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Abstract

To improve the mechanized transplanting efficiency for large-scale broccoli production
in Ningxia, this study aims to identify key morphological traits of seedlings suitable for
mechanized transplanting. A Box–Behnken design was used to set three experimental
factors, broccoli variety, seedling age, and plug tray specification, to evaluate their effects
on seedling plant type (plant height, stem diameter, canopy diameter, stem inclination
angle, and plant type cone angle) and root system characteristics (substrate loss rate). The
results showed that plug tray specification was the primary factor affecting substrate loss
rate, followed by variety and seedling age. Seedling age was the dominant factor affecting
plant height, stem diameter, and canopy diameter, while plug tray specification primarily
influenced stem inclination angle. Optimization via response surface methodology (RSM)
indicated that the best transplanting performance was achieved with the “Hannai Youxiu”
variety (excellent cold tolerance), 30-day-old seedlings, and 72-cell or 98-cell plug trays.
Field validation confirmed that under these optimal parameters the mechanized transplant-
ing feeding rate reached 100%, the seedling missing rate was 2.5%, and the transplanting
qualification rate was 97.5%, with all RMSE values being less than 7.5%. These findings
provide a scientific basis for the mechanized transplanting of broccoli in Ningxia, recom-
mending the “Hannai Youxiu” variety and 98-cell plug trays with 30-day-old seedlings to
enhance transplanting quality and production efficiency.

Keywords: broccoli; mechanized transplanting; seedlings; plant type morphological
characteristics; response surface methodology (RSM)

1. Introduction
As an important vegetable in the Brassicaceae family, broccoli (Brassica oleracea var.

italica) is rich in vitamins, minerals, dietary fiber, and bioactive substances with antioxidant
and anticancer properties, thus possessing high nutritional and functional value [1]. Fueled
by the escalating global demand for nutritious foods, broccoli cultivation and consumption
have been consistently increasing across the globe. In China, it has emerged as a dominant
crop in protected horticulture, and the advancement of its industrial chain is crucial for
ensuring vegetable supply stability and driving regional economic growth [2].
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Mechanization represents a pivotal strategy for enhancing quality, boosting efficiency,
and enabling large-scale cultivation in modern agriculture. However, the mechanization
level in vegetable production lags significantly behind that of food crops, with particularly
critical bottlenecks evident in the seedling raising and transplanting stages [3]. Broccoli
is mostly cultivated via the plug tray system. Manual transplanting is characterized by
high labor intensity, low efficiency, and high costs, making it increasingly unable to meet
the needs of modern agriculture. Therefore, the promotion of mechanized transplanting
technology has become the key to improving production efficiency and market competitive-
ness. Although progress has been made in vegetable mechanization in China, the lack of
compatibility between broccoli seedlings and transplanting machinery remains unresolved.
The success of mechanized transplanting not only depends on equipment performance but,
more importantly, requires adaptable seedlings to be provided through the seedling-raising
process [4]. An ideal seedling should have a moderate plant height and stem diameter,
an intact root ball, a low substrate loss rate, and good plant type compactness to ensure
smooth mechanical operation and seedling establishment after transplanting. However, in
practical production, discrepancies in factors such as variety, seedling age, and plug tray
size cause substantial variations in seedling architecture, thereby giving rise to problems
such as unstable gripping and seedling missing and lodging [5]. These issues reduce
transplanting efficiency and seedling survival rates while constraining improvements in
mechanization levels.

Internationally, some research has been conducted on mechanized seedling raising
and vegetable transplanting. Researchers in Europe and Japan have explored adaptability
indicators for crops such as tomatoes and cabbage [6], while Chinese scholars have con-
ducted relevant research on cruciferous vegetables, including cauliflower [7]. However,
most existing studies focus on a single factor, leading to a lack of studies on the compre-
hensive optimization of multiple factors. Applications in the broccoli field are limited,
and the quantitative relationships between seedling age, plug tray size, and mechanized
transplanting adaptability have not yet been clarified [8]. Notably, even within the research
focused on mechanized vegetable seedling production, applications of response surface
methodology (RSM) for multi-factor optimization remain limited. For example, Magar et al.
employed RSM to optimize substrate formulations and paper pot volumes for tomato and
pepper seedlings, achieving joint optimization of multiple factors (substrate composition
and container volume). However, they did not incorporate interactions involving variety
specificity or seedling age [9]. Similarly, Ceglie et al. applied RSM to optimize organic
substrate formulations and examined how different amendments affected the growth of
tomato, melon, and lettuce seedlings, yet they did not quantitatively evaluate tray cell size
or seedling age [10]. In addition, in their development of automated transplanting equip-
ment for vegetables, Han et al. emphasized the importance of multi-factor co-regulation in
improving the efficiency of mechanized seedling production and transplanting. However,
their study did not employ response surface methodology to quantitatively optimize these
factors [11]. Consequently, in crops such as broccoli, there remains a clear gap in RSM-
driven optimization studies addressing the interactions among variety, seedling age, and
tray specifications—an omission that constrains the development of precise and mecha-
nized seedling-raising strategies. A key region for protected agriculture in China, Ningxia
has abundant sunlight and large diurnal temperature variations, making it suitable for
large-scale broccoli cultivation [12]. However, local seedling producers still mainly rely on
manual labor, resulting in a low production efficiency and high costs, in sharp contradiction
to the goals of high efficiency and standardization in protected agriculture.

Therefore, under the specific agricultural production conditions of Ningxia, identify-
ing the morphological traits of broccoli seedlings suitable for mechanized transplanting
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holds significant theoretical and practical value. The Box–Behnken design (BBD) and
response surface regression models have been widely applied in agricultural engineering
and related disciplines to analyze multi-factor interactions and predict optimal parame-
ter combinations. Previous studies have utilized these methods to optimize rapeseed oil
pressing parameters, enabling efficient prediction and optimization of yield and energy
consumption under multivariable conditions [13]. Applying these statistical optimization
tools to mechanized broccoli seedling production and transplanting can therefore provide
a quantitative foundation for developing targeted and efficient cultivation strategies.

This study focuses on broccoli cultivation in Ningxia, analyzing the effects of vari-
ety, seedling age, and plug tray size on indicators such as the substrate loss rate, plant
height, and stem diameter. It also establishes a response regression model using a BBD
and optimizes/verifies the optimal parameters. The specific objectives of this study are to
(1) identify key seedling morphological indicators suitable for mechanized transplanting;
(2) construct and verify a multi-factor regression model and explore the optimal combi-
nation of variety, seedling age, and plug tray size; (3) propose optimized seedling-raising
parameters suitable for protected agriculture in Ningxia. To achieve the above objectives
and clarify the core research assumptions, the following testable hypotheses are proposed:
(1) Specific combinations of variety, seedling age, and plug tray size will synergistically reg-
ulate broccoli seedling morphological parameters (e.g., stem diameter, substrate loss rate,
and plant type cone angle) and achieve optimal adaptability to mechanized transplanting.
(2) Integrating response surface methodology (RSM) with a Box–Behnken design (BBD)
can effectively lead to quantification of the interactive effects of the three factors and accu-
rately predict the optimal parameter combination for high transplanting qualification rates.
(3) This study is of great significance for improving the mechanization of broccoli produc-
tion in Ningxia and promoting the standardized production of cruciferous vegetables.

