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Abstract: 10 

Wind-disturbance is a potential eco-friendly technique for tackling leggy seedlings. This 11 

study uses orthogonal experimental design and seedlings vigour assessment by strong seedling 12 

index (SSI) to investigate wind-disturbance on regulating tomato seedlings growth. Changes in 13 

endogenous hormone levels and biomechanical properties of tomato seedlings were 14 

investigated using enzyme-linked immunosorbent assay and uniaxial tension tests. Results 15 

showed that factors influencing significantly SSI, in descending order, are wind disturbance 16 

time (T), seedling age at the onset of wind disturbance (SA), wind velocity (V), and interval 17 

time (I). The wind-disturbance effect was found to be optimal with SSI = 0.126 for a condition 18 

where V, T, I and SA values are 3 m·s-1, 1 minute, 30 minutes, and 15 days, respectively. V and 19 

T were positively correlated with the ethylene and abscisic acid content in seedling leaves, 20 

abscisic acid and auxin content in stems, cytokinin and ethylene content in roots, and the elastic 21 

moduli of stems and roots but negatively associated with the cytokinin content in stems and 22 

leaves, auxin and abscisic acid content in roots, and leaves’ elastic modulus. Wind disturbance 23 

mechanism for controlling seedlings growth involved eliciting the accumulation of abscisic acid 24 

in stems and leaves and reduction of the auxin content in roots to about the optimal threshold 25 

for roots growth thereby reducing seedling stems and leaves development and promoting a 26 

better roots growth and a high SSI. This work offers theoretical insights and technical guidance 27 

for utilising wind-disturbance as a sustainable seedling cultivation and personalised seedling 28 

management approach. 29 
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Nomenclature 

A cross-sectional area of the sample, mm2 GAs content of gibberellin in stem, pg·g-1 

ABAr content of abscisic acid in root system, μg·g-

1 

GAl content of gibberellin in leaf, pg·g-1 

ABAs content of abscisic acid in stem, μg·g-1 H height of the stem, mm 

ABAl content of abscisic acid in leaf, μg·g-1 I interval time, min 

CTKr content of cytokinin in root system, μg·g-1 IAAr content of auxin in root system, μg·g-1 

CTKs content of cytokinin in stem, μg·g-1 IAAs content of auxin in stem, μg·g-1 

CTKl content of cytokinin in leaf, μg·g-1 IAAl content of auxin in leaf, μg·g-1 

D diameter of stem, mm L initial length of the sample, mm 

E tensile modulus of elasticity, MPa ΔL difference in sample length before and 

after tension, mm 

Es modulus of elasticity of stem, MPa LA area of the leaf, mm2 

Elb modulus of elasticity of lateral branches, 

MPa 

mgd dry weight of underground organs, g 

El modulus of elasticity of leaf, MPa mgu dry weight of aboveground organs, g 

Er modulus of elasticity of root, MPa SA seedling age at the onset of wind 

disturbance, day 

Elr modulus of elasticity of lateral root, MPa SSI strong seedling index, ds·h-1 

ETHr content of ethylene in root system, ng·g-1 T wind disturbance time, min 

ETHs content of ethylene in stem, ng·g-1 V wind velocity, m·s-1 

ETHl content of ethylene in leaf, ng·g-1 σy fracture stress of the sample, MPa 

Fmax maximum elastic force, N εy fracture strain of the sample, % 

GAr content of gibberellin in root system, pg·g-1   

1 Introduction 32 

Since 2016, the global tomato output value has surpassed 87.97 billion dollars annually, 33 

establishing it as a key global trading commodity (FAO, 2023). During the seedling stage, floral 34 



primordia responsible for the development of tomato fruits typically undergo complete 35 

differentiation. Consequently, the yield of tomato fruits exhibits a close correlation with the 36 

quality of tomato seedlings. Growing seedlings in plug-tray is one of the most common methods 37 

in greenhouses and plant nurseries because seedlings are then easily transplanted as individual 38 

plugs which prevent roots damage during this process (Yi, Zhang, Cheng, Tan, Luo, 2019). 39 

However, the phenomenon of leggy growth occurs frequently during tomato seedling 40 

cultivation. Leggy growth is characterized by an increased internodal spacing and the 41 

development of a slender and weak stem in the seedlings (Zhou et al., 2019). Leggy seedlings 42 

are more prone to subsequent issues such as flower drop, premature senescence, and decreased 43 

stress tolerance following transplantation which result in yield reduction at harvest when 44 

compared to robust seedlings (Ji et al., 2019; Sano et al., 2022). Chemicals Plant Growth 45 

Regulators (PGRs) such as chlormequat chloride, daminozide, diniconazole, and paclobutrazol 46 

are frequently used to control the growth of tomato seedlings. Within the context of greener and 47 

more sustainable production systems, the use of PGRs is not only under different restriction 48 

regimes but also is fading because of potential threat to the environment and human health 49 

(Sparke et al. 2021) Moreover, it has been reported that mechanicals treatments and the 50 

application of PGRs could have comparable effect in reducing plant height (Sparke et al. 2021). 51 

Therefore, investigating the effect of wind perturbation as alternative eco-friendly technology 52 

for inhibiting leggy growth of tomato seedlings holds an important scientific significance. 53 

In the natural environment, wind acts as an external load on plants, exerting influences on 54 

their thigmomorphogenesis (Jaffe, 1973). Andersson (2011) pointed out that the growth rate in 55 

height of impatiens and petunias is reduced under the influence of wind, with the most 56 



significant effects observed at wind velocity of 4.5 m·s-1. Paul-Victor and Rowe (2011) 57 

demonstrated that airflow can increase the ratio of lignified tissue to pith in the stem tissue, 58 

leading to an increase in bending strength of Arabidopsis stems. Gardiner, Berry, and Moulia 59 

(2016) reported a reduction in length and diameter of vessel members as well as wood fibers 60 

length to enhance Sweetgum stem resistance to wind load. Li et al. (2020) found that airflow at 61 

a velocity of 0.6 m·s-1 significantly reduced the growth rate in height of tomato seedlings. 62 

Compared to the control group, their root dry weight and root-to-shoot ratio increased by 34.63% 63 

and 21.43%, respectively. Hwang, Jeong, Kim, Kim, and Hwang (2020) applied airflow 64 

disturbance to tomato seedlings using an air-circulating fan at different velocity, 2, 4, or 8 m·s-65 

1 and found that a wind treatment at 2 m·s-1 could be used to replace diniconazole, PGR 66 

chemical. They also reported shoots and seedlings medium dryness and grafted union breakage 67 

with increased wind velocity, thus suggesting the crucial role of the wind velocity in 68 

determining the optimal results. Shibuya, Shinto, Endo, and Kitaya (2022) observed that 69 

cucumber seedlings subjected to airflow at a velocity of 6.5 m·s-1 exhibited a decrease of 70 

approximately 7.14% in leaf photosynthate, while stem photosynthate increased by 71 

approximately 14.2% compared to the control group. Sparke et al. (2022) subjected 21-day-old 72 

tomato seedlings to airflow disturbance and observed a 33% reduction in the growth rate of the 73 

main stem of tomato seedlings for an outlet velocity of 17.1 m·s-1 when compared to the control 74 

group. Liu, Yang, Fadiji, Li, and Ni (2023) demonstrated via a fluid-solid coupled finite element 75 

models of wind field and tomato seedlings that when a wind velocity of 2 m·s-1 can cause a 76 

mechanical damage to the leaves and lateral branches of tomato seedlings aged 25 days. The 77 

reported findings from the literature, thus seemed to suggest seedlings age as one of the 78 



important factors to consider during wind treatment. 79 

To summarize, the existing literature mainly focuses on the impact of wind disturbance on 80 

various aspects of plant morphogenesis, physiological changes, and growth development. 81 

However, there is a paucity of literature exploring the optimal strategy and associated 82 

mechanisms of utilizing wind disturbance to regulate the growth of tomato seedlings. 83 

Identifying the optimal approach for utilizing wind disturbance to regulate the growth of tomato 84 

seedlings is essential for applying this environmentally friendly technology to prevent or 85 

suppress seedling leggy growth during nursery seedling cultivation. Inappropriate application 86 

of wind disturbance strategy on tomato seedlings may result in ineffective regulation of seedling 87 

growth or severe mechanical damage to seedling roots, stems, or leaves, leading to seedling 88 

mortality. Furthermore, applying wind disturbance during early stages of seedling development 89 

may result in stem bending or breakage, leading to loss of commercial value, while applying it 90 

during later stages may prolong the nursery period of seedlings intended for sale. Hence, the 91 

aim of this study is to investigate the optimal conditions and underlying mechanisms of wind 92 

disturbance on tomato seedlings. 93 

2 Materials and methods 94 

2.1 Plant materials and cultural practice 95 

The experiment was conducted in the greenhouse of the seedling factory located in the 96 

Yangling Demonstration Zone (E 108°71542′, N 34°33548′), China, from August to October 97 

2022. Selected “improved 802F1” tomato seeds (Solanum lycopersicum L.) with strong disease 98 

resistance were used for seedling cultivation to produce 900 seedlings. First, a 1:11 mass ratio 99 

of water was added to the organic active seedling substrate (Xinxile, Shandong Xinxile 100 



Biotechnology Co., Ltd, China), which was primarily made up of imported moss peat, coir and 101 

perlite. Nine 50-hole (5 rows × 10 columns) seedling trays were then filled with the mixture. 102 

The dimensions (length × width × height) of each tray (Fig. 1A) were 54 cm × 28 cm × 9 cm. 103 

Tomato seeds were then planted in the trays at a depth of 2 cm with one seed in each tray hole. 104 

Plug-trays were arranged on the rectangular seedbed housed within the greenhouse. 105 

Subsequently, the seedling trays were misted with water to precisely control the substrate 106 

moisture content within the specified range of 60% to 70%. Water-soluble fertilizer (Kadanlu, 107 

Yiluda Biochemical Technology (Beijing) Co., Ltd, China) and water were combined in a ratio 108 

of 1:1500 and sprinkled on the plug seedling every other day to encourage the differentiation 109 

of its flower buds before the seedling grows until its two leaves have been fully expanded. To 110 

encourage root formation and robust growth of seedlings, a foliar nutrition (YaraVita, Yara 111 

International ASA, Norway) was mixed with water at a ratio of 1:5000 and sprayed the 112 

seedlings after the seedlings grew into a stem with two leaves and one apical bud (Fig. 1B). 113 

