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Abstract: Oxygenated irrigation can improve soil physical and chemical properties and increase
vegetable yields. It provides an effective method for safe and efficient utilization of brackish water,
but its growth-promoting pathway is unclear. We investigated the effects of brackish water culture at
five dissolved oxygen concentrations (9.5 (CK), 12.5, 15.5, 18.5, and 22.5 mg/L) on pakchoi (Brassica
chinensis L.) growth characteristics by hydroponics experiment, and the logistic model to fit and
analyze pakchoi growth characteristics. At a brackish water dissolved oxygen concentration of
18.5 mg/L, nitrogen mass fraction was significantly higher than in a control treatment by 43.4%,
and pakchoi effective accumulated temperature increment during vigorous plant height and root
length growth was significantly lower than other treatments. The logistic model effectively simulated
pakchoi plant height and root length growth, and both theoretical maximum plant height and root
length reached their maximum values at 18.5 mg/L dissolved oxygen concentration. Path analysis
showed that the maximum net photosynthetic rate and nitrogen mass fraction were the main factors
affecting aboveground pakchoi fresh weight. In conclusion, a dissolved oxygen concentration of
18.5 mg/L in brackish water is more appropriate for pakchoi to achieve high yield under brackish
water hydroponics conditions. Our results provide guidance for the safe and efficient utilization of
brackish water in green and efficient vegetable production.

Keywords: brackish water; dissolved oxygen concentration; pakchoi; logistic model; path analysis

1. Introduction

Human activities and climate change have made water supply and demand increas-
ingly prominent, especially when demand exceeds supply and restricts sustainable agri-
cultural development [1–3]. Increasingly, more countries and regions are facing severe
water shortage challenges [4] and have developed and utilized brackish water to alleviate
freshwater shortages [5–7]. Brackish water resources are widely distributed in Northwest
China, with huge development potential [8]. However, their long-term use for irrigation
will aggravate secondary soil salinization and affect normal crop growth [9,10]. Therefore,
how to use brackish water resources for agricultural irrigation in a green and efficient
manner plays a vital role in sustainable agricultural production and development.

Oxygenated irrigation is the use of physical or chemical oxygen technology to sig-
nificantly increase dissolved oxygen content in ordinary water [11,12], thereby increasing
irrigation water activity, enhancing its physiological functions, and improving crop wa-
ter and fertilizer utilization effectiveness. Therefore, combining oxygen technology with
brackish water irrigation to develop more efficient aerobic brackish water irrigation tech-
nology is highly significant for alleviating water supply and demand contradictions and
realizing agricultural water conservation. Presently, commonly used physical oxygenation
technologies include micro-nano bubble generators or venturi air jets for hydrogen per-
oxide solution delivery to crop root zones to achieve oxygenation [13,14]. Among them,
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micro-nano bubbles can slowly rise, remain in the water for a long time, dissolve under
pressure by themselves, and have a large specific surface area which is beneficial to the
mass transfer, adsorption, and chemical reaction of the gas/liquid interface [15].

Oxygen is not only the final electron acceptor of the oxidative phosphorylation path-
way in aerobic respiration [16] but also provides most of ATP needed in crop roots through
oxidative reaction. As important organs for plant growth, roots not only have many
important physiological functions, such as absorption, fixation, storage, synthesis, and
reproduction but also profoundly affect plant adaptation to the environment, interspecies
competition, and ecological strategies [17,18]. Studies have shown that a suitable rhi-
zosphere oxygen environment can improve yield, quality, and phosphorus utilization
efficiency [19] in vegetables, such as lettuce [20] and tomato [21]. However, a root oxy-
gen environment that is too low or too high will also adversely affect vegetable growth.
Xu et al. [22] showed that oxygen stress (hypoxia or hyperoxia) accelerates cell senescence
and destroys cell membrane permeability. Additionally, active oxygen radicals will be
produced under high dissolved oxygen concentrations, and their excessive production
may limit vegetable growth and decrease photosynthetic efficiency [23]. Therefore, an
appropriate rhizosphere dissolved oxygen concentration is important for vegetable quality
and production efficiency.