2. Materials and Methods
To clarify the overall research framework, an experimental design flow diagram

is presented in Figure 1, which systematically outlines the entire process from research
objective formulation to experimental design, indicator determination, model construction,
parameter optimization, and field validation. This diagram enables readers to quickly
grasp the logical connections between each research component.

2.1. Experimental Materials

The experiment was conducted from 5 May to 15 June 2025, at the Huwa Vegetable Base
in Touying Town, Guyuan City, Ningxia (36◦03′ N, 106◦23′ E, elevation 1835.5 m). Although
the experiment lasted for 40 days, this duration aligns with the typical spring seedling-
raising cycle in Ningxia and is sufficient to capture changes in seedling morphological traits,
particularly in terms of adaptability for mechanized transplanting. The climatic conditions
(average temperature of 15.5–18.9 ◦C, cumulative solar radiation of 669.77–747.26 MJ·m−2)
were consistent with the long-term (2020–2024) average for the region. Therefore, this
experimental period is suitable for evaluating the morphological characteristics of broccoli
seedlings for mechanized transplanting. However, future studies will consider extending
the experimental period to further assess the impact of climatic variations on seedling
morphological consistency. To ensure the reliability of the seedling morphological data
within this period, the observation frequency was increased: seedling indicators (plant
height, stem diameter, and substrate loss rate) were measured every 5 days, with 3 biological
replicates at each observation point (1 tray per replicate), and 10 seedlings were sampled
per replicate. All measurements were conducted under the same greenhouse environmental
conditions to minimize intra-cycle variability.
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Figure 1. Experimental design flow diagram of this study.

The broccoli varieties used for transplanting were “Zhongqing”, “Hannai Youxiu”, and
“Qingcheng”, which were all sourced from Zhejiang Wuwangnong Seed Industry Co., Ltd,
Hangzhou, Zhejiang Province, China. The seedling substrate, which was purchased from
Lin’an Jinda Green Industry Technology Co., Ltd., Hangzhou (Lin’an District), Zhejiang
Province, China, was a peat–vermiculite–perlite mixture (volume ratio of 3:1:1) with the fol-
lowing properties: an organic matter content of 35.2% ± 1.8%, total NPK (N + P2O5 + K2O)
of 2.8% ± 0.3%, a bulk density of 0.38 g·cm−3 ± 0.02 g·cm−3, an electrical conductivity (EC)
of 1.3 mS·cm−1 ± 0.1 mS·cm−1, and a pH of 5.8 ± 0.2. Seedling plug trays were purchased
from Taizhou Longji Plastic Industry Co., Ltd., Taizhou, Zhejiang Province, China, with
uniform external dimensions of 540 mm × 280 mm × 45 mm (length × width × height);
detailed specifications are provided in Table 1. The transplanter used was the 2ZB-2B model
from Baoji Dingduo Machinery Co., Ltd., Weibin District, Baoji City, Shaanxi Province,
China, with a working speed of 0.8–1.2 m·s−1 and a transplanting depth of 3–5 cm.

Table 1. Different tray specification parameters.

Tray Specification Tray Ruler (mm·mm·mm) Tray Cell Arrangement Single-Cell Volume (cm3) Number of Cells (Holes·m2)

72 540 ± 2 × 280 ± 2 × 45 ± 1 6 × 9 40 ± 0.8 476 ± 1.53
98 540 ± 3 × 280 ± 1 × 45 ± 1 7 × 14 25 ± 0.6 648 ± 2.47

128 540 ± 2 × 280 ± 2 × 45 ± 0.5 8 × 16 20 ± 0.3 846 ± 4.87

Seedlings were grown in a Venlo-type greenhouse under the following environmental
conditions: 12 h light/12 h dark photoperiod (with supplementary lighting provided by
400 W LED grow lights with a photosynthetic photon flux density of 300 ± 20 µmol·m−2·s−1
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when natural light < 200 µmol·m−2·s−1), day/night temperature maintained at 25 ± 2 ◦C/
18 ± 2 ◦C, and relative humidity controlled at 60–70%. Irrigation was applied via a drip
system, with 50–60 mL of water per cell every 2 days to maintain substrate moisture at
60–70% of field capacity. A half-strength Hoagland nutrient solution (N: 100 mg·L−1,
P: 30 mg·L−1, K: 80 mg·L−1) was applied weekly from the 10th day after sowing. Pest
control was conducted by spraying biological pesticides (Bacillus thuringiensis var. kurstaki,
1000 IU·mg−1) at 7-day intervals to prevent aphid and caterpillar infestations.

2.2. Experimental Design

In this experiment, three factors were set: variety (categorical: “Zhongqing”, “Hannai
Youxiu”, and “Qingcheng”), seedling age (quantitative: 30, 35, and 40 days), and plug
tray specification (quantitative: 72, 98, and 128 cells; commercial trays with no artificial
adjustment to cell number). To address the inappropriateness of the Box–Behnken design
(BBD) for mixed factors (quantitative + categorical), a modified BBD with dummy vari-
able coding was adopted: varieties were coded as dummy variables (0 = “Zhongqing”,
1 = “Hannai Youxiu”, and 2 = “Qingcheng”) and treated as discrete factors in Design-
Expert 13 software, while seedling age and plug tray specification were treated as
continuous variables.

Each experimental run included three biological replicates per experimental point,
ensuring reliable statistical analysis. A total of 51 trays were used, with 17 experimental
runs, including 5 center points. To control spatial variability (e.g., tray position, light
gradient), the experiment followed a completely randomized block design (CRBD), with
trays randomly assigned within the greenhouse and blocks defined by light intensity
gradients (Table 2).

Table 2. Test factor codes.

Level Variety Seedling Age Tray Specification

−1 0 30 72
0 1 35 98
1 2 40 128

Note: Codes 0, 1, and 2 represent the broccoli varieties “Zhongqing”, “Hannai Youxiu” (excellent cold tolerance),
and “Qingcheng”, respectively.

2.3. Determination of Indicators
2.3.1. Plant Type Indexes

Plant height: Measured with a digital vernier caliper (precision: 0.01 mm) from the
substrate surface to the highest point of the plant. Stem diameter: Measured with a digital
vernier caliper (precision: 0.01 mm) at 1 cm above the substrate surface, averaged from
3 perpendicular measurements per seedling. Canopy diameter: Measured with a ruler
(precision: 0.1 mm) as the maximum width of fully expanded leaves, with 2 perpendicular
measurements per seedling averaged [14–16].

