments were made as necessary: tap water
was added if the EC was too high or fresh nutrient solution was added if the EC was too
low, maintaining consistent nutrient concentration and aligning with the initial values
throughout the growth period.

2.7. Analysis and Methods

The two rounds of experiments were conducted on 15 March and 27 April, with
harvests occurring on 20 April and 2 June, spanning a duration of 37 days. Beginning 7 d
after transplantation, four representative lettuce plants were selected from each treatment
every 6 d, with each treatment being replicated four times. Specific sampling times are
detailed in Table 5. These plants were evaluated for lettuce plant height and crown diameter,
shoot fresh and dry weights, root fresh and dry weights, and other related indices. Data collected
at lettuce harvesting were compiled and analyzed to draw the corresponding conclusions.

Table 5. Sampling time for each treatment.

Crops Sampling Time

First Second Third Fourth Fifth

First crop 27-March 2-April 8-April 14-April 20-April
Second crop 9-May 15-May 21-May 27-May 2-June

(1) Measurement of lettuce growth indicators:

Plant height (cm) was measured from the lettuce stem to the highest leaf position using
a straightedge (range: 50 cm). Crown diameter was determined by measuring the distance
across and from the front to the back of the lettuce using a straightedge (range: 50 cm),
averaging these measurements.

(2) Measurement of lettuce biomass and water content:

Shoot and fresh root weights (g) were acquired by cutting lettuce from the stem and
segregating it accordingly. After the root was washed with distilled water and dried with
filter paper, fresh weights were measured using a micrometer balance. The dry weights
of the lettuce shoot and root parts were calculated by drying cleaned lettuce parts in an
oven at 105 ◦C for 30 min, followed by 85 ◦C until constant weight. The water content of
the lettuce shoot (%) was computed as follows:

Wc(%) =
(fw − dw)

dw
× 100%

where ‘fw’ is the fresh shoot weight of an individual lettuce plant (g) and ‘dw’ is the dry
shoot weight of an individual lettuce plant (g).

(3) Measurement of lettuce nutrients:

Nitrogen content was measured using a flow analyzer, phosphorus content using the
Mo-Sb colorimetric method, and potassium content using the flame photometric method
(dry matter, crushed through a 0.25 mm screen, and decocted with H2SO4-H2O2). Plant
uptake of these nutrients was computed as the product of shoot dry matter and nutrient
concentration. Fertilizer use efficiency (%) was computed using the following formula for
nitrogen, phosphorus, and potassium:

NUE =
TNA
NFR
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where NUE is N use efficiency, TNA is the shoot lettuce nitrogen accumulation (kg·ha−1),
and NFR is the amount of N fertilizer applied (kg·ha−1).

(4) Measurement of lettuce quality:

Vitamin C (VC) content was measured using the 2,6-dichloroindophenol titration
method, nitrate content using the colorimetric method with salicylic acid, soluble sugar
content using anthrone colorimetry, and soluble protein content using Coomassie brilliant
blue G-250 (CB-BG-250).

The water use efficiency (WUE) of a single lettuce plant is computed as follows:

WUE =
fw

cw

where ‘fw’ is the fresh shoot weight of an individual lettuce plant (kg) and ‘cw’ is the water
consumption of a single lettuce plant (m3).

2.8. Data Processing

Statistical analysis, correlation analysis, and significance testing (p < 0.05) were per-
formed on data from the two-crop trials using the GLM program in SPSS (version 21.0,
IBM Corporation, Armonk, NY, USA). Duncan’s multiple comparison tests were utilized
to compare means. Tukey’s honest significant difference (HSD) test was used to analyze
the interaction effects of various factors. The experimental data were statistically and
graphically analyzed using Excel 2010 and Origin 2021.

3. Results
3.1. Effect of Different Treatments on Water Content of Lettuce Shoots

The graph highlights distinct responses to water content based on variations in nutrient
solution concentration, irrigation threshold (W), and ozone concentration (O) (Figure 3).
The analysis also revealed that shoot water content trends remained stable across different
treatment factors. Within the same nutrient solution concentration (F), shoot water content
increased with increasing lower irrigation threshold (W). Similarly, with the same nutrient
solution concentration (F), increasing ozone concentration (O) initially increased shoot
water content before reaching a peak and declining while maintaining the same lower
irrigation threshold (W) showed that shoot water content initially increased and then
decreased with rising nutrient solution concentration (F). The range of shoot water content
was 92.93 to 94.67% in the first crop and 91.05 to 92.67% in the second crop. Additionally,
the water content of lettuce shoot in the first crop was higher than that in the second crop.
The highest water content values were recorded from the treatments: F3W4O2 (94.67%) in
the first crop and F2W4O3 (93.27%) in the second crop.
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3.2. Effect of Different Treatments on Nutrient Concentration and Uptake in Lettuce