Crop growth models are the main basis for precision agricultural crop diagnosis and
technical measure formulation. They simulate crop growth by applying known or predicted
conditions to provide quantitative indicators for decision-making and diagnosis [24]. Crop
growth follows certain rules, and organ growth and development ultimately determine crop
yields. Currently, the most commonly used crop growth model is the logistic equation, a
continuous distribution with greater use value and a common sigmoid function [25–27]. It
is suitable for crop organ growth trends where the growth rate is slow-fast-slow. Logistic
equations perform well in expressing and quantifying the compensation effect of crop
growth characteristics [28–30]. By applying logistic functions, we can improve grain
moisture content and daily grain dry weight through simulations [31]. In early applications,
the logistic model used time t (time after sowing or time after emergence) as an independent
variable to simulate and analyze temporal crop growth and crop dry matter accumulation
changes after emergence in an S-shaped curve [32]. However, due to different climate
conditions and crop growth times in different regions, the crop growth stage expressed by
growth time alone will produce larger deviations [33]. Since the heat required by crops to
complete a certain growth stage is constant, we used effective accumulated temperature
instead of time to simulate crop growth and development [34,35].

Overall, oxygenated irrigation has been widely studied in vegetables, while its impact
in combination with brackish water on vegetable growth characteristics has been rarely
reported. Pakchoi is one of the most popular vegetable crops because of its short growth
period, easy planting, and high nutritional value [36,37]. Therefore, we explored the
effect of brackish water culture with different dissolved oxygen concentrations on pakchoi
growth characteristics. Furthermore, based on effective accumulated temperature, we used
the logistic model to study pakchoi dynamic growth changes. Concurrently, the suitable
dissolved oxygen concentration under brackish water culture was identified to provide a
feasible method for safe and efficient brackish water utilization.

2. Materials and Methods
2.1. Experimental Design

The experiment was conducted hydroponically in an artificial climate greenhouse,
with a temperature of 25 ◦C, a humidity of 40%, and a natural light source. Plump pakchoi
seeds (Four Seasons King Shanghai Qing) were selected and placed in a culture medium
for cultivation. When seedlings were 3–5 cm tall, one for each growth condition was
transplanted into a plastic bucket (base area 20 cm2 and height 15 cm). A hydroponic
nutrient solution was prepared, composed of Hoagland nutrient solution (Table 1) and
sodium chloride (content ≥ 99.5%, pure AR for analysis), with salinity set to 3 g/L. The
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plastic bucket was wrapped with tin foil to provide a dark environment for pakchoi root
growth. After the pakchoi were transplanted, they were cultivated with a 1/4 concentration
nutrient solution for 6 days, a 1/2 concentration nutrient solution for 6 d, and then a full
concentration nutrient solution until the pakchoi was harvested. The culture medium was
replaced every 48 h. Before transplanting and each nutrient solution change, the brackish
water was treated with different oxygenation levels: Treatment 1 was solely brackish water
without oxygenated treatment (dissolved oxygen concentration of 9.5 mg/L), and the
dissolved oxygen concentrations of the other four oxygenation treatments were 12.5, 15.5,
18.5, and 22.5 mg/L, respectively. Six replicates were established for each oxygenated
treatment, and the non-oxygenated treatment was used as the control (CK). A micro-nano
bubble rapid generation device was used for oxygenation, and an HQ40 portable dissolved
oxygen meter was used to monitor brackish water dissolved oxygen concentration changes
during oxygenation.

Table 1. Formula of Hoagland nutrient solution.

Macronutrients Micronutrients Formula of FeEDTA Solution

Salts Concentration/(g·L−1) Salts Concentration/(mg·L−1) Category
Concentration in

FeEDTA
Solution/(g·L−1)

Ca(NO3)2·4H2O 1.18 H3BO3 2.86 FeSO4·7H2O 5.56KNO3 0.51 MnCl2·4H2O 1.81
MgSO4·7H2O 0.49 ZnSO4·7H2O 0.22 C10H14N2Na2O8·2H2O

(EDTA-Na2) 7.46KH2PO4 0.14 CuSO4·5H2O 0.08
H2MoO4·H2O/Na2MoO4·2H2O 0.02/0.03

Note: 2 mL of FeEDTA solution was added to each liter of culture solution.

2.2. Measurement Index and Method

The nutrient solution was collected every 2 days during pakchoi growth, and nitrate
nitrogen content was measured with an ultraviolet spectrophotometer. Pakchoi leaf nitro-
gen mass fractions were determined with an elemental analyzer (UNICUBE, Elementar
Trading (Shanghai) Co., Ltd., Shanghai, China). Pakchoi plant height and taproot root
length were measured with a steel ruler every 2 to 4 days. At the mature stage (50 days
after transplanting), the fresh weight of the aboveground plant parts of each treatment
was weighed.