This was then followed by another spraying of the seedlings with a mixture of organic water-114 

soluble fertilizer of alginic acid and water at a ratio of 1:1000 once a week to increase 115 

photosynthetic efficiency, encourage flower bud differentiation and root growth as well as to 116 

boost heat and disease tolerance. Ventilation using a fan and wet curtains were used to keep the 117 

greenhouse climate stable while the seedlings were growing. A digital thermometer and 118 

humidity gauge (DL336001, Deli Group Co., Ltd., China) were used to keep the temperature 119 

between 25 and 28 °C / 10 - 15 °C (day and night), the humidity between 75% and 93%, 120 

respectively. The photoperiod was kept between 14 and 10 h (day and night). The illuminance 121 

meter (GM1040B, Jumaoyuan Science and Technology Co., Ltd., China) was used between 122 



9:00 and 17:00 to measure and regulate the daylight, which ranges from 57 to 76 μmol m-2·s-1 123 

on cloudy days to 370 to 400 μmol m-2·s-1 on sunny days. 124 
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 126 

Fig. 1 Morphology and biomechanics of tomato seedling. (A) seedling in hole tray, (B) seedling 127 

with 2 compound leaves and 1 apical bud in the tray, (C) wind-flow disturbed tomato seedling 128 

experiment system, (D) morphological parameters, (E) tensile samples of leaf, lateral root, root, 129 

lateral branch and stem, (F) tension test. 130 

2.2 Experiment design and wind disturbance approach  131 
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2.2.1 Orthogonal experiment design 132 

Based on the literature, four key potential elements that could have an impact on the 133 

growth of tomato seedlings are wind velocity, wind disturbance time, interval time, and the 134 

seedling age at the onset of wind disturbance. The experimental factors and levels are shown in 135 

Table 1. Preliminary single-factor experiments suggest that a wind velocity of 2 m·s-1 may be 136 

the optimal velocity for controlling tomato seedling growth. Consequently, wind velocity levels 137 

of 1 m·s-1, 2 m·s-1, and 3 m·s-1 were selected for investigation. Prolonged periods of wind 138 

disturbance and insufficient intervals can accelerate substrate desiccation, necessitating an 139 

increase in daily watering frequency, thus leading to elevated economic costs of seedling 140 

cultivation. Consequently, wind disturbance duration was set at 1 minute, 5 minutes, and 9 141 

minutes, while interval time were set at 30 minutes, 60 minutes, and 90 minutes. Tomato 142 

seedlings at a very young age exhibit incomplete development of root and stem tissues, 143 

rendering them susceptible to significant mechanical damage from wind perturbation, 144 

potentially leading to seedling death. Typically, tomato seedlings reach a suitable stage for 145 

commercial sale by the 50th day of growth depending on the local climatic conditions and 146 

agronomic requirements. To investigate and demonstrate the inhibitory effects of wind 147 

perturbation on seedling elongation while minimizing transplanting disruptions, a trial period 148 

of 50 days was designed. Therefore, the factor levels for initiating wind perturbation were set 149 

from the 15th to the 30th day of seedling age. The orthogonal table L18 (3
3 × 61) was chosen to 150 

gauge the extent of these factors impact on the growth of tomato seedlings (Table 1).  151 

  152 



Table 1 Orthogonal design for the wind-disturbance to tomato seedlings 153 

No. V / m·s-1 T / min I / min SA / day 

1 1(1) 1(1) 30(1) 15(1) 

2 1(1) 1(1) 60(2) 18(2) 

3 1(1) 5(2) 30(1) 21(3) 

4 1(1) 5(2) 90(3) 24(4) 

5 1(1) 9(3) 60(2) 27(5) 

6 1(1) 9(3) 90(3) 30(6) 

7 2(2) 1(1) 30(1) 30(6) 

8 2(2) 1(1) 90(3) 27(5) 

9 2(2) 5(2) 60(2) 15(1) 

10 2(2) 5(2) 90(3) 18(2) 

11 2(2) 9(3) 30(1) 24(4) 

12 2(2) 9(3) 60(2) 21(3) 

13 3(3) 1(1) 60(2) 24(4) 

14 3(3) 1(1) 90(3) 21(3) 

15 3(3) 5(2) 30(1) 27(5) 

16 3(3) 5(2) 60(2) 30(6) 

17 3(3) 9(3) 30(1) 18(2) 

18 3(3) 9(3) 90(3) 15(1) 

2.2.2 Wind-disturbance method 154 

A small wind disturbance system that could vary the wind velocity, wind disturbance time, 155 

and interval time was built to conduct the wind flow disturbance test after each seedling raising 156 

process was complete (Fig 2). This is made up of one hand-held anemoscope (SW6016, 157 

Guangzhou Suwei Electronic Technology Co., Ltd., China) nine of each of the following 158 

components: axial flow fans (SF3-2, Shengzhou Xingkai Electric Appliance Co., Ltd, China), 159 

velocity controllers (YY-FTQS, Shanghai Delixi switch Co., Ltd., China), and intelligent time 160 



controllers (TW-K12, Ningbo Ailuo Electrical Appliances Co., Ltd, China). The seedling age 161 

progressively advances with time until meeting the predefined threshold for experiment 162 

initiation, as depicted in Table 1. Subsequently, a tray accommodating 50 tomato seedlings was 163 

randomly chosen prior to the commencement of the experiment. Then the axial flow fan was 164 

positioned 0.5 meters in front of the designated tray, initiating a 20-day period of wind 165 

disturbance (Fig. 1C). To measure the real wind velocity, a hand-held anemoscope was placed 166 

next to the tray and the velocity controller adjusted in such a way that the wind velocity on the 167 

tomato seedlings is consistent with the wind velocity indicated in Table 1. The intelligent time 168 

controller was utilized to set the interval and wind disturbance times for the tomato seedlings 169 

to be blown by the wind according to Table 1. The entire experiment was completed on two 170 

seedbeds with each seedbed containing 9 plug-trays. 171 

 172 

Fig. 2 Wind disturbance system. 173 
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ground organs and roots, and seedling strength index are the key geometric and physical 177 

characteristics of tomato seedlings. Two rows of 20 tomato seedlings were randomly chosen 178 

from the seedling tray and removed one by one after each wind disturbance treatment 179 

experiment was complete. Clean water was used to eliminate impurities such peat soil and 180 

vermiculite that were combined into the root system, and they were then immediately and gently 181 

wiped with a cotton towel to remove water from the wash. Samples were immediately stored 182 

in a refrigerator at 4 °C to minimise tomato seedlings' physiological and biochemical processes, 183 

such as transpiration, and their influence on the measured geometric and physical parameters. 184 

The aboveground organs (stems, lateral branches, and leaves) and underground organs (root 185 

system) of each tomato seedling were separated using FEATHER R35 blades after the group of 186 

tomato seedlings has been placed in the refrigerator. A 1 cm long label ruler was placed on the 187 

printer's (LaserJet Pro M132a, Hewlett-Packard Development Co., L.P., USA) scanner top 188 

cover for size calibration of subsequent scanned images. The seedlings' major stems and leaves 189 

were separated then placed on the scanner's transparent glass initial table in a way that they 190 

don't touch each other (Fig. 1D). Next, the image was imported into the Digimizer software 191 

(5.4.4, MedCalc Software Co., Ltd., USA) and the image processing methods were used to 192 

measure the diameter, length, and leaf area of the main stem of seedlings. The leaf area was 193 

calculated as the sum of all true leaf areas of a seedling. Then, the underground and 194 

aboveground organs of each tomato seedling were separated and placed in the appropriate 195 

disposable paper cups before weighing them using an electronic balance (JCS-2000, Kaifeng 196 

Group Co., Ltd., China). A completely automatic constant temperature and humidity box 197 

(HWS-50B, Tianjin Hongnuo Instrument Co., Ltd., China) was used to dry these organs 60 °C 198 



until the weight of these tissues no longer changes. Each tomato seedling index was 199 

subsequently determined using the conventional strong seedling index calculation Eqs. (1) 200 

(Verma, Bajpai, Tewari, Singh, 2005). The strong seedling index, which reflects the tomato 201 

seedling's actual growth state in the plant factory is a crucial indication for objectively 202 

expressing the quality of a tomato seedling. 203 

 SSI = (
D

H
+

mgd

mgu
) ×(mgd+mgu)                                              (1) 204 

2.4 Measurement of the endogenous hormones in tomato seedlings 205 

The wind disturbance treatment was stopped after each group of wind disturbance 206 

treatment experiments was finished to allow the seedlings to develop naturally until the 207 

seedlings were 50 days old. At that point, 12 tomato seedlings were randomly chosen in each 208 

tray, and the roots, stems, and leaf tissues of the experiment plants in each tray were collected 209 

by a blade and put into the respective sealing bag with labels. Subsequently, the sealed bags 210 

containing the sample were placed in a medical low-temperature chamber (MDF-682, 211 

Panasonic Appliances Cold Chain (Dalian) Co., Ltd., China) to maintain the sample in an ultra-212 

low temperature environment of -79 ℃, reduce the degradation of plant hormones themselves, 213 

and increase the accuracy and reliability of experimental results. 214 

The concentrations of five major endogenous hormones (auxin, cytokinin, gibberellin, 215 

abscisic acid, and ethylene) in the roots, stems, and leaves of 18 groups of seedlings after wind 216 

disturbance treatment were quantitatively analysed using enzyme-linked immunosorbent assay 217 

(ELISA) kits. Following wind disturbance treatment, the collected roots, stems, and leaves from 218 

each group were then uniformly mixed. Finally, the endogenous hormone levels were 219 

determined using ELISA kits, and the average levels of endogenous hormones in the roots, 220 



stems, and leaves of each group of seedlings were calculated. 221 

2.5 Measurement of the mechanical parameters of tomato seedlings 222 

After each group of seedlings had undergone the wind disturbance treatment experiment 223 

and had been allowed to develop normally until the seedling age for 50 days, 10 tomato 224 

seedlings were randomly chosen from each tray. Samples were prepared from different parts of 225 

these seedlings including stems and lateral branches measuring 5 cm in length, roots and lateral 226 

roots measuring 3 cm in length, and rectangular leaf samples approximately 2 cm × 0.5 cm in 227 

size. Five replicates of each specimen type were produced (Fig. 1E). Then, a weight with the 228 

mass of 1 kg was used to calibrate the Texture Analyzer (Universal TA, Tengba Instrument 229 

Technology Co., Ltd., China) and this was followed by a calibration of the height of the upper 230 

A/TG probe. The initial distance between the upper and lower tension clamps was set to 30 mm, 231 

and the tension velocity was set to 1 mm·s-1. Subsequently, two ends of each sample were fixed 232 

between the upper and lower probe clamps of the Texture Analyzer for stretching until fracture. 233 

The force-displacement data during tension was recorded in real-time by a computer. Finally, 234 

some biomechanical parameters of the stem, lateral branch, and leaf, such as fracture stress σy, 235 

fracture strain εy and elastic modulus E were derived from the following Eqs. (2 - 4) (An, Li, 236 