The impacts of various treatments on NPK concentration in lettuce across two cropping
cycles were significant and showed consistent trends across different treatments (Figure 4a–c).
These concentrations were statistically distinct (p < 0.05). The F3W4O2 treatment resulted in
the highest lettuce NPK concentrations at 42.12, 35.61 g·kg−1, 4.37, 5.1 g·kg−1, and 5.44, 5.57
g·kg−1 for the two crops, respectively, significantly outperforming most other treatments
(p < 0.01). However, these values were not statistically different from those in the F2W4O3
and F4W4O1 crops (p > 0.05). In the first crop, the F4W1O4 treatment produced the lowest
lettuce NP concentrations at 33.12 and 3.37 g·kg−1, respectively. The lowest lettuce K
concentration was observed under the F1W1O1 treatment at 4.67 g·kg−1. Conversely, in
the second crop, the F1W1O1 treatment consistently produced the lowest lettuce NPK
concentrations at 25.70, 3.51, and 4.67 g·kg−1, respectively, marking a significant decrease
compared to the highest values observed in the F3W4O2 treatment (p < 0.001).
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The trend in NPK uptake was consistent across both lettuce crops as illustrated in
Figure 5. The F3W4O2 treatment demonstrated the highest NPK uptake, which was not
significantly different from F4W4O1 (p > 0.05), yet it was significantly higher than that of
the other treatments (p < 0.01). Conversely, the lowest NPK uptake in both lettuce crops
was consistently noted with the F4W1O4 treatment, which was significantly lower than
that of other treatments (p < 0.01) except for F1W1O1 (p > 0.05).
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3.3. Effect of Different Treatments on Lettuce Biomass

The experimental results illustrate that with a nutrient solution concentration of F1,
there is an increase in the fresh shoot weight, dry shoot weight, fresh root weight, and
dry root weight of lettuce across both crops as W and O increase (Table 6). Conversely,
as the nutrient solution concentration of F4 increases, there is a gradual increase in fresh
shoot weight, dry shoot weight, fresh root weight, and dry root weight of lettuce across
both crops with an increase in W and a decrease in O. These highlight the influence of the
influence of interaction between W and O on the shoot and root fresh and dry weights of
lettuce (Table 7).

Table 6. Effect of different treatments on lettuce biomass in the first crop.

Treatment Shoot Fresh
Weight (g)

Shoot Dry
Weight (g)

Root Fresh
Weight (g) Root Dry Weight (g) Root to Shoot

Ratio
Shoot Dry
Matter Rate (%)

F1W1O1 34.93 ± 1.20 i 2.20 ± 0.11 g 5.92 ± 0.14 i 0.43 ± 0.06 h 0.169 ± 0.003 d 6.27 ± 0.51 d
F1W2O2 41.27 ± 2.19 gh 2.65 ± 0.12 de 7.46 ± 0.10 de 0.49 ± 0.03 cdefg 0.181 ± 0.009 c 6.41 ± 0.25 cd
F1W3O3 44.44 ± 1.14 efg 2.40 ± 0.11 fg 7.00 ± 0.18 fg 0.46 ± 0.05 fgh 0.158 ± 0.002 f 5.39 ± 0.36 i
F1W4O4 45.16 ± 1.38 ef 2.68 ± 0.14 cde 7.37 ± 0.17 e 0.50 ± 0.03 bcdef 0.163 ± 0.002 ef 5.93 ± 0.39 ef
F2W1O2 40.87 ± 1.61 gh 2.68 ± 0.17 cde 7.87 ± 0.12 c 0.52 ± 0.01 bcde 0.193 ± 0.005 b 6.55 ± 0.45 c
F2W2O1 43.16 ± 1.27 fgh 2.50 ± 0.04 ef 7.70 ± 0.29 cd 0.49 ± 0.01 cdefgh 0.178 ± 0.003 c 5.78 ± 0.08 fg
F2W3O4 50.19 ± 0.95 cd 2.95 ± 0.09 b 7.43 ± 0.13 e 0.47 ± 0.02 efgh 0.148 ± 0.000 j 5.87 ± 0.06 ef
F2W4O3 59.48 ± 1.44 b 3.34 ± 0.16 a 8.32 ± 0.18 b 0.54 ± 0.02 abc 0.140 ± 0.001 h 5.61 ± 0.14 gh
F3W1O3 39.89 ± 1.82 h 2.24 ± 0.11 g 7.22 ± 0.19 ef 0.46 ± 0.03 fgh 0.181 ± 0.004 c 5.61 ± 0.57 gh
F3W2O4 47.53 ± 2.16 de 2.86 ± 0.07 bc 7.90 ± 0.16 c 0.49 ± 0.02 cdefgh 0.166 ± 0.006 de 6.01 ± 0.34 e
F3W3O1 52.49 ± 1.29 c 2.92 ± 0.02 b 7.79 ± 0.14 c 0.52 ± 0.01 abcd 0.148 ± 0.001 j 5.56 ± 0.27 gh
F3W4O2 66.19 ± 1.37 a 3.53 ± 0.07 a 8.68 ± 0.27 a 0.55 ± 0.04 ab 0.131 ± 0.002 i 5.33 ± 0.19 i
F4W1O4 31.57 ± 1.20 i 2.23 ± 0.12 g 6.52 ± 0.07 h 0.47 ± 0.04 efgh 0.207 ± 0.006 a 7.07 ± 0.13 a
F4W2O3 40.31 ± 1.42 h 2.77 ± 0.10 bcd 6.88 ± 0.10 g 0.44 ± 0.03 gh 0.171 ± 0.004 d 6.86 ± 0.06 b
F4W3O2 51.58 ± 1.27 c 2.87 ± 0.07 bc 7.76 ± 0.20 c 0.48 ± 0.04 defgh 0.150 ± 0.002 j 5.57 ± 0.05 h
F4W4O1 61.46 ± 1.09 b 3.48 ± 0.13 a 8.57 ± 0.16 a 0.57 ± 0.05 a 0.139 ± 0.004 h 5.67 ± 0.12 gh

Note: Different lowercase letters after numbers in the same column indicate significant differences at the 0.05 level.
Means followed by the same letters do not differ significantly. The bold font in the table represents the maximum
value of each indicator.