2.3. The Logistic Model of Crop Growth

The specific formula [38] of the logistic model of crop growth is expressed as:

H =
Hm(

1 + ea1+b1GDD
) (1)

M =
Mm(

1 + ea2+b2GDD
) (2)

where H is plant height, cm; M is root length, cm; Hm is the theoretical upper limit of plant
reproduction, cm; Mm is the theoretical upper limit of root reproduction, cm; GDD is the
effective accumulated temperature after sowing; a1, b1 are undetermined coefficients.

In this experiment, pakchoi seeds were first grown into seedlings and then transferred
into nutrient solution to continue growth hydroponically. Therefore, based on the original
logistic equation and initial plant height and root length at the beginning of hydroponics,
the modified equation is as follows:

H =
Hm(

1 + ea1+b1GDD
) + h (3)

M =
Mm(

1 + ea2+b2GDD
) + m (4)
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where H is plant height, cm; M is root length, cm; Hm is the theoretical plant height in
reproduction, cm; Mm is the theoretical root length in reproduction, cm; GDD is effective
after sowing accumulated temperature; a1, b1, a2, b2 are undetermined coefficients; h is initial
plant height when hydroponics began, m is initial root length when hydroponics began.

Crops can only absorb energy and continue to grow within a suitable temperature
range. High or low temperatures can inhibit growth and even cause damage to crops.
Effective accumulated temperature (GDD) refers to the sum of the temperature difference
between the daily average temperature after crop sowing and the lower limit of biological
temperature suitable for crop growth [39]. Its expression is:

GDD =
n

∑
i=1

(
Tavgi

− Tbasei

)
(5)

In the formula, Tavgi
is the average daily temperature (this experiment was carried out

in an intelligent artificial climate greenhouse, which is a constant temperature of 25 ◦C),
and Tbasei

is the biological lower limit temperature (the pakchoi biological lower limit
temperature is 4 ◦C).

2.4. Correlation Analysis and Path Analysis

The photosynthetic characteristics parameters and yield data of pakchoi were obtained
from Sun et al. [40]. The results analysis and discussion of this manuscript did not directly
use and describe these published data but further used the path analysis method to deeply
discuss the relationship between the photosynthetic characteristics parameters and yield
of pakchoi and the data of plant height, root length, and nitrogen mass fraction in this
manuscript, so as to further explore and analyze the impact of various factors on the
pakchoi yield under brackish water culture with different dissolved oxygen concentrations.
In addition, the growth conditions of pakchoi in the published paper were consistent with
the present manuscript.

All measured data were recorded in Excel 2019 and examined with analysis of variance
(ANOVA) using IBM SPSS 22.0 software (IBM Corp., Armonk, NY, USA). Correlation
analysis and path analysis were performed using Python 3.8. Significant differences
(p < 0.05) between means were identified using the least significant difference (LSD) test.
Figures were drawn using Origin 2021 software.

3. Results
3.1. The Relationship between Effective Accumulated Temperature and Plant Height and Root Length

Different oxygenation treatments of brackish water could significantly promote the
growth characteristics (plant height and root length) of pakchoi. For plant height, when the
GDD was greater than 700 ◦C, there was a significant difference (p < 0.05) under different
dissolved oxygen concentrations in brackish water compared with that non-oxygenated
treatment (9.5 mg/L). For root length, when the GDD was greater than 600 ◦C, brackish
water at different dissolved oxygen concentrations had significant differences (p < 0.05)
compared with that non-oxygenated treatment (9.5 mg/L). Especially at the late growth
stage of pakchoi, the difference between 9.5 mg/L treatment and 18.5 mg/L treatment was
more significant.

Pakchoi plant height growth was in accordance with the logistic model (Figure 1a).
The fitting curves of the five treatment groups’ coefficients of determination were >0.99,
and the fitting degree was good (Table 2). With increasing brackish water oxygenation level,
the theoretical upper limit of pakchoi plant height initially increased and then decreased.
When brackish water dissolved oxygen concentration increased to 18.5 mg/L, the theo-
retical upper limit of pakchoi plant height reached a maximum, but when it increased to
22.5 mg/L, the theoretical upper limit of pakchoi plant height decreased. Among them,
the theoretical upper limit of pakchoi plant height at 12.5, 15.5, 18.5, and 22.5 mg/L oxy-
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gen concentration increased by 31.46, 31.63, 34.94, and 13.94%, respectively, compared to
no oxygen.
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Figure 1. The relationship between the effective accumulated temperature (GDD) and the theoretical
upper limit of plant height (a) and root length (b) of pakchoi cultured in brackish water with
different dissolved oxygen concentrations. The different lowercase letters at the same GDD (effective
accumulated temperature) indicate significant differences among different treatments (p < 0.05).
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Table 2. The characteristic values of curve fitting of pakchoi cultured in brackish water with different dissolved oxygen concentrations.