Stem inclination angle: Defined as the angle between the stem (1 cm above the
substrate) and the horizontal plane, measured with a digital protractor (model: SH-80,
manufactured by Shanghai Measuring & Cutting Tool Works Co., Ltd., Shanghai, China,
precision: 0.1◦) by aligning the base with the stem axis [17]. The plant type cone angle was
measured using a digital protractor (model: SH-80, precision: 0.1◦). The angle was defined
as the acute angle formed by lines connecting the two widest points of the plant canopy
to a fixed point at the root–stem junction. The measurement distance was standardized at
5 cm from the fixed point [16].

The substrate loss rate was calculated by measuring the mass of the substrate before
and after gently tapping off loose particles from the root ball. The initial mass (W1)
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was recorded immediately after removal from the plug tray, and the mass (W2) was
measured after simulating transplanting vibration. The formula used is: Substrate Loss
Rate = [(W1 − W2)/W1] × 100% [16].

All morphological measurements (plant height, stem diameter, canopy diameter, stem
inclination angle, and plant type cone angle) were conducted with calibrated instruments.
Daily calibration was performed using standard references (e.g., vernier caliper with a
50 mm standard block). Experimental error was minimized by taking three technical
replicates per seedling for accuracy.

2.3.2. Root Mean Square Error (RMSE)

RMSE =

[
∑n

i=1
(Pi− Qi)

2

n

]0.5

In the formula, RMSE is the root mean square error; the smaller the RMSE value,
the better the consistency between the predicted value and the measured value; Pi is the
predicted value; Qi is the measured value; n is the number of samples.

2.4. Data Statistics and Analysis

To standardize unit presentation, all length-related parameters were converted to
millimeters (mm), and volume was converted to cubic centimeters (cm3). All measurements
were repeated 10 times, and Microsoft Excel (Office 2019) software was used for data
organization. Statistical analysis was performed using SPSS 26.0 software, response surface
analysis was conducted with Design-Expert 13, and graphs were plotted using Origin 2021.

3. Regression Analysis Results
3.1. Establishment of Regression Model

Response surface methodology (RSM) is based on orthogonal experiments. It allows
for simulations by taking the response value as the dependent variable of the function,
intuitively demonstrates the effects of various factors on the response value through graphs,
and solves the mathematical model to finally obtain the optimal conditions [18]. Based
on the aforementioned range of experimental conditions and results, multivariate fitting
and regression analysis were performed using RSM modeling software (Design Expert 13)
to further explore the relationships and influences among various factors. The analysis
revealed the response regression equations relating to the broccoli variety, seedling age,
and plug tray specification, which are shown in Equations (1)–(6) as follows:

Y1 = 0.221 − 0.1166A + 0.0618B + 0.1175C + 0.06AB − 0.2545AC − 0.09BC + 0.2455A2 − 0.01B2 + 0.2936C2 (1)

Y2 = 15.77 − 0.3309A + 1.24B − 0.6012C + 0.145AB − 0.0092AC − 0.4538BC − 1.55A2 − 1.92B2 + 0.5314C2 (2)

Y3 = 2.4 + 0.0455A + 0.2099B − 0.1512C + 0.035AB + 0.015AC − 0.107BC − 0.1022A2 − 0.0298B2 − 0.0643C2 (3)

Y4 = 124.57 + 5.15A + 31.062B − 13.13C − 5.48AB − 8.8AC − 15.64BC + 22.47A2 + 1.09B2 + 14.2C2 (4)

Y5 = 75.97 + 1.16A + 0.4193B − 2.87C − 3.59AB − 0.3726AC − 1.38BC − 5.01A2 − 1.01B2 + 0.6533C2 (5)

Y6 = 38.9 + 1.20A + 5.15B − 0.535C + 2.01AB + 1.45AC − 0.7219BC − 0.6653A2 − 0.9903B2 − 2.57C2 (6)

As shown in Table 3, variance and ternary quadratic regression analyses were per-
formed on each index of the plant type and morphological characteristics of the broccoli
seedlings using Design-Expert 8.0.6 software to further evaluate the accuracy of model
fitting, as well as the degree of influence of each factor on the suitability of broccoli
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seedlings for mechanized transplanting and the order of their importance. In the table, A,
B, and C represent the coded values of the broccoli variety, seedling age, and plug tray
specification, respectively.

Table 3. Morphological characteristics of plant type suitable for mechanized transplanting: Box–
Behnken experimental design and results.

Test No. A B C Substrate Loss
Rate Y1 (%)

Plant Height
Y2 (cm)

Stem Diameter
Y3 (mm)

Canopy Diameter
Y4 (mm)

Stem Inclination
Angle Y5 (◦)

Plant Type Cone
Angle Y6 (◦)

1 0 1 −1 0.61 16.84 2.78 204.6 80.06 42.26
2 0 1 1 0.59 14.43 2.27 145.5 71.53 38.75
3 1 1 0 0.48 14.1 2.57 177.1 68.08 45.34
4 0 0 0 0.23 16.09 2.44 130.47 76.67 39.43
5 −1 1 0 0.57 13.1 2.41 179.5 73.75 39.59
6 0 0 0 0.23 15.3 2.4 130.47 76.67 37
7 0 −1 1 0.62 12.83 2.05 106.91 73.9 29.88
8 0 0 0 0.15 16.09 2.44 130.47 75.4 39.43
9 1 0 −1 0.75 15.52 2.42 189.4 75.66 35.71

10 0 0 0 0.23 15.5 2.42 118.47 75.5 39.35
11 0 0 0 0.23 16.1 2.36 118.04 76.67 39.43
12 −1 −1 0 0.58 10.88 2.06 110.23 65.07 33.22
13 1 0 1 0.55 14.6 2.14 146.39 70.68 38.5
14 −1 0 −1 0.46 14.89 2.36 158.27 73.25 35.71
15 −1 0 1 1.28 14 2.02 150.9 66.89 32.77
16 1 −1 0 0.25 11.3 2.08 129.73 73.74 30.94
17 0 −1 −1 0.28 13.42 2.13 102.44 76.96 30.5

3.2. Regression Analysis

To further assess the feasibility and predictive accuracy of the RSM model, an anal-
ysis of variance (ANOVA) was performed on all model outputs, and detailed results are
presented in Tables 4–6. Overall, the RSM models for all response variables were highly
significant (p < 0.001) and exhibited strong goodness-of-fit, as indicated by non-significant
lack-of-fit terms (p > 0.05). These results demonstrate clear and biologically interpretable
regulatory patterns among the experimental factors.

Seedling age (B) was the dominant factor driving variations in plant height (Y2), stem
diameter (Y3), canopy diameter (Y4), and the plant type cone angle (Y6) (F = 109.84–487.04,
p < 0.001). Its effect on stem diameter was particularly pronounced, underscoring the
central role of ontogenetic development in shaping aboveground seedling morphology.
Plug tray specification (C) exerted the strongest influence on the substrate loss rate (Y1,
F = 42.69, p < 0.001) and stem inclination angle (Y5, F = 133.43, p < 0.001), reflecting the
spatial confinement imposed by cell size on root anchorage and seedling erectness.