Zude-Sasse, Tchuenbou-Magaia, Yang, 2020; An, Zhu, Li, Fadiji, Wani, 2023). 237 

𝜎y =
𝐹𝑚𝑎𝑥

𝐴
                                                        (2) 238 

𝜀y =
∆𝐿

𝐿
                                                          (3) 239 

𝐸 =
𝜎𝑦

𝜀𝑦
                                                          (4) 240 

2.6 Statistical analysis 241 

After the experiment, SAS software (9.2, SAS Research Institute Co., Ltd., USA) was used 242 



to conduct statistical analysis on the collected data and the significance level was set at α = 0.05. 243 

Firstly, employing range analysis, we obtained the optimal wind perturbation control strategy 244 

for regulating tomato seedling growth. Secondly, Pearson correlation analysis was employed to 245 

analyse the correlations among endogenous hormone levels, mechanical properties, and 246 

seedling vigour index within various organ tissues (roots, stems, and leaves). The content of 247 

endogenous hormone and elastic modulus of each tissue were set as dependent variables 248 

whereas the wind velocity, wind disturbance time, interval time and seedling age at the onset 249 

of wind disturbance were considered as independent variables. Multiple linear regression 250 

equations between each dependent variable and independent variables were established by the 251 

backward elimination method. 252 

3 Results and discussion 253 

3.1 Effects of wind disturbance treatment on the strong seedling index of tomato seedlings 254 

Table 2 shows the orthogonal experimental range analysis results using the strong seedling 255 

index of tomato seedlings as the evaluation criterion. The difference in the range values of 256 

various factors indicates the difference in their impact on the strong seedling index, that is, the 257 

factors that significantly affect the strong seedling index are wind disturbance time, seedling 258 

age at the onset of wind disturbance, wind velocity, and interval time in descending order. The 259 

trends of various wind disturbance factors are shown in Fig. 3. It is apparent that the optimal 260 

combination scheme based on the strong seedling index is a wind disturbance time of one 261 

minute, a seedling age at the onset of wind disturbance of 15 days, a wind velocity of 3 m·s-1, 262 

and an interval time of 30 minutes. The optimal conditions obtained from the range analysis 263 

was subjected to validation experiments, yielding a strong seedling index of 0.126, which is 264 



greater than the highest value of 0.123 obtained from the generated 18 orthogonal experimental 265 

analysis (Table 2). 266 

Referring to the above parameter combination, under local agricultural standards and 267 

climatic conditions, utilising wind disturbance to control the growth of tomato seedlings can 268 

result in more compact growth and a higher strong seedling index. Furthermore, compared to 269 

other growth control methods, wind disturbance approach has lower costs and energy inputs 270 

and eliminate the use of legging control chemicals, thus meeting sustainable development 271 

requirements. This technique can be customised based on different varieties and growth 272 

environments by adjusting wind disturbance time, wind velocity, and interval time to meet the 273 

growth needs of different seedlings. Such personalised management can better adapt to different 274 

types of seedling production. 275 

Table 2 Analysis of L18(3
3×61) test results 276 

No. V T I SA SSI 

1 1 1 30 15 0.117 

2 1 1 60 18 0.118 

3 1 5 30 21 0.104 

4 1 5 90 24 0.099 

5 1 9 60 27 0.083 

6 1 9 90 30 0.082 

7 2 1 30 30 0.115 

8 2 1 90 27 0.113 

9 2 5 60 15 0.111 

10 2 5 90 18 0.106 

11 2 9 30 24 0.090 

12 2 9 60 21 0.091 

13 3 1 60 24 0.118 

14 3 1 90 21 0.123 

15 3 5 30 27 0.102 

16 3 5 60 30 0.100 

17 3 9 30 18 0.098 

18 3 9 90 15 0.100 



K1 0.3015 0.3519 0.3129 0.3279  

K2 0.3129 0.3108 0.3105 0.3219  

K3 0.3204 0.2718 0.3114 0.3180  

K4    0.3069  

K5    0.2979  

K6    0.2970  

K1

_

 0.1005 0.1173 0.1043 0.1093  

K2

_

 0.1043 0.1036 0.1035 0.1073  

K3

_

 0.1068 0.0906 0.1038 0.106  

K4

_

    0.1023  

K5

_

    0.0993  

K6

_

    0.099  

R 0.0063 0.0266 0.0008 0.1030  

Sort 3 1 4 2  

 277 

Fig. 3 Trend chart of experimental factors 278 

The strong seedling index is associated with phenotypic parameters of seedlings, such as 279 

the height and diameter of the stem, as well as seedling dry matter content, including the dry 280 

weight of the roots, stems, and leaves. A shorter and thicker main stem and well-developed root 281 

system in seedlings indicate a higher strong seedling index, reflecting stronger seedling vigour. 282 

These results suggest that both wind disturbance parameters (wind velocity, wind disturbance 283 

time, and interval time) and seedling characteristics (seedling age at the onset of wind 284 
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disturbance) collectively influence seedling growth. However, the optimal strategy for 285 

regulating tomato seedling growth obtained in this study has not been identified in the existing 286 

literature. When tomato seedlings were stimulated by a wind disturbance strategy with a wind 287 

velocity of 3 m·s-1, a wind disturbance time of 1 minute, and an interval time of 30 minutes, the 288 

mechanical stimulation intensity applied falls within the tolerance range of tomato seedlings. 289 

At this point, seedlings may have minor damaged areas, but serious mechanical damage such 290 

as main stem breakage is unlikely (Liu, Yang, Fadiji, Li, Ni, 2023). However, mechanical 291 

damage, as one of the abiotic stresses, effectively inhibits plant growth and development, 292 

resulting in a deceleration of the growth rate of the main stem (Yin et al., 2020). When seedlings 293 

experience mechanical microdamage, wound tissue is formed at the site of injury (Ikeuchi et 294 

al., 2017). The wound tissue formed on the stem acts as a proliferative tissue, increasing the 295 

diameter of the stem and thus enhancing the vigour of the seedling. 296 

3.2 Effects of wind disturbance treatment on the leaf area of tomato seedlings 297 

The regression equation between the leaf area of tomato seedlings and its influencing 298 

factors is represented by Equation 5. The results reveal that two factors significantly influence 299 

the leaf area of tomato seedlings: wind velocity and seedling age at the onset of wind 300 

disturbance (p < 0.05). Conversely, factors such as wind disturbance time and interval time 301 

showed non-significant effects (p > 0.05). When the wind velocity was increased by 1 m·s-1, 302 

the leaf area decreased by 436.26 mm2, which represents about 7.75 % of the total leaf area. 303 

Conversely, an increase of 1 day in seedling age at the onset of wind disturbance resulted in a 304 

leaf area increase of 173.9 mm2, accounting for approximately 3.08% of the total leaf area. 305 

LA = 408.62 - 436.26V +173.99SA      R2=0.986                                         (5) 306 



 This finding aligns with the conclusion drawn by Vernieri, Mugnai, and Tognoni (2003) 307 

and Sparke et al. (2022) that the growth rate of plant leaves decreases with increasing 308 

mechanical disturbance intensity. This may be attributed to the long-term stimulation of wind, 309 

prompting plants to readjust their physical structures and morphological characteristics to adapt 310 

to the stresses imposed by wind on various plant organs, thereby improving their resistance 311 

(Gardiner, Berry, Moulia, 2016). These factors contribute to a deceleration in the growth rate 312 

of leaf dimensions in plants. Simultaneously, wind disturbance treatment increased the rate of 313 

water loss in tomato seedlings, leading to an increase in abscisic acid content in leaves (Batool 314 

et al., 2019). Furthermore, the accumulation of abscisic acid in leaves inhibits leaf cell growth, 315 

resulting in a deceleration of leaf size growth rate (Planes et al., 2015). 316 

3.3 Effect of wind disturbance treatment on endogenous hormone content in tomato 317 

seedlings 318 

The regression equations between the endogenous hormone content in various tissues of 319 

tomato seedlings and their influencing factors are shown in Table 3. From the regression 320 

equations, it can be observed that the significant factors influencing endogenous hormone 321 

production in the root, stem, and leaf tissues of tomato seedlings due to wind disturbance 322 

treatment are wind velocity, wind disturbance time, and the seedling age at the onset of wind 323 

disturbance (p < 0.05). The interval duration between treatment has no significant effect (p > 324 

0.05). Factors influencing auxin content in the roots, ranging from greatest to least, are the wind 325 

velocity, seedling age at the onset of wind disturbance, and wind disturbance time. Similarly, 326 

the wind velocity showed a greatest effect on production of other endogenous hormone content 327 

in the root, stem, and leaf tissues but was followed by wind disturbance time, and the seedling 328 



age at the onset of wind disturbance.  329 



Table 3 Multiple regression equations between endogenous hormones content and its 330 

influencing factors 331 

Regression equations R2 

IAAr = 12.591 – 0.467V + 0.217SA – 0.088T 0.989 

IAAs = 13.362 + 0.501V + 0.204T – 0.138SA 0.988 

CTKr=7.158 + 0.299V + 0.151T + 0.054SA 0.962 

CTKs=9.318 – 0.216V – 0.161T + 0.111SA 0.984 

CTKl=9.355 – 0.358V – 0.104T + 0.059SA 0.884 

ABAr=61.925 – 2.407V – 0.675T + 0.092SA 0.991 

ABAs=57.148 + 2.191V + 0.382T – 0.117SA 0.951 

ABAl=60.548 + 2.462V + 0.986T – 0.213SA 0.753 

ETHr=52.038 + 1.778V + 0.500T + 0.310SA 0.832 

ETHl=55.468 + 1.117V + 0.698T +0.231SA 0.953 

When wind velocity increases by 1 m·s-1 and wind disturbance time increases by 1 minute, 332 

the auxin content and abscisic acid content in the stem increase by 0.705 μg·g-1 and 0.573 μg·g-333 

1, respectively. Additionally, the abscisic acid content and ethylene content in the leaves increase 334 

by 3.448 μg·g-1 and 1.815 ng·g-1, respectively. Moreover, the cytokinin content and ethylene 335 

content in the roots increase by 0.45 μg·g-1 and 2.278 ng·g-1, respectively. Conversely, the 336 

cytokinin content in the stem and leaves decreases by 0.377 μg·g-1 and 0.462 μg·g-1, 337 

respectively. Furthermore, the auxin content and abscisic acid content in the roots decrease by 338 