Table 7. Effect of different treatments on lettuce biomass in the second crop.

Treatment Shoot Fresh
Weight (g)

Shoot Dry
Weight (g)

Root Fresh
Weight (g) Root Dry Weight (g) Root to Shoot

Ratio
Shoot Dry
Matter Rate (%)

F1W1O1 45.08 ± 1.66 i 3.43 ± 0.12 i 6.48 ± 0.13 j 0.50 ± 0.04 f 0.144 ± 0.003 d 7.60 ± 0.17 ghi
F1W2O2 51.95 ± 1.05 gh 3.70 ± 0.09 h 7.25 ± 0.08 i 0.53 ± 0.07 ef 0.140 ± 0.001 e 7.12 ± 0.03 j
F1W3O3 59.24 ± 1.34 ef 4.41 ± 0.18 f 8.26 ± 0.11 g 0.63 ± 0.04 bcde 0.139 ± 0.002 e 7.45 ± 0.17 i
F1W4O4 62.47 ± 1.89 de 4.93 ± 0.08 d 9.67 ± 0.09 c 0.74 ± 0.01 b 0.155 ± 0.003 c 7.86 ± 0.22 ef
F2W1O2 52.69 ± 0.66 g 4.07 ± 0.10 g 8.24 ± 0.17 g 0.64 ± 0.07 bcde 0.156 ± 0.002 c 7.73 ± 0.56 fgh
F2W2O1 57.08 ± 0.43 f 4.69 ± 0.09 e 9.40 ± 0.15 d 0.74 ± 0.06 b 0.165 ± 0.002 b 8.22 ± 0.77 cd
F2W3O4 63.19 ± 2.02 d 4.91 ± 0.07 d 8.86 ± 0.14 e 0.67 ± 0.11 bcd 0.140 ± 0.002 e 7.76 ± 0.13 fg
F2W4O3 76.49 ± 1.65 b 5.94 ± 0.13 b 10.82 ± 0.14 b 0.92 ± 0.08 a 0.141 ± 0.002 de 7.76 ± 0.39 fg
F3W1O3 43.35 ± 1.09 i 3.62 ± 0.10 h 7.11 ± 0.18 i 0.57 ± 0.03 def 0.164 ± 0.001 b 8.35 ± 0.34 bc
F3W2O4 49.06 ± 1.52 h 3.95 ± 0.05 g 7.64 ± 0.06 h 0.61 ± 0.07 cdef 0.156 ± 0.004 c 8.05 ± 0.17 de
F3W3O1 62.10 ± 1.58 de 4.69 ± 0.16 e 9.00 ± 0.20 e 0.71 ± 0.12 bc 0.145 ± 0.001 d 7.55 ± 0.11 hi
F3W4O2 81.46 ± 0.90 a 6.21 ± 0.15 a 11.53 ± 0.06 a 1.02 ± 0.10 a 0.142 ± 0.001 de 7.62 ± 0.19 ghi
F4W1O4 33.54 ± 0.76 j 3.00 ± 0.06 j 6.06 ± 0.06 k 0.49 ± 0.02 f 0.181 ± 0.002 a 8.94 ± 0.13 a
F4W2O3 43.69 ± 1.55 i 3.53 ± 0.10 hi 6.23 ± 0.07 k 0.50 ± 0.08 f 0.143 ± 0.003 de 8.08 ± 0.05 de
F4W3O2 57.87 ± 1.16 f 4.87 ± 0.13 d 7.46 ± 0.23 h 0.62 ± 0.08 cde 0.129 ± 0.003 f 8.42 ± 0.39 b
F4W4O1 70.46 ± 1.61 c 5.67 ± 0.10 c 8.53 ± 0.18 f 0.69 ± 0.06 bc 0.121 ± 0.001 j 8.04 ± 0.48 de

Note: Different lowercase letters after numbers in the same column indicate significant differences at the 0.05
level. Means followed by the same letters do not differ significantly. The bold font in the table represents the
maximum value of each indicator.

Furthermore, the F3W4O2 treatment stands out as the most productive, with a fresh
shoot weight of 66.19 g, significantly higher than other treatments (p < 0.05). Similarly, the
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dry shoot weight, wet root weight, and dry weight were 3.53, 8.68, and 0.55 g, respectively,
producing no significant difference compared to the F4W4O1 treatment (p > 0.05) but no-
tably higher than other treatments (p < 0.05). Conversely, the F4W1O4 treatment produced
a fresh shoot weight and dry weight of 31.57 and 2.23 g, respectively, not significantly dif-
ferent from that obtained with the F1W1O1 treatment (p > 0.05) but notably lower than that
obtained with other treatments (p < 0.05). Additionally, the F1W1O1 treatment produced
the lowest values for fresh root weight and dry weight at 5.92 and 0.43 g, respectively,
significantly lower (p < 0.05) than other treatments, and the highest values for root-to-shoot
ratio and shoot dry matter ratio, markedly higher than other treatments (p < 0.05). In the
second lettuce crop (Table 6), the F4W1O4 treatment produced minimal values for fresh
root weight and dry weight of 6.6 and 0.49 g, respectively, not significantly different from
the F4W2O3 treatment (p > 0.05) but notably lower than other treatments (p < 0.05). Trends
in other biomass metrics remained consistent with those observed in the first crop.