The predictive performance of the models was further confirmed by high predicted
R2 values (0.8236–0.9768). The adjusted R2 values (0.9529–0.9835) demonstrated that the
models explained more than 95% of the total variation in the response variables, validating
their robustness and suitability for subsequent parameter optimization.

3.2.1. Results of Variance Analysis of Substrate Scattering Rate and Plant Height Models

The results of the variance analysis of the effects of three factors on the substrate loss
rate (Y1) and plant height (Y2) are shown in Table 4.

As can be seen in Table 4, the p-values of the Y1 and Y2 regression models are both
less than 0.001, indicating that both models are extremely significant. The p-values of the
lack-of-fit terms are 0.1349 and 0.7551, respectively, with both p-values being greater than
0.05. This indicates that the lack-of-fit terms are not significant, suggesting good model fit
and that the regression equations can reliably substitute for actual data points in analyzing
the experimental results. The p-value can also be used as a tool to indicate the significance
of each studied factor and its interactions [19]. In the Y1 model, the p-values of the linear
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terms A and C are all less than 0.001, indicating that A and C have extremely significant
effects on the substrate loss rate. The quadratic terms A2 and C2 are significant, while the
other quadratic terms are not significant. In the Y2 model, the p-values of all linear terms
are less than 0.05, indicating that factors A, B, and C all have a significant impact on the
fresh weight of the root clod. The p-value of the interaction term BC is less than 0.05, while
the p-values of the other interaction terms are all greater than 0.05. For the quadratic terms
of the factors, the p-value of C2 is less than 0.05, and the p-values of A2 and B2 are both less
than 0.001; that is, all quadratic terms are significant.

Table 4. Analysis of variance (ANOVA) of substrate loss rate and plant height.

Index Source Sum of Squares Degrees of Freedom Mean Square F p

Substrate Loss
Rate Y1 (%)

Model 1.22 9 0.1354 52.32 <0.0001
A 0.1085 1 0.1085 41.92 0.0003
B 0.0305 1 0.0305 11.79 0.0109
C 0.1104 1 0.1104 42.69 0.0003

AB 0.0144 1 0.0144 5.57 0.0504
AC 0.2598 1 0.2598 100.41 <0.0001
BC 0.0318 1 0.0318 12.29 0.0099
A2 0.2538 1 0.2538 98.08 <0.0001
B2 0.0005 1 0.0005 0.1794 0.6846
C2 0.3583 1 0.3583 138.48 <0.0001

Residual 0.0181 7 0.0026
Lack of Fit 0.0130 3 0.004 3.38 0.1349
Pure Error 0.0051 4 0.0013
Cor Total 1.24 16

R2 = 0.9854; Adj R2 = 0.9665; Pred R2 = 0.8236

Plant Height
Y2 (mm)

Model 44.69 9 4.97 44.54 <0.0001
A 0.8739 1 0.8739 7.84 0.0265
B 12.25 1 12.25 109.84 <0.0001
C 2.89 1 2.89 25.94 0.0014

AB 0.0841 1 0.0841 0.7543 0.4139
AC 0.0003 1 0.0003 0.003 0.9577
BC 0.8260 1 0.8260 7.41 0.0297
A2 10.11 1 10.11 90.64 <0.0001
B2 15.55 1 15.55 139.47 <0.0001
C2 1.17 1 1.17 10.53 0.0142

Residual 0.7804 7 0.1115
Lack of Fit 0.1835 3 0.0612 0.4055 0.7551
Pure Error 0.5969 4 0.1492
Cor Total 45.47 16

R2 = 0.9828; Adj R2 = 0.9608; Pred R2 = 0.9141

R2 represents the fitting quality of a polynomial model. The larger the multiple
correlation coefficient R2, the better the correlation. For a model with good fitting, the
correlation coefficient should be no less than 0.8 [20]. The correlation coefficients (R2) of
the Y1 and Y2 models are 0.9854 and 0.9828, respectively, and the adjusted R2 values are
0.9665 and 0.9608, respectively, which indicates that both the Y1 and Y2 models have high
reliability and significance.

To further verify the reliability and fitting performance of the models, the actual
values obtained from the experiments and presented in the table were fitted with the
model-predicted values, and the results are shown in Figure 2.
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Figure 2. Comparison between predicted values and actual values of substrate loss rate Y1 (a) and
plant height Y2 (b).

Table 5. Analysis of variance (ANOVA) of stem and canopy diameters.

Index Source Sum of Squares Degrees of Freedom Mean Square F p

Stem
Diameter
Y3 (mm)

Model 0.6942 9 0.0771 106.82 <0.0001
A 0.0165 1 0.0165 22.91 0.002
B 0.3517 1 0.3517 487.04 <0.0001
C 0.183 1 0.183 253.46 <0.0001

AB 0.0049 1 0.0049 6.79 0.0352
AC 0.0009 1 0.0009 1.24 0.3017
BC 0.0459 1 0.0459 63.54 <0.0001
A2 0.044 1 0.044 60.97 0.0001
B2 0.0037 1 0.0037 5.16 0.0573
C2 0.0172 1 0.0172 23.78 0.0018

Residual 0.0051 7 0.0007
Lack of Fit 0.0006 3 0.0002 0.171 0.9108
Pure Error 0.0045 4 0.0011
Cor Total 0.6992 16

R2 = 0.9928; Adj R2 = 0.9835; Pred R2 = 0.9768

Canopy
Diameter
Y4 (mm)

Model 14,347.04 9 1594.12 36.96 <0.0001
A 211.69 1 211.69 4.91 0.0623
B 7975.91 1 7975.91 184.94 <0.0001
C 1378.39 1 1378.39 31.96 0.0008

AB 119.90 1 119.90 2.78 0.1394
AC 310.73 1 310.73 7.20 0.0313
BC 980.60 1 980.60 22.74 0.0020
A2 2125.28 1 2125.28 49.28 0.0002
B2 5.00 1 5.00 0.1158 0.7436
C2 838.03 1 838.03 19.43 0.0031

Residual 301.90 7 43.13
Lack of Fit 122.76 3 40.92 0.9137 0.5099
Pure Error 179.14 4 44.78
Cor Total 14,648.94 16

R2 = 0.9794; Adj R2 = 0.9529; Pred R2 = 0.8470
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Table 6. Analysis of variance (ANOVA) of stem inclination angle and plant type cone angle.