0.555 μg·g-1 and 3.082 μg·g-1, respectively. This is consistent with findings from previous 339 

studies. Indeed, it has been reported that mechanical stimulation alters the levels of endogenous 340 

hormones in plants (Chehab, Eich, Braam, 2009), leads to an increase in auxin content in plant 341 

stems (Jędrzejuk, Kuźma, Nawrot, Budzynski, Orlowski, 2020), and an elevation in ethylene 342 

and abscisic acid content in leaves (Zhao et al., 2017; Gao et al., 2022). During plant growth 343 



and development, the stem plays a role in nutrient transport and provides physical support to 344 

the plant. Auxin is synthesized by the apical meristem of the stem and transported downwards 345 

polarly. Mechanical stimulation increases the levels of peroxidase in the plant, resulting in 346 

decreased auxin in the internodes. Additionally, polar auxin transport is hindered due to 347 

mechanical stimulation (Mitchell, 1977), leading to auxin accumulation at the apex of the stem 348 

(Jędrzejuk, Kuźma, Nawrot, Budzynski, Orlowski, 2020). This may also contribute to the 349 

decrease in auxin content in the roots. Wind disturbance not only exposes plants to mechanical 350 

disturbance but also accelerates the evaporation of substrate moisture, placing plants in a 351 

relatively water-deficient stress environment. This stress can lead to the accumulation of 352 

abscisic acid in leaves, subsequently causing stomatal closure, and effectively preventing 353 

excessive water loss through transpiration (Kim & Shin, 2005). Under the influence of wind 354 

disturbance, mechanical damage can occur in the leaves and lateral branches of tomato 355 

seedlings (Liu, Yang, Fadiji, Li, Ni, 2023), inducing the formation of callus tissue (Ikeuchi et 356 

al., 2017). Cytokinin, auxins, and ethylene are effective inducers of callus tissue (Suo et al., 357 

2021; Li et al., 2022). When plants experience mechanical damage, changes in the 358 

aforementioned endogenous hormones are induced. In the process of regulating plant growth, 359 

auxin interacts antagonistically with cytokinin (Xu et al., 2021) and with ethylene and cytokinin 360 

(Salleh et al., 2016), which may be the reason for the decrease in cytokinin content in the main 361 

stem and leaves after wind disturbance treatment. 362 

When the seedling age at the onset of wind disturbance increased by 1 day, the content of 363 

auxin in the main stem and roots of tomato seedlings decreases by 0.138 μg·g-1 and 0.217 μg·g-364 

1, respectively. Additionally, the content of abscisic acid in the main stem and leaves decreases 365 



by 0.117 μg·g-1 and 0.213 μg·g-1, respectively. Conversely, the content of cytokinin in the root, 366 

stem, and leaf tissues increases by 0.054 μg·g-1, 0.111 μg·g-1, and 0.059 μg·g-1, respectively. 367 

Furthermore, the content of abscisic acid and ethylene in the roots increases by 0.092 μg·g-1 368 

and 0.31 ng·g-1, respectively, while the content of ethylene in the leaves increases by 0.231 369 

ng·g-1. Seedling age is an indicator reflecting the geometric characteristics changes of tomato 370 

seedlings, including stem diameter and height, leaf number, and leaf area. Older seedlings have 371 

longer leaf development time and larger leaf area, which increases the stress on various organ 372 

tissues of plants in windy environments (Scott, 2005). Ancelin, Courbaud, and Fourcaud (2004) 373 

indicated that older trees are more susceptible to mechanical damage in windy environments 374 

compared to younger ones. Liu, Yang, Fadiji, Li, and Ni (2023) also pointed out that older 375 

tomato seedlings are more prone to mechanical damage to their leaves and lateral branches in 376 

windy environments. Moreover, as the seedling age increases, the maturity of various tissue 377 

organs of tomato seedlings increases, making it more difficult to form callus tissue (Suo et al., 378 

2021). Therefore, a more complex endogenous hormone induction mechanism is required to 379 

promote callus tissue formation, which partially explains the changes in hormone levels such 380 

as auxin, cytokinin, and ethylene. The above results indicate that subjecting tomato seedlings 381 

to wind disturbance at an appropriate seedling age impedes the polar transport of endogenous 382 

hormones within the plant as well affecting their synthesis and consequently their concentration 383 

in the plant. 384 

From Table 3, it can be observed that there is a strong correlation between the hormone 385 

levels of auxin, cytokinin, abscisic acid, ethylene, and the wind disturbance factors. Except for 386 

the correlation between auxin content in tomato seedling leaves and ethylene content in stems, 387 



the regression equations between the endogenous hormone levels in other tissues and their 388 

influencing factors have R2 values greater than 0.75. Due to the polar transport of a large amount 389 

of auxin from the apical meristem and leaves to the root and the base of the stem, wind 390 

disturbance treatment increased the relative chlorophyll content of seedling leaves, thereby 391 

enhancing the photosynthetic efficiency per unit leaf area and promoting the transport of auxin 392 

from leaves to roots (Li et al., 2021). As the wind disturbance stimulus also inhibits the polar 393 

transport of auxin to the leaves (Mitchell, 1977), this may explain the relatively weak 394 

correlation between auxin content in tomato seedling leaves and wind disturbance factors 395 

(Tanimoto, 2005). The weak correlation between ethylene content in tomato seedling stems and 396 

wind disturbance factors may be attributed to the fact that ethylene is primarily released in the 397 

apical shoots exposed to mechanical disturbance, but its secretion decreases under repetitive 398 

mechanical stimuli. Therefore, the relationship between stem ethylene content and wind 399 

disturbance factors is not significant (Mensuali-Sodi et al., 2006). The weak correlation 400 

between gibberellin content in tomato seedling roots, stems, and leaves and wind disturbance 401 

factors may be due to abscisic acid's role as a plant hormone that responds positively to stress 402 

environments, exhibiting an antagonistic relationship with gibberellin in plant development and 403 

environmental responses. Therefore, the relationship between gibberellin content in tomato 404 

seedlings and wind disturbance factors is not significant (Chen et al., 2022; Liu & Hou, 2018). 405 

Similarly, the research findings indicate that the interval time has no significant impact on the 406 

hormone content within tomato seedlings. Sparke, Müller, Ruttensperger, Heesch, and Wünsche 407 

(2022) noted that there is no clear dose-response relationship between wind disturbance 408 

frequency and relative height of seedlings, as well as between leaf and root dry weight. This 409 



may be attributed to the saturation of cytosolic calcium influx (Ca2+) due to repetitive wind 410 

disturbance treatments, leading to reduced sensitivity of plants to repetitive and continuous 411 

mechanical stimulation (Knight, Smith, Trewavas, 1992). This indirectly suggests that the 412 

interval time has an insignificant effect on the hormone content within plant tissues which aligns 413 

with our findings. 414 

3.4 Effect of wind disturbance treatment on mechanical parameters of tomato seedlings 415 

The regression equations between the mechanical parameters of tomato seedlings and their 416 

influencing factors are presented in Table 4. The results indicate that wind disturbance 417 

significantly affects the mechanical parameters of tomato seedling root, stem, and leaf tissues, 418 

with factors including wind velocity, wind disturbance time, and the seedling age at the onset 419 

of wind disturbance (p < 0.05). Conversely, the interval time does not have a significant effect 420 

(p > 0.05). The factors affecting the elastic modulus of the stem, lateral branches, and lateral 421 

roots, in descending order, are wind velocity, wind disturbance time, and the seedling age at the 422 

onset of wind disturbance. Similarly, the factors affecting the elastic modulus of the root, in 423 

descending order, are wind velocity, the seedling age at the onset of wind disturbance, and wind 424 

disturbance time. Lastly, the factors affecting the elastic modulus of the leaves, in descending 425 

order, are wind disturbance time, the seedling age at the onset of wind disturbance, and wind 426 

velocity. 427 

  428 



Table 4 Multiple regression equations between mechanical parameters and its influencing 429 

factors 430 

Regression equations R2 

Es = 53.934 + 5.141V + 0.523T - 0.161SA 0.939 

Elb = 10.310 + 2.748V + 0.207T - 0.0714SA 0.945 

Er = 31.207 + 2.401V – 0.457SA + 0.152T 0.953 

Elr = 30.016 + 1.292V + 0.306T - 0.143SA 0.907 

El = 3.144 - 0.0871T + 0.0466SA - 0.0464V 0.989 

When the wind velocity was increased by 1 m·s-1 and wind disturbance time increased by 431 

1 minute, the elastic modulus of tomato seedling stems, lateral branches, roots, and lateral roots 432 

increased by 5.664 MPa, 2.955 MPa, 2.553 MPa, and 1.598 MPa respectively, while the elastic 433 

modulus of tomato seedling leaves decreased by 0.134 MPa. This is consistent with some 434 

previous findings where under wind stimulation, the hardness of the lower half of the stem of 435 

tomato seedlings increased by 34.4%, and the elasticity increased by 50.2% (Li et al., 2020). 436 

Gladala-Kostarz, Doonan, and Bosch (2020) reported that after daily bending and wind 437 

disturbance treatments on Brachypodium distachyon, the internodal elasticity modulus of the 438 

plants was significantly greater than that of the control group. Additionally, Smith and Ennos 439 

(2003) found that the strength and stiffness of sunflower stems subjected to stimuli such as 440 

airflow, touch, and bending were significantly greater than those of the control group. Scholars 441 

have observed that the strength of sunflower roots increased by approximately 30% under wind 442 

disturbance (Danjon, Fourcaud, Bert, 2005), while the bending strength and bending modulus 443 

of the fifth section of maize roots increased by 60% and 70%, respectively, after mechanical 444 

stimulation (Goodman, Ennos, 2001). This may be attributed to the increase in lignin content 445 

and the deepening of lignification in various plant tissues due to mechanical stimulation, leading 446 



to an increase in elastic modulus (Gladala-Kostarz, Doonan, & Bosch, 2020; Zhu, Yang, Ji, Wu, 447 

Chen, 2019). The lignification is attributed to the coordinated action of plant endogenous 448 

hormones such as auxins, ethylene, abscisic acid, and cytokinin, which promote the 449 

lignification process of tissues (Khadr et al., 2020; Lin, Chen, Herrfurth, Feussner, Li, 2016). 450 

Meanwhile, leaves tend to reduce their dry matter content to adapt to the stressful environment 451 

induced by wind disturbance (Graham & Wheeler, 2017), resulting in a decrease in leaf elastic 452 

modulus. 453 

When the seedling age at the onset of wind disturbance was increased by 1 day, the elastic 454 

modulus of tomato seedling stems, lateral branches, roots, and lateral roots decreased by 0.161 455 

MPa, 0.0714 MPa, 0.457 MPa, and 0.143 MPa, respectively, whereas the elastic modulus of 456 

tomato seedling leaves increased by 0.0466 MPa. This can also be attributed to the extension 457 

of the seedling age promoting the mature development of various organs in tomato seedlings, 458 

making the formation of callus tissue more difficult. Consequently, tissue repair caused by 459 

mechanical damage becomes incomplete, resulting in a decrease in elastic modulus (Yang, 460 