3.4. Effect of Different Treatments on Lettuce Plant Height and Crown Diameter

The plant height and the crown diameter of lettuce in both crops followed consistent
trends under different factors. When the nutrient solution concentration (F) remained
constant, the plant height and the crown diameter of lettuce increased with the rising lower
irrigation threshold (W) (Figures 6 and 7). Similarly, with a constant nutrient solution
concentration (F), the plant height and the crown diameter of lettuce initially increased
and then decreased with the rising ozone concentration (O). Likewise, when the lower
irrigation threshold (W) remained constant, the plant height and the crown diameter
of lettuce exhibited a trend of initially increasing and then decreasing with the rising
nutrient solution concentration (F). Additionally, from the graph, it is evident that when
the nutrient solution concentration was F1, the plant height and the crown diameter of
lettuce in both crops increased with the rising W and O. Conversely, when the nutrient
solution concentration was F4, the lettuce plant height crown diameter in both crops
gradually increased with the rising W and decreasing O. This underscores the influence of
the interaction between W and O on the plant height and the crown diameter of lettuce.
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The trends in plant height across different treatments were consistent for both crops,
with significant differences observed (p < 0.05) (Figure 6). The F3W4O2 treatment produced
significantly greater plant height compared to other treatments (p < 0.05), while the F1W4O4,
F2W2O1, F2W3O4, and F3W2O4 treatments produced no significant difference (p > 0.05).
Conversely, the F4W1O4 treatment produced a significantly smaller plant height than other
treatments (p < 0.05). The range of lettuce plant height across both crops was 19.20 to
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23.08 cm and 20.53 to 30.53 cm, respectively. The mean differences in lettuce plant height
between the highest treatment (F3W4O2) and the lowest treatment (F4W1O4) were 3.88 and
10.00 cm, respectively, with similar trends observed among different treatments.
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The lettuce crown diameter under various treatment conditions showed consistent
trends across both crops with significant differences among treatments (p < 0.05) (Figure 7).
The F3W4O2 crop produced a significantly greater lettuce crown diameter than other
treatments (p < 0.05), while the F2W4O3, F4W4O1, F3W3O1, F4W3O2, F1W3O3, and
F2W2O1 crops showed no significant difference (p > 0.05). Conversely, the F4W1O4 crop
produced significantly lower lettuce crown diameter than other crops (p < 0.05). The range
of lettuce crown diameter across both crops was 25.13 to 36.70 cm and 27.93 to 40.53 cm,
respectively. The mean differences in lettuce crown diameter between the highest treatment
(F3W4O2) and the lowest treatment (F4W1O4) were 11.57 and 12.60 cm, respectively.
Overall, the patterns of change in lettuce crown diameter among different treatments
were consistent.

3.5. Effect of Different Treatments on Lettuce Yield and Quality

The yield of lettuce under various treatment conditions showed significant differences
(p < 0.05) among plants in two-crop lettuce yields (Table 8). The F3W4O2 treatment pro-
duced the highest lettuce yields at 16.82 and 20.70 t·ha−1, respectively, significantly higher
than other treatments. Conversely, the F1W2O2, F2W1O2, F1W3O3, F1W4O4, F2W3O4,
and F3W3O1 treatments produced no significant differences (p > 0.05). The F4W1O4 treat-
ment produced the lowest yields at 8.02 and 8.52 t·ha−1, respectively, significantly lower
than other treatments (p < 0.05). The range of lettuce yield across both crops was 8.02 to
16.82 t·ha−1 and 8.52 to 20.70 t·ha−1, respectively. The mean differences in lettuce yields
between the highest treatment (F3W4O2) and the lowest treatment (F4W1O4) were 8.80 and
12.18 t·ha−1, respectively.

The VC content ranged from 85.97 to 110.65 µg·g−1 among plants (Figure 8a). The
F3W4O2 treatment produced the highest VC content at 110.65 µg·g−1, significantly higher
than other treatments (p < 0.05), while the F1W1O1 treatment produced the lowest VC
content at 85.97 µg·g−1, significantly lower than other treatments (p < 0.05). Soluble protein
content varied significantly among plants (p < 0.05) (Figure 8b), with the F3W4O2 treatment
producing the highest content at 6.78 mg·g−1, significantly higher than other treatments
(p < 0.05), and the F1W1O1 treatment producing the lowest content at 3.63 mg·g−1, signif-
icantly lower than other treatments (p < 0.05). When the nutrient solution concentration
(F) was the same, the soluble protein content increased with an increasing lower irriga-
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tion threshold. Moreover, soluble sugar content peaked with the F3W4O2 treatment at
13.09 mg·g−1, not markedly different from the F2W4O3 and F4W4O1 (p > 0.05) treatments
and significantly higher than other treatments (p < 0.05). Conversely, the F4W1O4 treatment
produced the lowest content at 10.53 mg·g−1, not markedly different from the F1W1O1
treatment (p > 0.05) but significantly lower than other treatments (p < 0.05) (Figure 8c). Ni-
trate content was the highest with the F1W1O1 treatment at 1017.16 µg·g−1, not markedly
different from the F2W2O1 treatment (p > 0.05) but significantly higher than other treat-
ments (p < 0.05). The F4W3O2 treatment produced the lowest content at 915.14 µg·g−1,
significantly lower than other treatments (p < 0.05), except for F1W2O2, F3W4O2, and
F2W4O3 (p > 0.05) (Figure 8d).

Table 8. Effect of different treatments on lettuce yield.