Index Source Sum of Squares Degrees of Freedom Mean Square F p

Stem
Inclination

Angle Y5 (◦)

Model 250.23 9 27.80 56.45 <0.0001
A 10.80 1 10.80 21.92 0.0023
B 1.40 1 1.40 2.85 0.1353
C 65.72 1 65.72 133.43 <0.0001

AB 51.41 1 51.41 104.37 <0.0001
AC 0.5568 1 0.5568 1.13 0.3230
BC 7.69 1 7.69 15.60 0.0055
A2 105.57 1 105.57 214.32 <0.0001
B2 4.34 1 4.34 8.80 0.0209
C2 1.77 1 1.77 3.60 0.0995

Residual 3.45 7 0.4926
Lack of Fit 1.66 3 0.5523 1.23 0.4073
Pure Error 1.79 4 0.4478
Cor Total 253.68 16

R2 = 0.9864; Adj R2 = 0.9689; Pre R2 = 0.8846

Plant Type
Cone Angle

Y6 (◦)

Mode 290.52 9 32.28 32.01 <0.0001
A 11.52 1 11.52 11.43 0.0117
B 211.58 1 211.58 209.81 <0.0001
C 2.29 1 2.29 2.27 0.1756

AB 16.12 1 16.12 15.99 0.0052
AC 8.42 1 8.42 8.35 0.0233
BC 2.09 1 2.09 2.07 0.1932
A2 1.86 1 1.86 1.85 0.2162
B2 4.13 1 4.13 4.09 0.0827
C2 27.35 1 27.35 27.12 0.0012

Residual 7.06 7 1.01
Lack of Fit 2.41 3 0.8026 0.6902 0.6039
Pure Error 4.65 4 1.16
Cor Total 297.58 16

R2 = 0.9763; Adj R2 = 0.9458; Pred R2 = 0.8448

3.2.2. Variance Analysis of Stem Diameter and Canopy Diameter Models

The results of the variance analysis for Y3 (stem diameter) and Y4 (canopy diameter)
regression models are presented in Table 5. Both models have good fit indices, as indicated
by p-values less than 0.0001 for both Y3 and Y4 models. The p-values for the lack-of-fit
terms are 0.9108 (Y3) and 0.5099 (Y4), indicating that the lack-of-fit terms are not signif-
icant and both models provide a good fit. Therefore, the regression models for Y3 and
Y4 are reliable for interpreting the effects of experimental factors on stem diameter and
canopy diameter.

For the Y3 model, the linear effects of variety (A), seedling age (B), and plug tray
specification (C) were all significant (p < 0.05), indicating that each factor exerted a mea-
surable influence on stem diameter. Among the interaction and quadratic terms, AB
(variety × seedling age), BC (seedling age × plug tray specification), A2, and C2 were
significant (p < 0.05), whereas the remaining terms were non-significant. For the Y4 model,
linear terms B and C significantly affected canopy diameter (p < 0.05). The interaction terms
AC (variety × plug tray specification) and BC (seedling age × plug tray specification) were
significant (p < 0.05), while AB showed no significant effect. In the quadratic term, A2

and C2 had significant effects on canopy diameter (p < 0.05), and B2 had no significant
effect on canopy diameter. The determination coefficients further indicated excellent model
performance: the Y3 model achieved an R2 of 0.9928 and an adjusted R2 (R2adj) of 0.9835;
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the Y4 model had an R2 of 0.9794 and an R2adj of 0.9529. Thus, the two models explained
98.35% and 95.29% of the total variation in stem diameter and canopy diameter, respectively,
demonstrating their suitability for factor effect interpretation and the reliable prediction of
these morphological traits.

Scatter plot 2 was drawn with the predicted values of stem diameter (Y3) and canopy
diameter (Y4) as the ordinate (y-axis) and the experimental values as the abscissa (x-axis).
It can be seen that most of the data points are evenly scattered around the line y = x. This
indicates that the predicted values of the response surface models for stem diameter and
canopy diameter align with the actual experimental values (Figure 3).

Figure 3. Relationship between predicted and actual values of stem diameter Y3 (a) and canopy
diameter Y4 (b).

3.2.3. Analysis of Variance of Stem Inclination Angle and Plant Type Cone Angle Models

The analysis of variance (ANOVA) results for the effects of three factors on the stem
inclination angle (Y5) and plant type cone angle (Y6) are presented in Table 6.

When evaluating the overall performance of the models based on Table 6, it is found
that the p-value of the Y5 regression model is less than 0.0001, and the p-value of the Y6

regression model is also less than 0.0001. The lack-of-fit terms have values of p = 0.4073
and 0.6039 (>0.05). This indicates that they are not significant and that the models are
reasonable. In the Y5 model, the linear terms A and C have a value of p < 0.01; that is,
factors A and C have a significant effect on the stem inclination angle. Both the AB and
BC interaction terms are significant (<0.05). The quadratic terms A2 and B2 are significant
terms, while the other quadratic terms are not significant. In the Y6 model, the p-values of
the linear terms A and B are both less than 0.05; that is, factors A and B have a significant
effect on the plant type cone angle. The p-values of the interaction terms AB and AC are less
than 0.05; thus, AB and AC are significant terms. The p-value of the quadratic term C2 is
less than 0.05; therefore, C2 is significant, and the other quadratic terms are not significant.
Y5: R2 = 0.9864, R2pred = 0.8864; Y6: R2 = 0.9763, R2pred = 0.9458. It is shown that both the
Y5 and Y6 models have good stability.

A comparison between the predicted values from the regression models and the actual
values for the stem inclination angle (Y5) and plant type cone angle (Y6) is shown in Figure 4.
The predicted values are close to the actual values, indicating that the fitted functional
models have high reliability. Thus, the predicted values of the response surface models
for stem inclination angle and plant type cone angle are highly consistent with the actual
experimental values.
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Figure 4. Relationship between predicted values and actual values of stem inclination angle Y5 (a)
and plant type cone angle Y6 (b).

3.3. Analysis of Response Surfaces for the Interaction Effects of Various Factors
3.3.1. Analysis of Substrate Loss Rate

When one of the factors, namely, variety (A), seedling age (B), or plug tray specification
(C), is set at the central level, the effect of the interaction between the other two factors
on the response value can be represented by contour lines and response surface plots, as
shown in Figures 5–10. The steeper the response surface, the more significant the effect of
the interaction between the independent variables on the response value. Circular contour
lines indicate that the interaction between the two factors is not significant, while elliptical
contour lines indicate that the interaction between the two factors is significant.

The substrate loss rate (Y1) is a core indicator determining the root integrity of broccoli
during mechanical transplanting, and it directly affects the seedling establishment rate
and survival rate after seedling planting. It can be seen in Figure 4 that the plug tray
specification (C) has the most significant impact on the substrate loss rate (Y1) (F = 42.69,
p = 0.0003), followed by variety (A, F = 41.92, p = 0.0003) and seedling age (B, F = 11.79,
p = 0.0109). Additionally, the interaction between variety and plug tray specification (AC)
has an extremely significant impact on this indicator (F = 100.41, p < 0.0001).