Wang, Liu, Duan, Dai, 2002). These results indicate that under the stress of wind disturbance, 461 

seedlings adapt to the stress imposed by wind by enhancing the elasticity of various tissues, 462 

thereby enhancing their resistance to environmental stress. 463 

However, some research findings contradict this. Zargar et al. (2022) reported that in four-464 

point bending tests, sorghum stem tissue exhibited lower hardness. In the study by Paul-Victor 465 

and Rowe (2011), anatomical observations of Arabidopsis stem tissue revealed that mechanical 466 

stimulation resulted in a reduction in the density of interfascicular tissue, demonstrating a lower 467 

elastic modulus. This may be because wind disturbance, compared to mechanical stimuli 468 



directly applied to plant tissues, is more likely to cause deeper levels of mechanical damage to 469 

plant tissues, exceeding the plant's self-repair capabilities. The anatomical changes in the 470 

damaged tissue may lead to the observed lower elastic modulus. 471 

3.5 Correlation analysis between endogenous hormones and mechanical parameters in 472 

tomato seedlings 473 

The correlation analysis between endogenous hormones and mechanical parameters of 474 

tomato seedlings after wind disturbance treatment was established, and the results are shown in 475 

Table 5. The elastic modulus of the root and auxin content have a strong linear link, with a 476 

Pearson correlation coefficient |r| of 0.909, whereas the auxin content of the stem and leaves 477 

has a very weak correlation with their respective elastic modulus. This may be attributed to the 478 

influence of auxin on lignin and cellulose content in the root system. Under low concentrations 479 

of auxin, root development is stronger, leading to higher levels of lignin and cellulose synthesis. 480 

Conversely, under high concentrations of auxin, root development is inhibited (Fu & Harberd, 481 

2003). Lignin and cellulose content primarily affect elastic modulus, thus resulting in a strong 482 

correlation between the two (Saidi et al., 2009). Furthermore, the correlation coefficient |r| 483 

between the cytokinin content in leaves and the leaf elastic modulus reached 0.825, indicating 484 

a high degree of linear correlation. This is because cytokinin participate in the development of 485 

compound leaves in tomato seedlings, promoting the development of the leaf marginal 486 

meristem. This could explain the positive correlation between cytokinin content and leaf elastic 487 

modulus (Shani et al., 2010). Not only that, the content of abscisic acid in stems and leaves was 488 

highly correlated with their elastic modulus, and the |r| reached 0.933 and 0.843, respectively. 489 

The elastic modulus of the main stem is positively correlated with abscisic acid. This may be 490 



because abscisic acid recognizes and activates protein kinase SnRKs. These protein kinases 491 

phosphorylate the lignin transcription factor NST1, thereby thickening the secondary cell wall 492 

of the stem, and more lignin is deposited which result in an increase in the elastic modulus of 493 

the stem to better adapt to the stress environment (Liu, Yu, Rao, Li, Dixon, 2021). The elastic 494 

modulus of the leaf is negatively correlated with the abscisic acid, which may be because under 495 

the stimulation of wind disturbance, as the wind velocity increases there is an increase in the 496 

rate of water loss of the plant tissue, and the content of the abscisic acid in the leaf tissue also 497 

increases. The stomata on the leaves are closed to reduce water loss to delay plant dehydration, 498 

and inhibit the growth and development of the leaves of the plant, which result in a reduced leaf 499 

area. Additionally, the development of secondary xylem in the leaves is not significant, resulting 500 

in a decrease in the elastic modulus (Haverroth et al., 2023; Xu, Sun, Liu, 2022). 501 

  502 



Table 5 Pearson correlation coefficient between endogenous hormone content and elastic 503 

modulus in various organizations 504 

 Er / MPa Es / MPa El / MPa 

IAAr -0.909 / / 

IAAs / 0.463 / 

IAAl / / -0.142 

GAr 0.097 / / 

GAs / -0.555 / 

GAl / / 0.667 

CTKr 0.043 / / 

CTKs / -0.546 / 

CTKl / / 0.825 

ABAr -0.629 / / 

ABAs / 0.933 / 

ABAl / / -0.843 

ETHr -0.006 / / 

ETHs / 0.533 / 

ETHl / / -0.382 

Correlation analyses were established between endogenous hormones and strong seedling 505 

index, elastic modulus and strong seedling index of tomato seedlings after wind disturbance 506 

treatment, but the correlations were all low. This could be attributed to the changes in 507 

endogenous hormone levels induced by wind disturbance treatment, which play a regulatory 508 

role in plant growth. These hormone level alterations may affect the development of seedling 509 

diameter and height, as well as the changes in above-ground and below-ground organ dry 510 

weights. However, there exists an antagonistic regulation among hormones themselves 511 

regarding geometric and physical properties. For instance, while auxin promotes stem 512 



elongation, abscisic acid inhibits stem development (Shibaoka, 1994; Zheng et al., 2022). This 513 

is one of the reasons for the low correlation between endogenous hormones and strong seedling 514 

index. Under stressful conditions, plants tend to adapt to the environment by developing shorter 515 

internodes and tougher tissues (Shaar-Moshe, Hayouka, Roessner, Peleg, 2019). Additionally, 516 

lignification of stems is one of the responses of plant cells to various environmental stresses 517 

(Cui et al., 2022). However, the development of secondary lignin in leaves is not significant 518 

under wind disturbance conditions. Since the dry weight of leaves accounts for a large 519 

proportion of above-ground organs, this results in a low correlation between tissue elastic 520 

modulus and seedling vigour index after wind disturbance treatment. 521 

4. Conclusion 522 

This study investigates different approaches for controlling the growth of tomato seedlings 523 

using wind disturbance and examines the underlying principles governing the influence of wind 524 

disturbance on tomato seedling growth. By employing an orthogonal experimental design and 525 

conducting range analysis with the seedling index as the evaluation criterion, the optimal 526 

approach for controlling the growth of tomato seedlings through wind disturbance was 527 

determined. The optimal condition identified involved the following combination:  wind 528 

velocity = 3 m·s-1, wind disturbance time = 1 min, interval time = 30 min, and seedling age at 529 

the onset of wind disturbance = 15 days. Employing this combination of parameters for seedling 530 

cultivation through wind disturbance resulted in a strong seedling index of 0.126. The wind 531 

velocity and wind disturbance time significantly influence the levels of endogenous hormones 532 

and biomechanical properties in the root, stem, and leaf tissues of tomato seedlings. This study 533 

demonstrates that wind disturbance stimulation effect lies in its ability to induce abiotic stress, 534 



which cascade a series of complexed chemical and physical changes within the plant. For 535 

instance, the ethylene and abscisic acid content in tomato seedling leaves, abscisic acid and 536 

auxin content in the stems, cytokinin and ethylene content in the root system, and the elastic 537 

modulus of the root and stem tissue were positively correlated with wind velocity and wind 538 

disturbance time. Conversely, the cytokinin content in the stems and leaves along with auxin 539 

and abscisic acid content in the root system, and the leaf's elastic modulus were negatively 540 

correlated with wind speed and duration of wind disturbance. Meanwhile, mechanical 541 

perturbations impede the polar transport of auxin in the stems and roots, leading to an auxin 542 

concentration in the roots nearing its optimal growth level, thereby promoting root development 543 

and inhibiting stem elongation. These changes resulted in an increase in the robust seedling 544 

index. However, in this study, we only investigated the content of various hormones in the root, 545 

stem, and leaf tissues of tomato seedlings. The distribution patterns of these hormones within 546 

the aforementioned organs was not investigated whereas the outcome of such study could 547 

support the analysis of the mechanism of airflow disturbance in controlling tomato seedling 548 

growth. This work provides theoretical insights and effective technical parameters for utilizing 549 

wind disturbance as effective greener and sustainable technology to control seedling growth in 550 

tomato cultivation and pave the way to the development of industrialised wind disturbance-551 

based seedling cultivation technologies. 552 
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	Abstract: 10 
	Wind-disturbance is a potential eco-friendly technique for tackling leggy seedlings. This 11 study uses orthogonal experimental design and seedlings vigour assessment by strong seedling 12 index (SSI) to investigate wind-disturbance on regulating tomato seedlings growth. Changes in 13 endogenous hormone levels and biomechanical properties of tomato seedlings were 14 investigated using enzyme-linked immunosorbent assay and uniaxial tension tests. Results 15 showed that factors influencing significantly SSI, 
	Keywords: Air flow; Orthogonal experiment; Endogenous hormone; Mechanical parameter; 30 Strong seedling index 31 
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	1 Introduction 32 
	Since 2016, the global tomato output value has surpassed 87.97 billion dollars annually, 33 establishing it as a key global trading commodity (FAO, 2023). During the seedling stage, floral 34 
	primordia responsible for the development of tomato fruits typically undergo complete 35 differentiation. Consequently, the yield of tomato fruits exhibits a close correlation with the 36 quality of tomato seedlings. Growing seedlings in plug-tray is one of the most common methods 37 in greenhouses and plant nurseries because seedlings are then easily transplanted as individual 38 plugs which prevent roots damage during this process (Yi, Zhang, Cheng, Tan, Luo, 2019). 39 However, the phenomenon of leggy gro
	In the natural environment, wind acts as an external load on plants, exerting influences on 54 their thigmomorphogenesis (Jaffe, 1973). Andersson (2011) pointed out that the growth rate in 55 height of impatiens and petunias is reduced under the influence of wind, with the most 56 
	significant effects observed at wind velocity of 4.5 m·s-1. Paul-Victor and Rowe (2011) 57 demonstrated that airflow can increase the ratio of lignified tissue to pith in the stem tissue, 58 leading to an increase in bending strength of Arabidopsis stems. Gardiner, Berry, and Moulia 59 (2016) reported a reduction in length and diameter of vessel members as well as wood fibers 60 length to enhance Sweetgum stem resistance to wind load. Li et al. (2020) found that airflow at 61 a velocity of 0.6 m·s-1 signifi
	important factors to consider during wind treatment. 79 
	To summarize, the existing literature mainly focuses on the impact of wind disturbance on 80 various aspects of plant morphogenesis, physiological changes, and growth development. 81 However, there is a paucity of literature exploring the optimal strategy and associated 82 mechanisms of utilizing wind disturbance to regulate the growth of tomato seedlings. 83 Identifying the optimal approach for utilizing wind disturbance to regulate the growth of tomato 84 seedlings is essential for applying this environme
	2 Materials and methods 94 
	2.1 Plant materials and cultural practice 95 
	The experiment was conducted in the greenhouse of the seedling factory located in the 96 Yangling Demonstration Zone (E 108°71542′, N 34°33548′), China, from August to October 97 2022. Selected “improved 802F1” tomato seeds (Solanum lycopersicum L.) with strong disease 98 resistance were used for seedling cultivation to produce 900 seedlings. First, a 1:11 mass ratio 99 of water was added to the organic active seedling substrate (Xinxile, Shandong Xinxile 100 
	Biotechnology Co., Ltd, China), which was primarily made up of imported moss peat, coir and 101 perlite. Nine 50-hole (5 rows × 10 columns) seedling trays were then filled with the mixture. 102 The dimensions (length × width × height) of each tray (Fig. 1A) were 54 cm × 28 cm × 9 cm. 103 Tomato seeds were then planted in the trays at a depth of 2 cm with one seed in each tray hole. 104 Plug-trays were arranged on the rectangular seedbed housed within the greenhouse. 105 Subsequently, the seedling trays were
	9:00 and 17:00 to measure and regulate the daylight, which ranges from 57 to 76 μmol m-2·s-1 123 on cloudy days to 370 to 400 μmol m-2·s-1 on sunny days. 124 
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	Figure
	Fig. 1 Morphology and biomechanics of tomato seedling. (A) seedling in hole tray, (B) seedling 127 with 2 compound leaves and 1 apical bud in the tray, (C) wind-flow disturbed tomato seedling 128 experiment system, (D) morphological parameters, (E) tensile samples of leaf, lateral root, root, 129 lateral branch and stem, (F) tension test. 130 
	2.2 Experiment design and wind disturbance approach  131 
	2.2.1 Orthogonal experiment design 132 
	Based on the literature, four key potential elements that could have an impact on the 133 growth of tomato seedlings are wind velocity, wind disturbance time, interval time, and the 134 seedling age at the onset of wind disturbance. The experimental factors and levels are shown in 135 Table 1. Preliminary single-factor experiments suggest that a wind velocity of 2 m·s-1 may be 136 the optimal velocity for controlling tomato seedling growth. Consequently, wind velocity levels 137 of 1 m·s-1, 2 m·s-1, and 3 m
	  152 
	Table 1 Orthogonal design for the wind-disturbance to tomato seedlings 153 
	No. 
	No. 
	No. 
	No. 
	No. 