Index Dissolved Oxygen
Concentration/(mg/L) Hm(Mm)/cm Hm

′ (Mm
′ )/cm a1(a2) b1(b2) R2 h(m)/cm

Plant height

9.5 7.617 10.782 3.014 −0.0045 0.997 3.165
12.5 10.013 12.543 2.355 −0.004 0.994 2.529
15.5 10.026 13.440 4.869 −0.007 0.990 3.414
18.5 10.278 14.291 5.068 −0.0076 0.992 4.013
22.5 8.679 12.455 4.736 −0.0075 0.984 3.776

Root length

9.5 14.236 18.929 10.779 −0.016 0.994 4.693
12.5 18.717 25.326 9.231 −0.0134 0.992 6.609
15.5 18.859 25.758 12.509 −0.0191 0.994 6.899
18.5 20.492 26.838 15.402 −0.0223 0.991 6.346
22.5 17.015 23.028 9.305 −0.0137 0.995 6.013

Hm is the theoretical upper limit of plant height of pakchoi; Mm is the theoretical upper limit of root length of pakchoi; Hm
′ is the theoretical upper limit of plant height of pakchoi after

modification; Mm
′ is the theoretical upper limit of root length of pakchoi after modification; a1, b1, a2, b2 are undetermined coefficients; h is the initial plant height of pakchoi before

transplanting; m is the initial root length of pakchoi before transplanting.
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Root length fitting results also conformed to the logistic model (Figure 1b), fitting curves
R2 of the five treatments were all >0.99, and curve fitting accuracy was high (Table 2). When the
effective accumulated temperature GDD was 650 ◦C, the pakchoi root length growth rate
was the highest, but when GDD was >650 ◦C, it gradually decreased. When the effective
accumulated temperature GDD was >800 ◦C, the root length growth rate approached zero.
As brackish water dissolved oxygen concentration increased from 9.5 to 18.5 mg/L, the
theoretical upper limit of pakchoi root length showed an increasing trend. However, when
it increased to 22.5 mg/L, the theoretical upper limit of pakchoi root length was lower than
at 18.5 mg/L. Among them, compared with the unoxygenated treatment, the theoretical
upper limit of pakchoi root length increased by 31.48, 32.47, 43.94, and 17.02%, respectively,
under oxygen concentrations of 12.5, 15.5, 18.5, and 22.5 mg/L.

3.2. Pakchoi Growth Dynamics

The derivation of Equations (3) and (4) was successively obtained. When the first
derivative is the largest (the second derivative is zero), that is, GDD = GDD0 = −a1/b1,
the growth rate is greatest. After this point, the growth rate decreases and then gradually
approaches zero. Since pakchoi plant height and root length conformed with the logistic
model, the two model inflection points, i.e., the extreme point of the second derivative (the
third derivative is zero), can be used to obtain the most vigorous pakchoi growth stage.

Two characteristic points are obtained: GDD1 =
ln (2+

√
3)−a1

b1
, GDD2 =

ln (2−
√

3)−a1
b1

. The
difference between GDD1 and GDD2 is ∆GDD, which is the pakchoi effective accumulated
temperature increment during vigorous plant height and root length growth (Table 3).

∆GDD is the vigorous pakchoi plant height or root length growth period and can
reflect the increase in effective accumulated temperature required by the crop in the rapid
growth stage. Therefore, when dissolved oxygen concentration was 18.5 and 22.5 mg/L,
plant height ∆GDD was significantly lower than in other dissolved oxygen treatments
(Table 4). Especially, the root length ∆GDD under the treatments with a dissolved oxygen
concentration of 18.5 mg/L was significantly lower than other dissolved oxygen treatments.
Simultaneously, plant height and root length under 18.5 mg/L dissolved oxygen concentra-
tion were significantly higher than in other treatments. This indicated that the increase in
effective accumulated temperature required to maintain pakchoi rapid growth under this
treatment was the lowest, but growth efficiency was the highest.