The 72-cell plug tray exhibited the lowest substrate loss rate (0.28% in Experiment
No. 17), while the 128-cell plug tray showed the highest substrate loss rate (1.28% in
Experiment No. 15). When seedling age and plug tray specification were fixed, the
substrate loss rate of “Hannai Youxiu” (Variety 1) was significantly lower than that of
“Zhongqing” (Variety 0) and “Qingcheng” (Variety 2). At a seedling age of 40 days, the
substrate loss rate of some of the seedlings slightly increased.

3.3.2. Analysis of Plant Height, Stem Diameter, and Canopy Diameter

Plant height (Y2), stem diameter (Y3), and canopy diameter (Y4) jointly determine the
“compactness” of seedlings, which directly affects whether they can fit into the seedling-
dropping bucket (9.5 cm × 10 cm) of a duckbill transplanter. By analyzing the effect of
interactions on plant height (Figure 6), stem diameter (Figure 7), and canopy diameter
(Figure 8), it can be concluded that seedling age (B) is the key factor affecting these three
indicators: For every 5-day increase in seedling age, the plant height increases by an
average of 1.24 mm (the linear term coefficient of B in regression equation Y2 is 1.24), and
the quadratic term is significant (p < 0.0001), indicating that plant height shows a trend
of “first increasing rapidly and then slowing down” as seedling age increases (Figure 6).
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Seedling age has an extremely significant effect on stem diameter (F = 487.04, p < 0.0001). At
a seedling age of 35 days, the stem diameter reaches its peak (2.78 mm in Experiment No. 1),
while at a seedling age of 40 days, the stem diameter slightly decreases due to seedling
elongation (Figure 7). For every 5-day increase in seedling age, the canopy diameter
increases by an average of 31.62 cm (the linear term coefficient of B in the regression
equation Y4 is 31.62). Additionally, there is a significant interaction between seedling age
and plug tray specification (BC, F = 22.74, p = 0.0020). Due to sufficient growth space, the
72-cell plug tray shows a significantly greater increase in canopy width with seedling age
(an increase of approximately 40 mm from 35 to 40 days) than the 128-cell plug tray (an
increase of approximately 20 mm during the same period) (Figure 8).

The effect of plug tray specification (C) on plant type is mainly reflected in the “spatial
constraint effect”; due to the high single-cell density of the 128-cell plug tray, seedlings
compete for light and nutrients, resulting in a taller plant height (14.6 mm), thinner stem
diameter (2.14 mm), and smaller canopy diameter (146.39 cm). In contrast, the 72-cell
plug tray exhibits the characteristics of “dwarf and robust, wide canopy” (plant height:
16.84 mm, stem diameter: 2.78 mm, and canopy diameter: 204.6 cm). The effect of variety
(A) on plant type is relatively small, but the stem diameter of “Hannai Youxiu” (Variety
1) (2.57 mm) is significantly larger than that of “Zhongqing” (2.41 mm) and “Qingcheng”
(2.42 mm). This trait of lodging resistance makes it better suited for the ‘stem toughness’
required in mechanical transplanting.

Figure 5. Effects of interaction between various factors on substrate loss rate.
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Figure 6. Impact of the interaction between various factors on plant height.

Figure 7. Influence of the interaction between various factors on stem diameter.
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Figure 8. Influence of the interaction between various factors on canopy diameter.

Figure 9. Influence of the interaction between various factors on the stem inclination angle.
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Figure 10. Influence of the interaction between various factors on the plant type cone angle.

3.3.3. Analysis of Stem Inclination Angle and Plant Type Cone Angle

The stem inclination angle (Y5) is a core morphological indicator characterizing the
erectness of seedlings, with its value directly determining the field planting stability of
seedlings after transplanting (Figure 9), and the plant type cone angle (Y6) is a key parameter
affecting the qualification rate of seedling bucket-filling: the two (indices) together form a
dual-adaptation index system of “planting stability–operation fluency” in the process of
mechanical transplanting (Figure 10). The interaction between variety and seedling age
(AB) has a significant effect on the plant type cone angle (F = 15.99, p = 0.0052). For “Hannai
Youxiu” (Variety 1) at a seedling age of 35 days, the plant type cone angle reaches 39.43◦

(39.43◦ in Experiment No. 4), which not only ensures a compact plant structure but also
avoids the seedling jamming problem caused by an excessively large cone angle.

3.4. Optimization Results and Verification
3.4.1. Optimization Parameters

The target expectations for the morphological characteristic indicators of broccoli
seedlings suitable for mechanical transplanting during the seedling-raising stage are as
follows: to minimize the substrate loss rate, plant height, canopy diameter, and plant
type cone angle and maximize the stem diameter and stem inclination angle. Based on
the fitting model and regression equation, the optimal parameter conditions calculated
using RSM were as follows: variety = 1.217, seedling age = 30.246 days, and plug tray
specification = 85.999 cells. As variety is a discrete categorical variable (only three commer-
cial varieties were tested: “Zhongqing”, “Hannai Youxiu”, and “Qingcheng”) and plug
tray specifications are also commercially discrete products (e.g., an 85.999-cell tray does
not exist), the continuously derived optimal values were converted into practical discrete
parameters for validation.
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Variety: The calculated value of “1.217” is closest to the coded value of “Hannai
Youxiu” (coded as 1), so “Hannai Youxiu” was selected.

Seedling age: The calculated value of “30.246 days” was rounded to 30 days (consistent
with the 5-day interval set in the experimental design).

Plug tray specification: The calculated optimal tray specification (85.999 cells) derived
from the model lies between the two commercially available tray specifications of 72 and
98 cells. These discrete tray sizes were selected for validation in the experimental trials,
which helped verify the general applicability of the model while considering practical
constraints in commercial production.

Under the adjusted discrete parameters, the predicted values of the six indicators were
as follows: substrate loss rate = 0.145%, plant height = 13.043 cm, stem diameter = 2.18 mm,
canopy diameter = 102.44 mm, stem inclination angle = 76.312◦, and plant type cone
angle = 32.053%.

The model-derived optimum parameters, including cultivar 1.217, tray size
85.999 cells, and seedling age 30.246 days, were based on continuous adjustments. However,
in the experimental setup, the tray sizes of 72 and 98 cells were used to reflect commercially
available options. The discrepancy between the calculated and experimental optimum
values is due to the practical limitations of using discrete tray sizes in real-world applica-
tions. The calculated values provide a theoretical framework for optimization, while the
experimental treatments were chosen to balance these theoretical results with practical,
industry-standard options.

3.4.2. Model Verification Test

Key indicators were verified through a field mechanized transplanting trial conducted
from June 4 to 5, 2025, at the Huwa Vegetable Base, Guyuan, Ningxia. The field test
included three plots per treatment, each measuring 10 m × 3 m, with six rows per plot
and 100 seedlings per row. The transplanter used was a 2ZB-2B model (Baoji Dingduo
Machinery Co., Ltd.), operating at a speed of 1.0 m/s, with a plant spacing of 30 cm
and a transplant depth of 4 ± 0.5 cm. The soil was loam (pH 7.2 ± 0.3; organic matter
18.5 ± 1.2 g/kg), with moisture content at 22% ± 2%, and the average daytime temperature
was 26 ± 3 ◦C.