	V / m·s-1 
	V / m·s-1 

	T / min 
	T / min 

	I / min 
	I / min 

	SA / day 
	SA / day 



	1 
	1 
	1 
	1 

	1(1) 
	1(1) 

	1(1) 
	1(1) 

	30(1) 
	30(1) 

	15(1) 
	15(1) 


	2 
	2 
	2 

	1(1) 
	1(1) 

	1(1) 
	1(1) 

	60(2) 
	60(2) 

	18(2) 
	18(2) 


	3 
	3 
	3 

	1(1) 
	1(1) 

	5(2) 
	5(2) 

	30(1) 
	30(1) 

	21(3) 
	21(3) 


	4 
	4 
	4 

	1(1) 
	1(1) 

	5(2) 
	5(2) 

	90(3) 
	90(3) 

	24(4) 
	24(4) 


	5 
	5 
	5 

	1(1) 
	1(1) 

	9(3) 
	9(3) 

	60(2) 
	60(2) 

	27(5) 
	27(5) 


	6 
	6 
	6 

	1(1) 
	1(1) 

	9(3) 
	9(3) 

	90(3) 
	90(3) 

	30(6) 
	30(6) 


	7 
	7 
	7 

	2(2) 
	2(2) 

	1(1) 
	1(1) 

	30(1) 
	30(1) 

	30(6) 
	30(6) 


	8 
	8 
	8 

	2(2) 
	2(2) 

	1(1) 
	1(1) 

	90(3) 
	90(3) 

	27(5) 
	27(5) 


	9 
	9 
	9 

	2(2) 
	2(2) 

	5(2) 
	5(2) 

	60(2) 
	60(2) 

	15(1) 
	15(1) 


	10 
	10 
	10 

	2(2) 
	2(2) 

	5(2) 
	5(2) 

	90(3) 
	90(3) 

	18(2) 
	18(2) 


	11 
	11 
	11 

	2(2) 
	2(2) 

	9(3) 
	9(3) 

	30(1) 
	30(1) 

	24(4) 
	24(4) 


	12 
	12 
	12 

	2(2) 
	2(2) 

	9(3) 
	9(3) 

	60(2) 
	60(2) 

	21(3) 
	21(3) 


	13 
	13 
	13 

	3(3) 
	3(3) 

	1(1) 
	1(1) 

	60(2) 
	60(2) 

	24(4) 
	24(4) 


	14 
	14 
	14 

	3(3) 
	3(3) 

	1(1) 
	1(1) 

	90(3) 
	90(3) 

	21(3) 
	21(3) 


	15 
	15 
	15 

	3(3) 
	3(3) 

	5(2) 
	5(2) 

	30(1) 
	30(1) 

	27(5) 
	27(5) 


	16 
	16 
	16 

	3(3) 
	3(3) 

	5(2) 
	5(2) 

	60(2) 
	60(2) 

	30(6) 
	30(6) 


	17 
	17 
	17 

	3(3) 
	3(3) 

	9(3) 
	9(3) 

	30(1) 
	30(1) 

	18(2) 
	18(2) 


	18 
	18 
	18 

	3(3) 
	3(3) 

	9(3) 
	9(3) 

	90(3) 
	90(3) 

	15(1) 
	15(1) 




	2.2.2 Wind-disturbance method 154 
	A small wind disturbance system that could vary the wind velocity, wind disturbance time, 155 and interval time was built to conduct the wind flow disturbance test after each seedling raising 156 process was complete (Fig 2). This is made up of one hand-held anemoscope (SW6016, 157 Guangzhou Suwei Electronic Technology Co., Ltd., China) nine of each of the following 158 components: axial flow fans (SF3-2, Shengzhou Xingkai Electric Appliance Co., Ltd, China), 159 velocity controllers (YY-FTQS, Shanghai Deli
	controllers (TW-K12, Ningbo Ailuo Electrical Appliances Co., Ltd, China). The seedling age 161 progressively advances with time until meeting the predefined threshold for experiment 162 initiation, as depicted in Table 1. Subsequently, a tray accommodating 50 tomato seedlings was 163 randomly chosen prior to the commencement of the experiment. Then the axial flow fan was 164 positioned 0.5 meters in front of the designated tray, initiating a 20-day period of wind 165 disturbance (Fig. 1C). To measure the re
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	Figure
	Figure
	Figure
	Figure
	Figure
	Fig. 2 Wind disturbance system. 173 
	2.3 Measurement of leaf area and calculation of seedling strength index of tomato 174 seedlings 175 
	The diameter and height of the main stem, leaf area, fresh and dry weight of the above-176 
	ground organs and roots, and seedling strength index are the key geometric and physical 177 characteristics of tomato seedlings. Two rows of 20 tomato seedlings were randomly chosen 178 from the seedling tray and removed one by one after each wind disturbance treatment 179 experiment was complete. Clean water was used to eliminate impurities such peat soil and 180 vermiculite that were combined into the root system, and they were then immediately and gently 181 wiped with a cotton towel to remove water from
	until the weight of these tissues no longer changes. Each tomato seedling index was 199 subsequently determined using the conventional strong seedling index calculation Eqs. (1) 200 (Verma, Bajpai, Tewari, Singh, 2005). The strong seedling index, which reflects the tomato 201 seedling's actual growth state in the plant factory is a crucial indication for objectively 202 expressing the quality of a tomato seedling. 203 
	 SSI=(DH+mgdmgu)×(mgd+mgu)                                              (1) 204 
	2.4 Measurement of the endogenous hormones in tomato seedlings 205 
	The wind disturbance treatment was stopped after each group of wind disturbance 206 treatment experiments was finished to allow the seedlings to develop naturally until the 207 seedlings were 50 days old. At that point, 12 tomato seedlings were randomly chosen in each 208 tray, and the roots, stems, and leaf tissues of the experiment plants in each tray were collected 209 by a blade and put into the respective sealing bag with labels. Subsequently, the sealed bags 210 containing the sample were placed in a 
	The concentrations of five major endogenous hormones (auxin, cytokinin, gibberellin, 215 abscisic acid, and ethylene) in the roots, stems, and leaves of 18 groups of seedlings after wind 216 disturbance treatment were quantitatively analysed using enzyme-linked immunosorbent assay 217 (ELISA) kits. Following wind disturbance treatment, the collected roots, stems, and leaves from 218 each group were then uniformly mixed. Finally, the endogenous hormone levels were 219 determined using ELISA kits, and the ave
	stems, and leaves of each group of seedlings were calculated. 221 
	2.5 Measurement of the mechanical parameters of tomato seedlings 222 
	After each group of seedlings had undergone the wind disturbance treatment experiment 223 and had been allowed to develop normally until the seedling age for 50 days, 10 tomato 224 seedlings were randomly chosen from each tray. Samples were prepared from different parts of 225 these seedlings including stems and lateral branches measuring 5 cm in length, roots and lateral 226 roots measuring 3 cm in length, and rectangular leaf samples approximately 2 cm × 0.5 cm in 227 size. Five replicates of each specime
	𝜎y=𝐹𝑚𝑎𝑥𝐴                                                        (2) 238 
	𝜀y=∆𝐿𝐿                                                          (3) 239 
	𝐸=𝜎𝑦𝜀𝑦                                                          (4) 240 
	2.6 Statistical analysis 241 
	After the experiment, SAS software (9.2, SAS Research Institute Co., Ltd., USA) was used 242 
	to conduct statistical analysis on the collected data and the significance level was set at α = 0.05. 243 Firstly, employing range analysis, we obtained the optimal wind perturbation control strategy 244 for regulating tomato seedling growth. Secondly, Pearson correlation analysis was employed to 245 analyse the correlations among endogenous hormone levels, mechanical properties, and 246 seedling vigour index within various organ tissues (roots, stems, and leaves). The content of 247 endogenous hormone and 
	3 Results and discussion 253 
	3.1 Effects of wind disturbance treatment on the strong seedling index of tomato seedlings 254 
	Table 2 shows the orthogonal experimental range analysis results using the strong seedling 255 index of tomato seedlings as the evaluation criterion. The difference in the range values of 256 various factors indicates the difference in their impact on the strong seedling index, that is, the 257 factors that significantly affect the strong seedling index are wind disturbance time, seedling 258 age at the onset of wind disturbance, wind velocity, and interval time in descending order. The 259 trends of variou
	greater than the highest value of 0.123 obtained from the generated 18 orthogonal experimental 265 analysis (Table 2). 266 
	Referring to the above parameter combination, under local agricultural standards and 267 climatic conditions, utilising wind disturbance to control the growth of tomato seedlings can 268 result in more compact growth and a higher strong seedling index. Furthermore, compared to 269 other growth control methods, wind disturbance approach has lower costs and energy inputs 270 and eliminate the use of legging control chemicals, thus meeting sustainable development 271 requirements. This technique can be customi
	Table 2 Analysis of L18(33×61) test results 276 
	No. 
	No. 
	No. 
	No. 
	No. 