Treatment
Yield (t·ha−1)

First Crop Second Crop

F1W1O1 10.14 ± 0.46 i 11.46 ± 0.42 i
F1W2O2 10.49 ± 0.56 gh 13.20 ± 0.27 gh
F1W3O3 11.30 ± 0.29 efg 15.06 ± 0.34 ef
F1W4O4 11.48 ± 0.35 ef 17.08 ± 0.35 de
F2W1O2 10.39 ± 0.41 gh 13.39 ± 0.17 g
F2W2O1 10.97 ± 0.32 fgh 14.51 ± 0.11 f
F2W3O4 12.76 ± 0.24 cd 16.06 ± 0.51 d
F2W4O3 15.62 ± 0.28 b 20.59 ± 0.46 b
F3W1O3 8.88 ± 0.30 h 11.02 ± 0.28 i
F3W2O4 12.08 ± 0.55 de 12.47 ± 0.39 h
F3W3O1 13.34 ± 0.33 c 15.78 ± 0.40 de
F3W4O2 16.82 ± 0.35 a 20.70 ± 0.23 a
F4W1O4 8.02 ± 0.30 i 8.52 ± 0.19 j
F4W2O3 10.25 ± 0.36 h 11.1 ± 0.39 i
F4W3O2 13.11 ± 0.32 c 14.71 ± 0.30 f
F4W4O1 15.12 ± 0.37 b 17.91 ± 0.41 c

Note: Different lowercase letters after numbers in the same column indicate significant differences at the 0.05 level.
Means followed by the same letters do not differ significantly. The bold font in the table represents the maximum
value of each indicator.
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3.6. Effect of Different Treatments on Lettuce WUE

The WUE of two-crop lettuce showed consistent trends across treatments (Figure 9).
The F3W4O2 treatment produced the highest WUE at 40.14 and 38.05 kg·m−3, respectively,
significantly higher than other treatments (p < 0.01). Conversely, the F4W1O4 treatment
produced the lowest WUE at 24.74 and 21.43 kg·m−3, respectively, significantly lower than
other treatments (p < 0.01). The F2W2O1 treatment produced no significant difference
compared to F1W2O2 and F1W4O4 (p > 0.05), and there was no significant difference
between the F1W2O2 and F1W4O4 treatments (p > 0.05).
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3.7. Effect of Different Treatments on Lettuce NPK Use Efficiency

The patterns observed for NPK use efficiency were consistent among treatments. For
nitrogen (N) use efficiency (Figure 10a), the F1W2O2 treatment produced the highest values
at 35.98 and 41.01 kg·kg−1, respectively, not markedly different from the F1W1O1 treatment
(p > 0.05) but significantly higher than other treatments (p < 0.01). Conversely, the F4W1O4
treatment produced the lowest values at 14.23 and 18.00 kg·kg−1, not significantly different
from the F4W2O3 treatment (p > 0.05) but markedly lower than other treatments (p < 0.01).
Other treatments produced no significant differences (p > 0.05).
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The phosphorus (P) use efficiency of the two lettuce crops ranged from 5.70 to
14.35 kg·kg−1 and 4.29 to 12.54 kg·kg−1, respectively (Figure 10b). The F1W3O3 treatment
produced the highest values, significantly different from all other treatments
(p < 0.01) except F1W2O2 (p > 0.05). Conversely, the F4W1O4 treatment produced the
lowest values, not markedly different from F4W2O3 (p > 0.05) but significantly lower than
other treatments (p < 0.05). Other treatments produced no significant differences (p > 0.05).

For K use efficiency, values ranged from 1.64 to 4.42 kg·kg−1 and 2.20 to 5.30 kg·kg−1,
respectively (Figure 10c). F1W2O2 produced the highest values, significantly higher than
other treatments (p < 0.01) except F1W3O3 (p > 0.05). Conversely, the F4W1O4 treatment
had the lowest values, not significantly different from F4W2O3 (p > 0.05) but significantly
different from other treatments (p < 0.01). Other treatments produced no significant
differences (p > 0.05).

3.8. Range and Variance Analysis

Previous experimental results suggest interactions between nutrient solution concen-
tration, lower irrigation threshold, and ozone concentration significantly affect lettuce
growth and yield. To develop a more precise management strategy, we utilized variance
and range analysis to quantify the impact of these parameters on lettuce development and
to identify optimal parameter combinations. Variance analysis reveals that ozone (O) had
no significant effect on soluble sugar content or the potassium use efficiency (KUE) of the
first crop (Table 9), but it did significantly impact the phosphorus use efficiency (PUE) of the
first crop. Furthermore, factors F, W and O had a highly significant impact on the remain-
ing indicators. Additionally, the interaction between factors F and O, as well as between
factors W and O, significantly influenced lettuce yield, quality, and water and nutrient use
efficiency. Moreover, the interaction between factors F and W significantly affected soluble
sugar content and had a highly significant impact on the remaining indicators.

Table 9. Variance analysis (Tukey (HSD)).