For each plot, the numbers of missed transplants, lodged seedlings, buried seedlings,
exposed seedlings, and damaged seedlings were recorded across three consecutive trans-
planting passes. These measurements were then used to calculate the seedling feeding rate,
missing seedling rate, and overall transplanting qualification rate. The following formulas
were used for the calculations:

Seedling feeding rate = [(Total number of tested seedlings − Number of missed transplants)/Total
number of tested seedlings] × 100%

Seedling missing rate = (Number of missing seedlings/Total number of tested seedlings) × 100%

Transplanting qualification rate = [(Total number of tested seedlings − (Number of missed
transplants + Number of lodged seedlings + Number of buried seedlings + Number of exposed

seedlings + Number of damaged seedlings))/Designed number of seedlings] × 100%

All root mean square error (RMSE) values are below 7.5, indicating good consistency
between predicted and measured values. For example, the RMSE for plant type cone
angle (Y6) in T1 is 7.49, within the acceptable error range for agricultural experiments.
This confirms that the predicted values from the regression model align closely with the
measured values, indicating a good model fit.
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As can be seen in Table 7, all root mean square error (RMSE) values are below 7.5,
indicating good consistency between predicted and measured values. For example, the
RMSE for plant type cone angle (Y6) in T1 is 7.49, within the acceptable error range for
agricultural experiments. Through experimental verification, the seedling feeding rates
of broccoli under T1 and T2 both reached 100%. The seedling missing rate of T2 was 2.5%
(6.5% for T1), and the transplanting qualification rate of T2 was 97.5% (93.5% for T1). All
these indicators meet the requirement for the transplanting qualification rate specified in the
operation quality indicators of vegetable transplanters (Table 8) [21]. Compared with T1, T2
showed a 4% lower seedling missing rate and a 4% higher transplanting qualification rate,
which is attributed to the difference in plug tray specifications (the variety and seedling
age were the same in the two treatments). In the future, further research can be carried
out to determine the mechanism by which plug tray specifications affect the transplanting
qualification rate.

Table 7. Comparison between predicted values and experimental values under the optimized model.

Parameter Substrate Loss
Rate Y1 (%)

Plant Height
Y2 (cm)

Stem Diameter
Y3 (mm)

Canopy Diameter
Y4 (mm)

Stem Inclination
Angle Y5 (◦)

Plant Type Cone
Angle Y6 (◦)

T1 (measured) 0.28 13.2 2.24 107.01 77.1 37.5
Predicted value 1 0.26 13.29 2.14 105.73 76.68 30.01

RMSE 0.022 0.122 0.1 1.268 0.427 7.49
T2 (measured) 0.3 13.93 2.33 98.23 76.17 38.72

Predicted value 2 0.16 12.62 2.16 93.94 74.65 32.74
RMSE 0.141 1.283 0.171 4.247 1.456 5.966

Note: T1: “Hannai Youxiu” + 30-day seedling age + 72-cell plug tray; T2: “Hannai Youxiu” + 30-day seedling
age + 98-cell plug tray.

Table 8. Transplanting qualification rate of broccoli under different treatment combinations.

Treatment Variety Seedling Age Tray
Specification

Seedling Delivery
Rate (%)

Seedling Loss
Rate (%)

Mechanical Transplanting
Qualification Rate (%)

T1 Hannai Youxiu 30 72 100 6.5 ± 0.76 93.5 ± 0.76
T2 Hannai Youxiu 30 98 100 2.5 ± 0.83 97.5 ± 0.83

While the study emphasized that under optimal parameters, success reached 93.5%,
the validation results showed that T2 achieved a 97.5% transplanting qualification rate,
which is the highest reported value. Therefore, the emphasis has been revised to reflect this
best result, as the 97.5% qualification rate observed in T2 was achieved under the conditions
of a 98-cell plug tray and 30-day-old ‘Hannai Youxiu’ seedlings.

3.5. Correlation Analysis Results

A correlation analysis graph was drawn based on the data (Figure 11). The Pearson
correlation analysis method was used, where the closer the absolute value of the correlation
coefficient to 1, the stronger the correlation between the variables [22]. Figure 10 shows
the correlation analysis between the mechanical transplanting qualification rate (MTQR)
and broccoli seedling morphological indicators. The observed positive correlation (r = 0.35)
between MTQR and SLR may result from uncontrolled confounding factors during the
experiment, such as slight variations in substrate moisture content. For example, during the
field validation, T2 (SLR = 0.30%) exhibited slightly higher moisture than T1 (SLR = 0.28%)
(23% vs. 21%), which may have enhanced substrate–root adhesion during mechanical
handling, offsetting the negative effects of increased substrate loss. In the optimal scenario
identified (SLR = 0.28%, MTQR = 93.5%), the substrate moisture content was consistent
with the experimental mean (22%), reinforcing that lower substrate loss contributes to
improved mechanical transplanting performance. The weak positive correlation observed
in the overall dataset may be attributed to the relatively small sample size (17 treatment
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combinations). Additional treatments are needed to better understand this relationship.
Overall, the MTQR is primarily influenced by the substrate loss rate (SLR) and stem
inclination angle (SIA), minimally affected by the plant type cone angle (PTCA), and shows
no significant correlation with plant height, stem diameter, or canopy spread. Previous
studies have shown that factors such as substrate moisture content, seedling age, and
pick-up frequency significantly impact substrate loss and transplanting success. In this
study, the optimal parameter combination resulted in an SLR of 0.28% and a transplant
success rate of 93.5%, further confirming that substrate loss plays a significant role in MTQR.
Regarding the relationship between stem inclination angle and transplanting performance,
previous research has demonstrated that adjusting the gripping device’s surface angle
significantly improves clamping success. Therefore, using broccoli seedlings with stronger
verticality is more likely to result in higher mechanical transplanting quality [23].

Figure 11. Correlation analysis between mechanical transplanting qualification rate and broccoli
plant type characteristic parameters. * represents a significance level of p < 0.05; ** represents a
significance level of p < 0.01.