3.3. Cumulative Consumption of Nitrate Nitrogen under Different Dissolved Oxygen
Concentration

Nitrate nitrogen cumulative consumption generally showed an increasing trend (Figure 2)
and increased significantly between 11 and 27 days after transplanting but decreased
21 days after transplanting. The cumulative rate of nitrate nitrogen consumption 39 days
after transplanting was basically zero. Pakchoi cumulative nitrate nitrogen consumption
at a dissolved oxygen concentration of 18.5 mg/L was significantly lower than other
treatments, especially 15 days after the transplanting of pakchoi seedlings (p < 0.05, Table 4,
Figure 2). However, the nitrogen mass fraction under a dissolved oxygen concentration
of 18.5 mg/L was significantly higher than the other treatments (p < 0.05, Table 4), which
significantly increased by 18.9, 9.5, 6.1, and 8.5% in the 9.5, 12.5, 15.5, and, 22.5 mg/L
treatments, respectively. This indicated that pakchoi, at the dissolved oxygen concentration
of 18.5 mg/L had the highest nitrate nitrogen utilization efficiency.
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Table 3. Characteristic values of effective accumulated temperature of plant height and root length under different dissolved oxygen concentrations.

Index Dissolved Oxygen
Concentration/(mg/L) GDD0/◦C GDD1/◦C GDD2/◦C ∆GDD/◦C

Plant height

9.5 669.778 377.120 962.435 585.315
12.5 588.750 259.511 917.989 658.479
15.5 695.571 507.435 883.708 376.274
18.5 666.842 493.558 840.126 346.568
22.5 631.467 455.872 807.061 351.189

Root length

9.5 673.688 591.378 673.688 164.620
12.5 688.881 590.600 787.161 196.561
15.5 654.921 585.971 723.872 137.901
18.5 690.673 631.616 749.729 118.113
22.5 679.197 583.069 775.325 192.257

GDD0 is the effective accumulated temperature when the growth rate of plant height and root length is the fastest; GDD1 and GDD2 are the inflection points of the logistic model;
∆GDD = GDD2 − GDD1, which is the effective accumulated temperature increment of pakchoi during vigorous growth of plant height and root length.

Table 4. The relationship between the growth characteristics of pakchoi and the dissolved oxygen concentration.

Dissolved Oxygen
Concentration/(mg/L)

Cumulative Consumption of
Nitrate Nitrogen/(mg/L) Nitrogen Mass Fraction Plant Height ∆GDD/◦C Root Length ∆GDD/◦C

9.5 2594.70 ± 57.32 b 3.65 ± 0.11 c 585.32 ± 9.11 b 164.62 ± 10.83 b

12.5 2775.84 ± 20.91 a 3.96 ± 0.10 b 658.48 ± 11.08 a 196.56 ± 3.90 a

15.5 2849.53 ± 127.05 a 4.09 ± 0.15 b 376.27 ± 9.29 c 137.90 ± 10.75 c

18.5 1856.56 ± 40.32 c 4.34 ± 0.11 a 346.57 ± 21.04 d 118.11 ± 5.33 d

22.5 2815.78 ± 56.24 a 4.00 ± 0.04 b 351.19 ± 12.301 d 192.26 ± 16.64 a

∆GDD is the effective accumulated temperature increment of pakchoi during vigorous growth of plant height and root length. The different lowercase letters in a column indicate
significant differences among different treatments (p < 0.05).
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Figure 2. Cumulative consumption of nitrate nitrogen in pakchoi cultured in brackish water with
different dissolved oxygen concentrations. The different lowercase letters at the same days after trans-
plantation of pakchoi seedlings indicate significant differences among different treatments (p < 0.05).

3.4. Correlation Analysis between Pakchoi Fresh Weight and Various Factors under Different
Dissolved Oxygen Concentrations

Fresh weight was significantly and positively correlated with the maximum net pho-
tosynthetic rate and nitrogen mass fraction (p < 0.01, Table 5), and was significantly and
negatively correlated with root length ∆GDD (p < 0.05, Table 5). There was a significant
positive correlation between the maximum net photosynthetic rate and nitrogen mass
fraction (p < 0.05, Table 5), and between plant height and root length (p < 0.05, Table 5).
Therefore, nitrogen content and the maximum net photosynthetic rate were the two most
important factors affecting pakchoi fresh weight.