	V 
	V 

	T 
	T 

	I 
	I 

	SA 
	SA 

	SSI 
	SSI 



	1 
	1 
	1 
	1 

	1 
	1 

	1 
	1 

	30 
	30 

	15 
	15 

	0.117 
	0.117 


	2 
	2 
	2 

	1 
	1 

	1 
	1 

	60 
	60 

	18 
	18 

	0.118 
	0.118 


	3 
	3 
	3 

	1 
	1 

	5 
	5 

	30 
	30 

	21 
	21 

	0.104 
	0.104 


	4 
	4 
	4 

	1 
	1 

	5 
	5 

	90 
	90 

	24 
	24 

	0.099 
	0.099 


	5 
	5 
	5 

	1 
	1 

	9 
	9 

	60 
	60 

	27 
	27 

	0.083 
	0.083 


	6 
	6 
	6 

	1 
	1 

	9 
	9 

	90 
	90 

	30 
	30 

	0.082 
	0.082 


	7 
	7 
	7 

	2 
	2 

	1 
	1 

	30 
	30 

	30 
	30 

	0.115 
	0.115 


	8 
	8 
	8 

	2 
	2 

	1 
	1 

	90 
	90 

	27 
	27 

	0.113 
	0.113 


	9 
	9 
	9 

	2 
	2 

	5 
	5 

	60 
	60 

	15 
	15 

	0.111 
	0.111 


	10 
	10 
	10 

	2 
	2 

	5 
	5 

	90 
	90 

	18 
	18 

	0.106 
	0.106 


	11 
	11 
	11 

	2 
	2 

	9 
	9 

	30 
	30 

	24 
	24 

	0.090 
	0.090 


	12 
	12 
	12 

	2 
	2 

	9 
	9 

	60 
	60 

	21 
	21 

	0.091 
	0.091 


	13 
	13 
	13 

	3 
	3 

	1 
	1 

	60 
	60 

	24 
	24 

	0.118 
	0.118 


	14 
	14 
	14 

	3 
	3 

	1 
	1 

	90 
	90 

	21 
	21 

	0.123 
	0.123 


	15 
	15 
	15 

	3 
	3 

	5 
	5 

	30 
	30 

	27 
	27 

	0.102 
	0.102 


	16 
	16 
	16 

	3 
	3 

	5 
	5 

	60 
	60 

	30 
	30 

	0.100 
	0.100 


	17 
	17 
	17 

	3 
	3 

	9 
	9 

	30 
	30 

	18 
	18 

	0.098 
	0.098 


	18 
	18 
	18 

	3 
	3 

	9 
	9 

	90 
	90 

	15 
	15 

	0.100 
	0.100 




	K1 
	K1 
	K1 
	K1 
	K1 

	0.3015 
	0.3015 

	0.3519 
	0.3519 

	0.3129 
	0.3129 

	0.3279 
	0.3279 

	 
	 


	K2 
	K2 
	K2 

	0.3129 
	0.3129 

	0.3108 
	0.3108 

	0.3105 
	0.3105 

	0.3219 
	0.3219 

	 
	 


	K3 
	K3 
	K3 

	0.3204 
	0.3204 

	0.2718 
	0.2718 

	0.3114 
	0.3114 

	0.3180 
	0.3180 

	 
	 


	K4 
	K4 
	K4 

	 
	 

	 
	 

	 
	 

	0.3069 
	0.3069 
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	K6 
	K6 
	K6 
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	Figure
	Fig. 3 Trend chart of experimental factors 278 
	The strong seedling index is associated with phenotypic parameters of seedlings, such as 279 the height and diameter of the stem, as well as seedling dry matter content, including the dry 280 weight of the roots, stems, and leaves. A shorter and thicker main stem and well-developed root 281 system in seedlings indicate a higher strong seedling index, reflecting stronger seedling vigour. 282 These results suggest that both wind disturbance parameters (wind velocity, wind disturbance 283 time, and interval ti
	disturbance) collectively influence seedling growth. However, the optimal strategy for 285 regulating tomato seedling growth obtained in this study has not been identified in the existing 286 literature. When tomato seedlings were stimulated by a wind disturbance strategy with a wind 287 velocity of 3 m·s-1, a wind disturbance time of 1 minute, and an interval time of 30 minutes, the 288 mechanical stimulation intensity applied falls within the tolerance range of tomato seedlings. 289 At this point, seedlin
	3.2 Effects of wind disturbance treatment on the leaf area of tomato seedlings 297 
	The regression equation between the leaf area of tomato seedlings and its influencing 298 factors is represented by Equation 5. The results reveal that two factors significantly influence 299 the leaf area of tomato seedlings: wind velocity and seedling age at the onset of wind 300 disturbance (p < 0.05). Conversely, factors such as wind disturbance time and interval time 301 showed non-significant effects (p > 0.05). When the wind velocity was increased by 1 m·s-1, 302 the leaf area decreased by 436.26 mm2
	LA = 408.62 - 436.26V +173.99SA      R2=0.986                                         (5) 306 
	 This finding aligns with the conclusion drawn by Vernieri, Mugnai, and Tognoni (2003) 307 and Sparke et al. (2022) that the growth rate of plant leaves decreases with increasing 308 mechanical disturbance intensity. This may be attributed to the long-term stimulation of wind, 309 prompting plants to readjust their physical structures and morphological characteristics to adapt 310 to the stresses imposed by wind on various plant organs, thereby improving their resistance 311 (Gardiner, Berry, Moulia, 2016).
	3.3 Effect of wind disturbance treatment on endogenous hormone content in tomato 317 seedlings 318 
	The regression equations between the endogenous hormone content in various tissues of 319 tomato seedlings and their influencing factors are shown in Table 3. From the regression 320 equations, it can be observed that the significant factors influencing endogenous hormone 321 production in the root, stem, and leaf tissues of tomato seedlings due to wind disturbance 322 treatment are wind velocity, wind disturbance time, and the seedling age at the onset of wind 323 disturbance (p < 0.05). The interval durat
	age at the onset of wind disturbance.  329 
	Table 3 Multiple regression equations between endogenous hormones content and its 330 influencing factors 331 
	Regression equations 
	Regression equations 
	Regression equations 
	Regression equations 
	Regression equations 

	R2 
	R2 



	IAAr = 12.591 – 0.467V + 0.217SA – 0.088T 
	IAAr = 12.591 – 0.467V + 0.217SA – 0.088T 
	IAAr = 12.591 – 0.467V + 0.217SA – 0.088T 
	IAAr = 12.591 – 0.467V + 0.217SA – 0.088T 

	0.989 
	0.989 


	IAAs = 13.362 + 0.501V + 0.204T – 0.138SA 
	IAAs = 13.362 + 0.501V + 0.204T – 0.138SA 
	IAAs = 13.362 + 0.501V + 0.204T – 0.138SA 

	0.988 
	0.988 


	CTKr=7.158 + 0.299V + 0.151T + 0.054SA 
	CTKr=7.158 + 0.299V + 0.151T + 0.054SA 
	CTKr=7.158 + 0.299V + 0.151T + 0.054SA 

	0.962 
	0.962 


	CTKs=9.318 – 0.216V – 0.161T + 0.111SA 
	CTKs=9.318 – 0.216V – 0.161T + 0.111SA 
	CTKs=9.318 – 0.216V – 0.161T + 0.111SA 

	0.984 
	0.984 


	CTKl=9.355 – 0.358V – 0.104T + 0.059SA 
	CTKl=9.355 – 0.358V – 0.104T + 0.059SA 
	CTKl=9.355 – 0.358V – 0.104T + 0.059SA 

	0.884 
	0.884 


	ABAr=61.925 – 2.407V – 0.675T + 0.092SA 
	ABAr=61.925 – 2.407V – 0.675T + 0.092SA 
	ABAr=61.925 – 2.407V – 0.675T + 0.092SA 

	0.991 
	0.991 


	ABAs=57.148 + 2.191V + 0.382T – 0.117SA 
	ABAs=57.148 + 2.191V + 0.382T – 0.117SA 
	ABAs=57.148 + 2.191V + 0.382T – 0.117SA 

	0.951 
	0.951 


	ABAl=60.548 + 2.462V + 0.986T – 0.213SA 
	ABAl=60.548 + 2.462V + 0.986T – 0.213SA 
	ABAl=60.548 + 2.462V + 0.986T – 0.213SA 

	0.753 
	0.753 


	ETHr=52.038 + 1.778V + 0.500T + 0.310SA 
	ETHr=52.038 + 1.778V + 0.500T + 0.310SA 
	ETHr=52.038 + 1.778V + 0.500T + 0.310SA 