Factor F W O F × O F × W W × O

Yield
First crop 11.34 ** 37.87 ** 7.36 ** 42.82 ** 13.30 ** 17.28 **

Second crop 0.74 ** 2.44 ** 0.47 ** 2.83 ** 0.85 ** 1.12 **

Quality

VC First crop 811.51 ** 751.33 ** 49.29 * 859.55 ** 157.51 ** 919.73 **
Soluble protein First crop 2.50 ** 44.72 ** 1.45 ** 45.20 ** 1.93 ** 2.98 **
Soluble sugar First crop 4.19 ** 29.54 ** 0.34 ns 31.39 ** 2.19 * 6.04 **

Nitrate First crop 7052.55 ** 10,592.41 ** 23,398.08 ** 22,392.49 ** 3519.16 ** 18,853.63 **

WUE
First crop 123.45 ** 735.37 ** 79.88 ** 825.00 ** 169.51 ** 213.08 **

Second crop 175.03 ** 586.75 ** 113.55 ** 678.85 ** 205.65 ** 267.14 **

FUE

NUE
First crop 2774.92 ** 42.34 * 86.72 ** 234.19 ** 278.57 ** 2966.77 **

Second crop 2365.07 ** 109.62 ** 135.09 ** 378.69 ** 404.16 ** 2634.14 **

PUE
First crop 427.57 ** 15.36 ** 5.03 * 33.86 ** 23.53 ** 446.07 **

Second crop 321.16 ** 28.20 ** 12.92 ** 39.25 ** 23.96 ** 332.20 **

KUE
First crop 46.38 ** 3.90 ** 0.43 ns 6.16 ** 2.69 ** 48.64 **

Second crop 44.04 ** 7.76 ** 1.64 ** 11.16 ** 5.05 ** 47.44 **

Abbreviations: F, nutrient solution concentration; W, lower irrigation threshold; O, ozone concentration. * signifi-
cant. ** extremely significant. ‘ns’ no significant.

Range and variance analyses (Table 10) delineated the influence hierarchy of each
experimental factor on various parameters. For yield, soluble protein content, soluble
sugar content, and WUE, the order of influence was W > F > O. Conversely, for VC, P use
efficiency, and K use efficiency, the order was F > W > O. For nitrate content, the order was
O > W > F. Similarly, for N use efficiency, the order was O > W > F.

Variance analysis confirmed that nutrient solution concentration and lower irrigation
threshold significantly impacted yield, quality, WUE, and NPK use efficiency. However,
ozone concentration had a negligible effect on the first crop’s soluble sugar content, PUE,
and KUE, but significantly influenced other indicators.

In range analysis, ‘k’ typically represents the average deviation of each factor at every
level, serving as a metric to evaluate the influence of factor-level fluctuations on the outcome.
To facilitate comparison among different indicators, k values in Table 8 were normalized.
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Each k-value was divided by kmin to obtain k′, and these k′ values were plotted in Figure 11.
Optimization schemes were identified for improving yield and quality while conserving
water and fertilizer. Further analysis suggested the optimization and improvement schemes
for different factors and levels within the orthogonal experiment were F2W4O2, F3W4O2,
and F1W4O2 (Figure 11). Considering economy, water–fertilizer use efficiency, and other
comprehensive indicators, the optimal combination was determined to be F3W4O2.

Table 10. Range analysis.

Factor Index
Yield (t·ha−1)

VC
(µg·g−1)

Protein
(mg·g−1)

Soluble
Sugar
(mg·g−1)

Nitrate
(µg·g−1)

WUE (kg·m−3) NUE (%) PUE (%) KUE (%)

First
Crop

Second
Crop

First
Crop

Second
Crop

First
Crop

Second
Crop

First
Crop

Second
Crop

First
Crop

Second
Crop

F

K1 43.40 56.80 364.41 19.48 46.75 3856 118.88 119.77 133.39 148.26 53.59 45.32 16.42 19.00
K2 49.73 64.55 384.11 21.05 47.83 3836 129.31 128.51 93.55 128.81 39.42 36.51 13.24 16.66
K3 51.12 59.98 404.32 21.64 48.08 3760 134.03 122.92 88.39 122.12 32.98 26.53 10.51 13.12
K4 46.50 52.25 385.76 20.89 45.49 3765 125.27 110.27 59.47 81.47 25.45 22.25 7.18 10.33
k1 10.58 14.20 91.10 4.87 11.69 964 29.72 29.94 33.35 37.06 13.40 11.33 4.10 4.75
k2 12.43 16.14 96.03 5.26 11.96 959 32.33 32.13 23.39 32.20 9.85 9.13 3.31 4.17
k3 12.78 14.99 101.08 5.41 12.02 940 33.51 30.73 22.10 30.53 8.25 6.63 2.63 3.28
k4 11.62 13.06 96.44 5.22 11.37 941 31.32 27.57 14.87 20.37 6.36 5.56 1.80 2.58
Range 1.93 3.07 9.98 0.54 0.65 24 3.79 4.56 18.48 16.70 7.04 5.77 2.31 2.17

W

K1 37.43 43.39 369.68 15.64 43.42 3874 108.36 106.02 88.73 111.32 34.92 28.46 10.37 12.88
K2 43.79 51.28 376.81 20.36 45.90 3811 121.99 113.39 93.04 121.30 37.25 32.27 11.65 14.41
K3 50.51 61.61 385.90 22.33 48.02 3803 131.67 123.80 95.67 123.61 39.73 34.90 12.28 15.09
K4 59.04 76.28 406.22 24.75 50.81 3729 145.47 138.26 97.37 124.43 39.54 34.99 13.05 16.73
k1 9.36 11.10 92.42 3.91 10.86 969 27.09 26.50 22.18 27.83 8.73 7.12 2.59 3.22
k2 10.95 12.82 94.20 5.09 11.48 953 30.50 28.35 23.26 30.33 9.31 8.07 2.91 3.60
k3 12.63 15.40 96.48 5.58 12.00 951 32.92 30.95 23.92 30.90 9.93 8.73 3.07 3.77
k4 14.76 19.07 101.55 6.19 12.70 932 36.37 34.57 24.34 31.11 9.89 8.75 3.26 4.18
Range 5.40 7.97 9.14 2.28 1.85 36 9.28 8.06 2.16 3.28 1.20 1.63 0.67 0.96