The path coefficient can reflect direct and indirect effects in the correlation coefficient,
so the internal action mechanism among the variables can be determined. In this study, we
investigated the path analysis between pakchoi fresh weight and various factors (Table 6)
and showed that the nitrogen mass fraction direct path coefficient was the largest and the
main factor directly affecting fresh weight. The direct path coefficient was positive, and
the indirect effect was negative. However, the absolute value of the direct path coefficient
was significantly greater than the indirect path coefficient, so the nitrogen mass fraction
overall promoted fresh weight. Additionally, the direct and total indirect path coefficients
of the maximum net photosynthetic rate on fresh weight were both positive, which had a
superimposed positive effect on fresh weight. Therefore, the correlation coefficient between
the maximum net photosynthetic rate and fresh weight was the largest, and their correlation
was the strongest. Among them, the total indirect effect of the maximum net photosynthetic
rate on fresh weight was significantly greater than the direct effect (Table 6), indicating
that the maximum net photosynthetic rate mainly affected pakchoi aboveground fresh
weight through indirect positive effects. Meanwhile, the indirect path coefficient of the
maximum net photosynthetic rate to fresh weight through nitrogen mass fraction was
larger (2.272), indicating that the maximum net photosynthetic rate mainly promoted fresh
weight through the nitrogen mass fraction. Moreover, the coefficient of determination
represents the relative degree of determination of each influencing factor to the predictor.
In this study, the nitrogen mass fraction on the fresh weight coefficient of determination
was 5.954, and the degree of determination was the largest (Table 7).
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Table 5. Correlation coefficients between different growth characteristics of pakchoi.

Yield DOC AqE LCP LSP Rd Pnmax Plant Height Root Length NMF Plant Height ∆GDD Root Length ∆GDD

Yield 1.000 0.292 0.760 −0.203 0.647 0.745 0.989 ** 0.585 0.325 0.973 ** −0.63 −0.896 *
DOC 1.000 −0.248 0.687 0.657 0.555 0.169 0.567 0.442 0.426 −0.821 −0.057
AqE 1.000 −0.647 0.011 0.368 0.840 0.271 0.144 0.620 0.018 −0.662
LCP 1.000 0.479 0.440 −0.289 0.557 0.628 −0.128 −0.507 0.136
LSP 1.000 0.776 0.550 0.650 0.424 0.742 −0.961 ** −0.679
Rd 1.000 0.715 0.968 ** 0.842 0.705 −0.741 −0.754

Pnmax 1.000 0.563 0.329 0.93 * −0.516 −0.031
Plant height 1.000 0.947 * 0.526 −0.633 −0.593
Root length 1.000 0.232 −0.397 −0.383

NMF 1.000 −0.752 −0.836
Plant height ∆GDD 1.000 0.544
Root length ∆GDD 1.000

DOC, dissolved oxygen concentration; AqE, apparent quantum efficiency; LCP, light compensation point; LSP, light saturation point; Rd, dark respiratory rate; Pnmax, maximum net
photosynthetic rate; NMF, nitrogen mass fraction. ∆GDD is the effective accumulated temperature increment of pakchoi during vigorous growth of plant height and root length.
* p < 0.05, ** p < 0.01. Data on photosynthetic characteristic parameters and yield of pakchoi were from Sun et al. [40].

Table 6. Path coefficient between yield and other growth characteristics of pakchoi.

Independent Variable Correlation Coefficient Direct Path Coefficient
Indirect Path Coefficient

Total Indirect Effect DOC AqE LCP LSP Rd Pnmax Plant Height Root Length NMF Plant Height ∆GDD Root Length ∆GDD

DOC 0.292 −1.220 1.509 −0.043 1.078 −0.268 0.642 0.033 0.252 −0.566 1.039 −0.594 −0.064
AqE 0.760 0.170 0.585 0.302 −1.015 −0.005 0.425 0.162 0.120 −0.184 1.514 0.013 −0.747
LCP −0.203 1.570 −1.772 −0.836 −0.113 −0.195 0.509 −0.056 0.247 −0.804 −0.312 −0.366 0.154
LSP 0.647 −0.410 1.055 −0.800 0.002 0.752 0.897 0.106 0.289 −0.542 1.812 −0.695 −0.767
Rd 0.745 1.160 −0.411 −0.676 0.064 0.690 −0.316 0.138 0.431 −1.077 1.722 −0.536 −0.851

Pnmax 0.989 0.190 0.796 −0.206 0.147 −0.454 −0.224 0.827 0.251 −0.419 2.272 −0.373 −1.023
Plant height 0.585 0.440 0.140 −0.690 0.047 0.874 −0.265 1.119 0.109 −1.211 1.284 −0.457 −0.669
Root length 0.325 −1.280 1.605 −0.538 0.025 0.986 −0.173 0.973 0.063 0.421 0.567 −0.287 −0.432