	0.832 
	0.832 


	ETHl=55.468 + 1.117V + 0.698T +0.231SA 
	ETHl=55.468 + 1.117V + 0.698T +0.231SA 
	ETHl=55.468 + 1.117V + 0.698T +0.231SA 

	0.953 
	0.953 




	When wind velocity increases by 1 m·s-1 and wind disturbance time increases by 1 minute, 332 the auxin content and abscisic acid content in the stem increase by 0.705 μg·g-1 and 0.573 μg·g-333 1, respectively. Additionally, the abscisic acid content and ethylene content in the leaves increase 334 by 3.448 μg·g-1 and 1.815 ng·g-1, respectively. Moreover, the cytokinin content and ethylene 335 content in the roots increase by 0.45 μg·g-1 and 2.278 ng·g-1, respectively. Conversely, the 336 cytokinin content in
	and development, the stem plays a role in nutrient transport and provides physical support to 344 the plant. Auxin is synthesized by the apical meristem of the stem and transported downwards 345 polarly. Mechanical stimulation increases the levels of peroxidase in the plant, resulting in 346 decreased auxin in the internodes. Additionally, polar auxin transport is hindered due to 347 mechanical stimulation (Mitchell, 1977), leading to auxin accumulation at the apex of the stem 348 (Jędrzejuk, Kuźma, Nawrot,
	When the seedling age at the onset of wind disturbance increased by 1 day, the content of 363 auxin in the main stem and roots of tomato seedlings decreases by 0.138 μg·g-1 and 0.217 μg·g-364 1, respectively. Additionally, the content of abscisic acid in the main stem and leaves decreases 365 
	by 0.117 μg·g-1 and 0.213 μg·g-1, respectively. Conversely, the content of cytokinin in the root, 366 stem, and leaf tissues increases by 0.054 μg·g-1, 0.111 μg·g-1, and 0.059 μg·g-1, respectively. 367 Furthermore, the content of abscisic acid and ethylene in the roots increases by 0.092 μg·g-1 368 and 0.31 ng·g-1, respectively, while the content of ethylene in the leaves increases by 0.231 369 ng·g-1. Seedling age is an indicator reflecting the geometric characteristics changes of tomato 370 seedlings, inc
	From Table 3, it can be observed that there is a strong correlation between the hormone 385 levels of auxin, cytokinin, abscisic acid, ethylene, and the wind disturbance factors. Except for 386 the correlation between auxin content in tomato seedling leaves and ethylene content in stems, 387 
	the regression equations between the endogenous hormone levels in other tissues and their 388 influencing factors have R2 values greater than 0.75. Due to the polar transport of a large amount 389 of auxin from the apical meristem and leaves to the root and the base of the stem, wind 390 disturbance treatment increased the relative chlorophyll content of seedling leaves, thereby 391 enhancing the photosynthetic efficiency per unit leaf area and promoting the transport of auxin 392 from leaves to roots (Li e
	may be attributed to the saturation of cytosolic calcium influx (Ca2+) due to repetitive wind 410 disturbance treatments, leading to reduced sensitivity of plants to repetitive and continuous 411 mechanical stimulation (Knight, Smith, Trewavas, 1992). This indirectly suggests that the 412 interval time has an insignificant effect on the hormone content within plant tissues which aligns 413 with our findings. 414 
	3.4 Effect of wind disturbance treatment on mechanical parameters of tomato seedlings 415 
	The regression equations between the mechanical parameters of tomato seedlings and their 416 influencing factors are presented in Table 4. The results indicate that wind disturbance 417 significantly affects the mechanical parameters of tomato seedling root, stem, and leaf tissues, 418 with factors including wind velocity, wind disturbance time, and the seedling age at the onset 419 of wind disturbance (p < 0.05). Conversely, the interval time does not have a significant effect 420 (p > 0.05). The factors a
	  428 
	Table 4 Multiple regression equations between mechanical parameters and its influencing 429 factors 430 
	Regression equations 
	Regression equations 
	Regression equations 
	Regression equations 
	Regression equations 

	R2 
	R2 



	Es = 53.934 + 5.141V + 0.523T - 0.161SA 
	Es = 53.934 + 5.141V + 0.523T - 0.161SA 
	Es = 53.934 + 5.141V + 0.523T - 0.161SA 
	Es = 53.934 + 5.141V + 0.523T - 0.161SA 

	0.939 
	0.939 


	Elb = 10.310 + 2.748V + 0.207T - 0.0714SA 
	Elb = 10.310 + 2.748V + 0.207T - 0.0714SA 
	Elb = 10.310 + 2.748V + 0.207T - 0.0714SA 

	0.945 
	0.945 


	Er = 31.207 + 2.401V – 0.457SA + 0.152T 
	Er = 31.207 + 2.401V – 0.457SA + 0.152T 
	Er = 31.207 + 2.401V – 0.457SA + 0.152T 

	0.953 
	0.953 


	Elr = 30.016 + 1.292V + 0.306T - 0.143SA 
	Elr = 30.016 + 1.292V + 0.306T - 0.143SA 
	Elr = 30.016 + 1.292V + 0.306T - 0.143SA 

	0.907 
	0.907 


	El = 3.144 - 0.0871T + 0.0466SA - 0.0464V 
	El = 3.144 - 0.0871T + 0.0466SA - 0.0464V 
	El = 3.144 - 0.0871T + 0.0466SA - 0.0464V 

	0.989 
	0.989 




	When the wind velocity was increased by 1 m·s-1 and wind disturbance time increased by 431 1 minute, the elastic modulus of tomato seedling stems, lateral branches, roots, and lateral roots 432 increased by 5.664 MPa, 2.955 MPa, 2.553 MPa, and 1.598 MPa respectively, while the elastic 433 modulus of tomato seedling leaves decreased by 0.134 MPa. This is consistent with some 434 previous findings where under wind stimulation, the hardness of the lower half of the stem of 435 tomato seedlings increased by 34.
	to an increase in elastic modulus (Gladala-Kostarz, Doonan, & Bosch, 2020; Zhu, Yang, Ji, Wu, 447 Chen, 2019). The lignification is attributed to the coordinated action of plant endogenous 448 hormones such as auxins, ethylene, abscisic acid, and cytokinin, which promote the 449 lignification process of tissues (Khadr et al., 2020; Lin, Chen, Herrfurth, Feussner, Li, 2016). 450 Meanwhile, leaves tend to reduce their dry matter content to adapt to the stressful environment 451 induced by wind disturbance (Gr
	When the seedling age at the onset of wind disturbance was increased by 1 day, the elastic 454 modulus of tomato seedling stems, lateral branches, roots, and lateral roots decreased by 0.161 455 MPa, 0.0714 MPa, 0.457 MPa, and 0.143 MPa, respectively, whereas the elastic modulus of 456 tomato seedling leaves increased by 0.0466 MPa. This can also be attributed to the extension 457 of the seedling age promoting the mature development of various organs in tomato seedlings, 458 making the formation of callus t
	However, some research findings contradict this. Zargar et al. (2022) reported that in four-464 point bending tests, sorghum stem tissue exhibited lower hardness. In the study by Paul-Victor 465 and Rowe (2011), anatomical observations of Arabidopsis stem tissue revealed that mechanical 466 stimulation resulted in a reduction in the density of interfascicular tissue, demonstrating a lower 467 elastic modulus. This may be because wind disturbance, compared to mechanical stimuli 468 
	directly applied to plant tissues, is more likely to cause deeper levels of mechanical damage to 469 plant tissues, exceeding the plant's self-repair capabilities. The anatomical changes in the 470 damaged tissue may lead to the observed lower elastic modulus. 471 
	3.5 Correlation analysis between endogenous hormones and mechanical parameters in 472 tomato seedlings 473 
	The correlation analysis between endogenous hormones and mechanical parameters of 474 tomato seedlings after wind disturbance treatment was established, and the results are shown in 475 Table 5. The elastic modulus of the root and auxin content have a strong linear link, with a 476 Pearson correlation coefficient |r| of 0.909, whereas the auxin content of the stem and leaves 477 has a very weak correlation with their respective elastic modulus. This may be attributed to the 478 influence of auxin on lignin 
	because abscisic acid recognizes and activates protein kinase SnRKs. These protein kinases 491 phosphorylate the lignin transcription factor NST1, thereby thickening the secondary cell wall 492 of the stem, and more lignin is deposited which result in an increase in the elastic modulus of 493 the stem to better adapt to the stress environment (Liu, Yu, Rao, Li, Dixon, 2021). The elastic 494 modulus of the leaf is negatively correlated with the abscisic acid, which may be because under 495 the stimulation of
	  502 
	Table 5 Pearson correlation coefficient between endogenous hormone content and elastic 503 modulus in various organizations 504 
	 
	 
	 
	 
	 

	Er / MPa 
	Er / MPa 

	Es / MPa 
	Es / MPa 

	El / MPa 
	El / MPa 



	IAAr 
	IAAr 
	IAAr 
	IAAr 

	-0.909 
	-0.909 

	/ 
	/ 

	/ 
	/ 


	IAAs 
	IAAs 
	IAAs 

	/ 
	/ 

	0.463 
	0.463 

	/ 
	/ 


	IAAl 
	IAAl 
	IAAl 

	/ 
	/ 

	/ 
	/ 

	-0.142 
	-0.142 


	GAr 
	GAr 
	GAr 

	0.097 
	0.097 

	/ 
	/ 

	/ 
	/ 


	GAs 
	GAs 
	GAs 

	/ 
	/ 

	-0.555 
	-0.555 

	/ 
	/ 


	GAl 
	GAl 
	GAl 

	/ 
	/ 

	/ 
	/ 

	0.667 
	0.667 


	CTKr 
	CTKr 
	CTKr 

	0.043 
	0.043 

	/ 
	/ 

	/ 
	/ 


	CTKs 
	CTKs 
	CTKs 

	/ 
	/ 

	-0.546 
	-0.546 

	/ 
	/ 


	CTKl 
	CTKl 
	CTKl 

	/ 
	/ 

	/ 
	/ 

	0.825 
	0.825 


	ABAr 
	ABAr 
	ABAr 

	-0.629 
	-0.629 

	/ 
	/ 

	/ 
	/ 


	ABAs 
	ABAs 
	ABAs 

	/ 
	/ 

	0.933 
	0.933 

	/ 
	/ 


	ABAl 
	ABAl 
	ABAl 

	/ 
	/ 

	/ 
	/ 

	-0.843 
	-0.843 


	ETHr 
	ETHr 
	ETHr 

	-0.006 
	-0.006 

	/ 
	/ 

	/ 
	/ 


	ETHs 
	ETHs 
	ETHs 

	/ 
	/ 

	0.533 
	0.533 

	/ 
	/ 


	ETHl 
	ETHl 
	ETHl 

	/ 
	/ 

	/ 
	/ 

	-0.382 
	-0.382 




	Correlation analyses were established between endogenous hormones and strong seedling 505 index, elastic modulus and strong seedling index of tomato seedlings after wind disturbance 506 treatment, but the correlations were all low. This could be attributed to the changes in 507 endogenous hormone levels induced by wind disturbance treatment, which play a regulatory 508 role in plant growth. These hormone level alterations may affect the development of seedling 509 diameter and height, as well as the changes
	elongation, abscisic acid inhibits stem development (Shibaoka, 1994; Zheng et al., 2022). This 513 is one of the reasons for the low correlation between endogenous hormones and strong seedling 514 index. Under stressful conditions, plants tend to adapt to the environment by developing shorter 515 internodes and tougher tissues (Shaar-Moshe, Hayouka, Roessner, Peleg, 2019). Additionally, 516 lignification of stems is one of the responses of plant cells to various environmental stresses 517 (Cui et al., 2022)
	4.
	4.
	4.
	 Conclusion 522 


	This study investigates different approaches for controlling the growth of tomato seedlings 523 using wind disturbance and examines the underlying principles governing the influence of wind 524 disturbance on tomato seedling growth. By employing an orthogonal experimental design and 525 conducting range analysis with the seedling index as the evaluation criterion, the optimal 526 approach for controlling the growth of tomato seedlings through wind disturbance was 527 determined. The optimal condition identi
	which cascade a series of complexed chemical and physical changes within the plant. For 535 instance, the ethylene and abscisic acid content in tomato seedling leaves, abscisic acid and 536 auxin content in the stems, cytokinin and ethylene content in the root system, and the elastic 537 modulus of the root and stem tissue were positively correlated with wind velocity and wind 538 disturbance time. Conversely, the cytokinin content in the stems and leaves along with auxin 539 and abscisic acid content in th
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