O

K1 49.57 59.66 380.62 20.55 47.29 3907 129.43 123.47 96.96 124.73 37.24 31.97 11.35 14.55
K2 50.81 62.01 390.24 21.80 47.35 3693 132.10 126.62 98.96 126.88 38.78 34.98 12.20 15.74
K3 46.04 57.77 384.11 20.45 46.85 3794 125.77 118.93 91.91 116.19 39.07 33.52 12.06 14.87
K4 44.34 54.14 383.63 20.28 46.66 3823 120.18 112.44 86.97 112.86 36.35 30.15 11.74 13.96
k1 12.39 14.91 95.15 5.14 11.82 977 32.36 30.87 24.24 31.18 9.31 7.99 2.84 3.64
k2 12.70 15.50 97.56 5.45 11.84 923 33.03 31.66 24.74 31.72 9.70 8.74 3.05 3.93
k3 11.51 14.44 96.03 5.11 11.71 949 31.44 29.73 22.98 29.05 9.77 8.38 3.02 3.72
k4 11.08 13.53 95.91 5.07 11.66 956 30.05 28.11 21.74 28.22 9.09 7.54 2.93 3.49
Range 1.62 1.97 2.41 0.38 0.17 53 2.98 3.54 3.00 3.51 0.68 1.21 0.21 0.44
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4. Discussion

Properly adjusting water and nutrient parameters for greenhouse lettuce cultivation
is an essential factor in enhancing both yield and quality [37,38]. Our experiments con-
sistently demonstrate that increasing the lower irrigation threshold and nutrient solution
concentration (F3 for the first crop, F2 for the second crop) benefits lettuce in terms of plant
height (Figure 6), crown diameter (Figure 7), dry matter content (Tables 6 and 7), yield
(Table 8), and quality (Figure 8). Furthermore, the experiments reveal that the growth
results of the second crop lettuce surpass those of the first crop, possibly due to the slightly
higher temperature in the second crop accelerating substrate and organic matter decompo-
sition, enhancing net nitrogen mineralization, and promoting nutrient cycling. This leads
to increased physiological activity of substrate microorganisms, consequently accelerating
substrate decomposition and respiration [39]. Furthermore, temperature fluctuations may
be the reason for the growth differences between two successive crops of lettuce, as studies
indicate that as temperature rises, lettuce leaf area and dry weight increase [40]. This is
mainly because the maximum values are reached at 25 ◦C, when the dry matter content
is highest. The effect of root zone temperature on lettuce leaf net photosynthetic rate and
mineral element content is similar to its effect on yield. However, when the temperature
reaches 35 ◦C, root and leaf growth and the accumulation of mineral elements in the shoots
are severely hindered, and lettuce leaf nitrate content significantly decreases [41]. Addition-
ally, studies have shown that as temperature increases, plant height, fresh shoot weight,
total soluble sugars, caffeine, and oleanolic acid content all first rise and then fall [42].
These studies all demonstrate the relationship between temperature and lettuce growth,
and indirectly explain the potential differences in the results between the two crops in this
article. In addition, the lower limit of irrigation changes the frequency of irrigation, indi-
rectly affecting the extent to which crops are affected by water and fertilizer management
and ozone. Previous studies have shown that irrigation frequency can alter the distribution
and storage of water and heat in the soil (substrate), thereby affecting crop growth. Most
research indicates that some crops respond well to high-frequency irrigation, mainly re-
flected in increased crop yield and improved water and fertilizer use efficiency [43–46]. The
research results of this article confirm that raising the lower irrigation threshold increases
irrigation frequency, allowing for rapid root development and creating an environment
conducive to absorbing more water and nutrients, thereby enhancing growth parameters.
Conversely, when the lower limit of irrigation is low, a smaller irrigation frequency leads
to a significant decrease in water stress and yield of lettuce. In terms of irrigation volume
and quality research, some studies have found that lettuce treated with 50% field water
content had significantly higher VC content than other treatments, a result inconsistent
with our study. This discrepancy may be due to the positive effects of the interaction
between water and nutrient regulation and ozone on lettuce quality observed in our study.
Furthermore, inappropriate nutrient solution concentrations of nutrient solutions inhibited
lettuce growth. Low concentrations did not to meet the growth demands of lettuce, while
high concentrations elevated osmotic pressure, thereby reducing root system vigor [18] and
impeding water and nutrient uptake [17], ultimately compromising yield and quality [19].
Within an appropriate range, an increase in nutrient solution concentration enhanced
chlorophyll content in plant leaves, thus improving quality [15] and yield [16]. The growth
pattern of lettuce observed in this experiment regarding nutrient solution concentration
aligns closely with previous research findings. Hence, selecting optimal nutrient solution
concentrations tailored to specific plants is crucial to avoid nutrient deficiency and promote
an ecological environment.