NMF 0.973 2.440 −1.469 −0.518 0.108 −0.200 −0.302 0.815 0.179 0.234 −0.297 −0.544 −0.944
Plant height ∆GDD −0.630 0.720 −1.353 1.000 0.003 −0.795 0.392 −0.857 −0.099 −0.281 0.508 −1.837 0.614
Root length ∆GDD −0.896 1.130 −2.025 0.069 −0.116 0.214 0.277 −0.872 −0.175 −0.264 0.490 −2.042 0.393

DOC, dissolved oxygen concentration; AqE, apparent quantum efficiency; LCP, light compensation point; LSP, light saturation point; Rd, dark respiratory rate; Pnmax, maximum net
photosynthetic rate; NMF, nitrogen mass fraction. ∆GDD is the effective accumulated temperature increment of pakchoi during vigorous growth of plant height and root length. Data of
photosynthetic characteristic parameters and yield of pakchoi were from Sun et al. [40].
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Table 7. Coefficient of determination between yield and other growth characteristics of pakchoi.

Independent Variable Direct Decision
Joint Decision

DOC AqE LCP LSP Rd Pnmax Plant Height Root Length NMF Plant Height ∆GDD

DOC 1.488
AqE 0.029 0.103
LCP 2.465 2.631 0.345
LSP 0.168 0.657 0.002 0.617
Rd 1.346 1.571 0.145 1.602 0.738

Pnmax 0.036 0.078 0.054 0.173 0.086 0.315
Plant height 0.194 0.609 0.041 0.769 0.235 0.988 0.094
Root length 1.638 1.380 0.063 2.525 0.445 2.500 0.159 1.066

NMF 5.954 3.815 0.262 3.952 1.297 5.451 0.562 2.120 5.681
Plant height ∆GDD 0.518 1.443 0.004 1.145 0.568 1.238 0.141 0.401 0.732 2.351
Root length ∆GDD 1.277 0.157 0.254 0.484 0.630 1.977 0.389 0.590 1.108 3.160 0.885

DOC, dissolved oxygen concentration; AqE, apparent quantum efficiency; LCP, light compensation point; LSP, light saturation point; Rd, dark respiratory rate; Pnmax, maximum net
photosynthetic rate; NMF, nitrogen mass fraction. ∆GDD is the effective accumulated temperature increment of pakchoi during vigorous growth of plant height and root length. Data of
photosynthetic characteristic parameters and yield of pakchoi were from Sun et al. [40].
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4. Discussion
4.1. Oxygenation Effects on Pakchoi Growth Characteristics

Oxygen is the reducing power necessary for normal physiological metabolism, crop
growth, and development and constitutes the core of the whole-life metabolic crop pro-
cess [41,42]. However, adverse stress or an inappropriate oxygen environment can easily
lead to crop oxygen stress. When crops grow under adverse conditions (such as salt stress),
reactive oxygen species production will be stimulated, and their levels will subject crops
to different degrees of oxygen stress [43,44]. Under non-oxygenated conditions, a certain
degree of salt stress in crops can make the production and elimination of reactive oxygen
species relatively stable [45]. This is because salt stress can stimulate reactive oxygen species
production in crops, which will lead to oxygen stress, and the reactive oxygen species can
increase crop tolerance to oxygen stress by redox modification of target molecules to ensure
normal crop growth and development [46]. For oxygenation, the oxygenation method
we adopted was achieved by changing the number of micro-nanobubbles in the nutrient
solution and then setting different dissolved oxygen concentrations. Studies have shown
that micro-nanobubbles will constantly rupture with time, and hydroxyl radicals (a kind
of reactive oxygen species) will also be generated during micro-nanobubble bursting [47].
When crops are exposed to oxygen stress (hypoxia or hyperoxia), the balance between
active oxygen production and the scavenging system will be broken, meaning that hy-
droxyl free radicals with high redox potential and strong oxidation cannot be destroyed
and removed in time to prevent crop metabolic disorders, thus affecting normal growth
and development [48]. However, under appropriate dissolved oxygen concentrations, the
antioxidant system can maintain the balance between the production and elimination of
reactive oxygen species, thus protecting plant cells from hydroxyl radical harm [49].

In this study, there was a significant difference in pakchoi nitrogen mass fraction under
oxygenation and non-oxygenation treatments (p < 0.05, Table 4). Under low (12.5 and 15.5 mg/L)
or high oxygen (22.5 mg/L) stress, the salt and oxygen stress coupling effect would inhibit
nitrogen accumulation in pakchoi leaves. When active oxygen surges significantly over a
short time, the balance between active oxygen generation and elimination will be broken,
resulting in hydroxyl free radicals (one active oxygen) with high redox potential and strong
oxidation generated and unable to be removed by some antioxidant enzymes in time,
causing crop metabolic disorders and thus affecting nutrient absorption and utilization [50].
When crops are subjected to high oxygen stress, the photosynthetic rate can be reduced,
leading to a decrease in CO2 availability, thereby hindering the fixation of carbon and
nitrogen by crops [51]. When dissolved oxygen concentration was 18.5 mg/L, accumulated
nitrate nitrogen consumption of pakchoi leaves was the lowest, and nitrogen mass fraction
was the highest, indicating that pakchoi utilization efficiency of nitrate nitrogen under
this dissolved oxygen concentration was the highest (Table 4). Moreover, at this dissolved
oxygen concentration, the pakchoi antioxidant system produced could not only timely
remove the reactive oxygen species generated by the coupling of salt stress and micro-
nano bubble cracking, but also the adequate oxygen supply environment could better
promote pakchoi nitrogen absorption and utilization. Additionally, studies have shown
that there is a significant correlation between crop photosynthetic capacity and nitrogen use
efficiency [52–54]. Higher nitrogen use efficiency can significantly improve leaf chlorophyll
fluorescence characteristics, increase leaf net photosynthetic rate, and ultimately promote
crop yield. This is consistent with our path analysis results. Leaf nitrogen mass fraction
was the decisive factor affecting the maximum net photosynthetic rate, which, in turn,
significantly affected pakchoi yield (Tables 4–6).

Crops transmit signals to the aboveground canopy through roots and then transport
and store growth substances, such as water and nutrients, in crop aboveground parts [55].
Plant height is a key measure of crop aboveground growth, which can effectively reflect
plant development and lay a foundation for improving dry matter accumulation and
optimizing yield [56]. When the dissolved oxygen concentration was 18.5 mg/L, the
pakchoi antioxidant system and dissolved oxygen growth promotion effect in the external
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environment made the theoretical upper limit of plant height and root length higher than
other treatments (Figure 2), which also lays a certain foundation for obtaining high pakchoi
yield under this dissolved oxygen concentration. Additionally, plant height and root length
∆GDD, respectively, represent the vigorous plant height and root length growth period,
i.e., the effective accumulated temperature pakchoi growth amount to maintain rapid
growth. When the dissolved oxygen concentration was 12.5 mg/L, plant height and root
length ∆GDD, respectively, were significantly greater than other treatments (p < 0.05,
Table 4). Because pakchoi may be affected by excessive hydroxyl radicals caused by salt
stress and external micro-nano bubble rupture at this dissolved oxygen concentration,
reducing the damage by higher effective accumulated temperature growth is required to
maintain normal pakchoi growth. When the dissolved oxygen concentration was 18.5 mg/L,
plant height and root length ∆GDD were significantly lower than other treatments (p < 0.05,
Table 4), indicating that pakchoi may be less harmed by the hydroxyl radicals stimulated
by salt stress and external micro-nano bubble rupture. Promoting pakchoi growth by
dissolved oxygen may occupy the dominant position, making the effective accumulated
temperature increase required by pakchoi in its vigorous growth period lower, the growth
rate faster, and the net photosynthetic rate higher. Therefore, when the dissolved oxygen
concentration was 18.5 mg/L, a lower effective accumulated temperature was required to
obtain a higher pakchoi yield.

4.2. Establishment of Multiple Regression Equation Based on Key Factors

In multiple linear regression analysis, if variables are highly correlated (i.e., there is
multiple collinearity), the regression model parameter estimates will be unstable. The
simplest and most direct solution to this is to reduce the number of variables. Path analysis
can deal with more complex variable relationships, separate the key factors from more
original variables, and thus reflect the important role of key independent variables in
regression equations.

According to path analysis results, we concluded that the dissolved oxygen concentration
in different nutrient solutions affects pakchoi leaf nitrogen mass fractions and that they had
the greatest impact on the maximum net photosynthetic rate, which was positively correlated
with yield (Table 5). Therefore, pakchoi aboveground fresh weight (y) was fitted by a linear
equation with dissolved oxygen concentration (x1) and nitrogen mass fraction (x2):

y = 7.069 − 0.1508 x1 + 4.79 x2 (6)

R2= 0.96

From Equation (6), the equation fitting degree was good (R2 = 0.9651, Figure 3). The
linear equation fitted by the scatter was y = x − 0.0003, almost coinciding with the linear
equation y = x, indicating that the aboveground pakchoi fresh weight value predicted by the
established regression equation was close to the measured value and that the multivariate
regression equation prediction accuracy was high.
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