In the process of regulating water and nutrient parameters for substrate crop growth,
it is crucial not only to consider crop yield and quality but also to pay attention to negative
effects such as nutrient loss and environmental pollution [47]. Ozone is considered an envi-
ronmentally friendly method and has significant advantages in deodorization, food, water,
air purification, and industrial wastewater treatment [41,48]. In the results of this study,
ozone demonstrates a significant impact on various indicators of lettuce, including plant
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height, crown diameter, yield, soluble protein, VC, nitrate content, water use efficiency,
NUE, and the second crop’s PUE and KUE (Table 8) (p < 0.05). This finding aligns with the
research of Fcowors et al. [49] regarding the number and yield of soybean pods. It may
be because, on one hand, ozone dissolved in nutrient solution decomposes into oxygen,
which promotes aerobic respiration in plant roots, thus increasing nutrient transport in the
solution [50,51]. This enhances crop root absorption and utilization of water and nutrients,
ultimately improving yield, water use efficiency, and quality [52]. On the other hand, ozone
can transform organic matter in the nutrient solution into inorganic substances that can be
absorbed and utilized by plants [53]. Additionally, the decrease in ascorbic acid content
in lettuce treated with ozone is crucial for enhancing antioxidant capacity under ozone
conditions [54]. However, when ozone is used to sterilize nutrient solution, high concen-
trations can hinder carbon transport to the roots, restrict water and nutrient absorption,
and damage crops and vegetation [55], adversely affecting plant growth and yield [56].
Therefore, the function of promoting crop growth can only be achieved under specific
conditions [57]. Research findings from Flowers et al. [49] indicate that low concentrations
of ozone increase crop yield, while high concentrations inhibit crop growth. This suggests
that, on the basis of reasonable water and nutrient regulation, utilizing ozone for nutrient
solution sterilization can produce positive effects when combined with water and nutrient
regulation, significantly improving lettuce yield and quality.

In the preceding sections, we clarified the combined effects of water and nutrient
regulation with ozone on lettuce growth. Furthermore, understanding how various factors
interact in affecting lettuce growth will aid in devising a more precise management model.
Range analysis reveals the impact sequence of each experimental factor on the yield,
soluble protein content, soluble sugar content, and water use efficiency of each treatment
combination as follows: W (lower irrigation threshold) > F (nutrient solution concentration)
> O (ozone concentration). Similarly, the impact sequence on the VC and PAE and KAE
of each treatment combination is F > W > O, while the sequence for nitrate content is O
> W > F, and for NAE, it is O > W > F. Moreover, analysis of the interactive effects of
water nutrient regulation and ozone on lettuce growth (Table 9) shows that the pairwise
interaction of these factors significantly affects lettuce yield, quality, and water and nutrient
use efficiency. This is primarily due to previous studies mainly focusing on either the
water and nutrient management model for substrate-cultivated lettuce or the concentration
and effects of ozone. However, these studies have not reached a unified conclusion, and
there has been limited research on the interactive use of water and nutrient regulation with
ozone. The findings of this study could enhance the quality and environmental benefits of
substrate-cultivated lettuce.

Nevertheless, while this study analyzed the growth indicators, yield, and quality of
lettuce under ozone treatment, the mechanism by which ozone enhances lettuce quality
and efficiency is still unknown. Further research is needed to explore the differences
in substrate environmental indicators and their mechanisms on lettuce root water and
nutrient absorption under ozone treatment. Additionally, elucidating the interaction
between substrate microorganisms and root exudates in the nutrient cycling and regulation
mechanisms explored in this study will be crucial for advancing modern agriculture, which
will be a key focus of our future research. Finally, if we conduct research on efficient and
green agricultural models, carbon emissions are a factor that we cannot ignore. Although
we did not specifically analyze carbon emissions and focused instead on the relationship
between water and nutrient management and lettuce yield and efficiency, our results
indicated that the most suitable outcome was not achieved with high nutrient solution
concentration treatments. Studies by Guo et al. [58], Dejie et al. [59], and Hu et al. [60]
demonstrate that appropriate water and nutrient management is an effective measure to
reduce carbon emissions, suggesting that we may have inadvertently reduced emission
risks as well. Furthermore, Sharma et al. [61] and Pan et al. [62] confirm that the treatment
of nutrient solution wastewater is also a crucial step in reducing carbon emissions. The
ozone disinfection treatment used in our hydroponic cultivation may have also contributed
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to reducing carbon emissions. Our final research results indicate that the F3W4O2 treatment
may not only enhance yield and efficiency but also reduce the risk of carbon emissions.

5. Conclusions

In this study, we examined the effects of nutrient solution concentration (F), lower
irrigation threshold (W), and ozone concentration (O) on various physiological and bio-
chemical indices of lettuce. The results indicated that W had the most significant impact
on lettuce growth, whereas O had the least influence. Optimal conditions, with nutrient
solution concentrations between 75 and 100% and ozone concentrations ranging from
0–1 mg·L−1 promoted vigorous plant growth, increased yield, improved quality, and en-
hanced water–fertilizer use efficiency. Furthermore, a higher lower threshold of irrigation,
implying more frequent watering, enhanced plant growth. Variance analysis showed that
ozone (O) did not significantly affect soluble sugar content and potassium absorption
efficiency (KUE) of the first crop (Table 9), but it does significantly impact the phospho-
rus absorption efficiency (PUE) of the first crop. Furthermore, factors F, W, and O had a
highly significant impact on the remaining indicators. Additionally, the interaction between
factors F and O, as well as between factors W and O, significantly affected lettuce yield,
quality, and water and nutrient use efficiency. The interaction between factors F and W
also significantly affected soluble sugar content and had a highly significant impact on the
remaining indicators. Range analysis identified F3W4O2 (100% nutrient solution concentra-
tion, 85% lower irrigation threshold, 1 mg·L−1 ozone concentration) as the most effective
combination, representing the optimal strategy for greenhouse substrate cultivation of
lettuce in terms of yield, quality, and resource use efficiency.
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