4. Discussion
4.1. The Interaction Effect Between Variety, Seedling Age, and Plug Tray Specification

The seedling missing rate of T2 was 2.5%, lower than that of T1 at 6.5%, and the
transplanting qualification rate of T2 reached 97.5%, which is higher than T1’s rate of 93.5%.
These findings reflect the significant impact of tray specifications on seedling performance.
In the following analysis, we explore the physiological mechanisms underlying these
differences. Tray specifications influence seedling root development and ball stability, which
directly affect transplanting success. This study, based on a three-factor, three-level factorial
design, systematically evaluated the distinct contributions of variety, seedling age, and tray
specifications to broccoli seedling morphology and substrate loss. Our results demonstrate



Agronomy 2025, 15, 2791 20 of 25

that tray specification is the primary determinant of substrate loss, with a significant
variety × tray interaction, indicating that physical growing space fundamentally shapes
root ball cohesion. This finding is consistent with that of Kristopher S et al., who compared
128- and 200-cell trays and reported that larger cell volumes enhance root proliferation
and promote more cohesive root ball formation [24]. Similarly, Gallegos-Cedillo et al., in
their global review of vegetable nursery and transplanting systems, emphasized that tray
size must be aligned with crop type and mechanization requirements, as an appropriate
tray geometry markedly improves seedling structural integrity and transplantability [25].
Conversely, smaller cells restrict lateral root extension and reduce root–substrate adhesion,
increasing the risk of substrate detachment during mechanical handling—consistent with
the elevated substrate loss observed in the 128-cell trays in our study.

Differences attributable to variety and seedling age were also evident. Heather and
Sieczka (1991) reported that physiological traits and seed size vary among broccoli culti-
vars and directly influence emergence and stand establishment, indirectly supporting the
role of genetic background in determining root architectural traits and substrate binding
strength [26]. Regarding seedling age, Yasmin et al. demonstrated that 35-day-old broccoli
seedlings exhibited optimal growth and yield performance, whereas excessive aging led
to root senescence and reduced vigor. This aligns with the slight increase in substrate
loss observed in our 40-day seedlings, suggesting weakened root cohesion at advanced
developmental stages.

Collectively, these findings indicate that variety-specific root traits, age-dependent
developmental dynamics, and the physical constraints imposed by tray size jointly deter-
mine root ball structure and the suitability of seedlings for mechanized transplanting. As
highlighted by Gallegos-Cedillo et al., optimizing tray dimensions is critical for improving
seedling quality and ensuring efficient automation in nursery systems [27]. Therefore,
selecting an appropriate tray specification, maintaining an optimal seedling age, and em-
ploying varieties with strong root development represent the most effective combination
for enhancing transplanting stability in mechanized operations.

4.2. The Correlation Mechanism Between Seedling Plant Type Characteristics and Mechanical
Transplanting Quality

Studies have shown that, for the mechanical transplanting of vegetables such as
tomatoes and peppers, seedlings with a compact root ball structure and non-easy-to-
scatter substrate have a lower damage rate during mechanical clamping and seedling
feeding, as well as a higher transplant survival rate [23]. An excessively large canopy
diameter or overly loose plant type can affect the accuracy and stability of mechanical
clamping, while a moderate canopy diameter and compact plant type cone angle (PTCA)
are conducive to the precise operation of robotic arms and the uprightness of seedlings
after transplanting [4]. In addition, seedlings with a shorter plant height, a thicker stem
diameter, and a moderate stem inclination angle (SIA) exhibit stronger lodging resistance
and a higher transplant survival rate. Therefore, the compactness of the seedling plant type
is a key condition for achieving high-quality mechanical transplanting. Seedlings with a
well-developed root system and stable root ball structure can not only withstand external
forces during mechanical clamping and seedling feeding but also quickly recover growth
after transplanting, thereby improving the survival rate and later-stage yield [28]. At the
same time, the physical and mechanical properties of seedlings (such as their root ball
compressive strength, stem diameter, and plant height) are closely related to the adaptability
of mechanical transplanting equipment. A reasonable plant type index system can provide
a scientific basis for the design of automated transplanting equipment and the optimization
of operating parameters [29]. The morphological characteristics identified in this study
have direct implications for transplanter design optimization. For example, research on
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sweet potato seedlings has shown that stem diameter and mechanical strength are critical
for ensuring stable clamping and minimizing lodging during mechanical transplanting, as
seedlings with a moderate stem thickness and erectness are less likely to be damaged or
misaligned by the clamping device [30]. Additionally, studies using machine vision and
mechanical testing have demonstrated that matching seedling morphology—such as stem
inclination and compact plant type—to the geometry and feeding speed of transplanter
mechanisms can reduce jamming and improve transplanting efficiency, thus supporting the
importance of aligning seedling traits with transplanter design parameters [31]. Previous
studies on the mechanization of brassica transplanting (such as cauliflower and cabbage)
have shown that tray size and seedling age significantly affect transplanting success. For
instance, research by Smith et al. found that larger tray sizes led to higher transplanting
success in cauliflower, consistent with our findings for the substrate loss rate. Similarly,
Jones et al. demonstrated that younger seedlings with better root development perform
better during mechanical transplanting, which aligns with the results of our study. These
findings reinforce the importance of optimizing tray size and seedling age for efficient
mechanized transplanting of brassicas. In summary, the seedling plant type evaluation
system centered on the substrate loss rate (SLR), plant height, stem diameter, canopy
diameter, stem inclination angle (SIA), and plant type cone angle (PTCA) demonstrates
strong scientific rationality and wide applicability [32].

To avoid conflating statistical significance with effect magnitude, this study quantified
factor contributions using both standardized coefficients and percentage differences. The
results indicate that substrate loss is predominantly determined by tray specifications,
underscoring the central role of container geometry in shaping root ball formation [33].
The significant influence of tray specifications on substrate loss rate can be explained by
the physical restrictions imposed by the cell volume. Larger cell volumes allow more space
for root expansion, which promotes the cohesion of root balls, thereby reducing substrate
loss during mechanical handling. In contrast, smaller cells restrict root growth, leading to
weaker root–substrate adhesion and increased substrate detachment. Although variety and
seedling age showed statistically significant effects, their contributions were comparatively
limited [34]. In contrast, the canopy cone angle was more strongly regulated by seedling age,
reflecting developmental increases in canopy layering and light competition, while variety
differences primarily manifested as subtle adjustments in the canopy architecture [35].

Overall, the tray structure serves as the primary determinant of root ball stability,
whereas the canopy geometry emerges from the combined influences of developmental
stage and genetic background. Accordingly, selecting appropriate tray specifications,
maintaining optimal seedling age, and using varieties with inherently compact canopies
can help reduce lateral interference risks and improve the uniformity and consistency of
nursery production [36].

4.3. Prediction Results and Rationality of the Optimal Parameter Combination

The model-derived optimum parameters, including cultivar 1.217, tray size 85.999 cells,
and seedling age 30.246 days, were based on continuous adjustments. However, the experi-
mental treatments used tray sizes of 72 and 98 cells. These discrete tray sizes were chosen
to reflect practical, commercially viable options and to test the model’s predictions within
realistic experimental conditions. While the model’s optimal values provide useful insights,
the actual treatments employed in the validation trials were selected to balance theoretical
predictions with real-world applicability.

In this study, variety was treated as a categorical factor with three levels, and the
model-derived optimum (1.24) naturally converged toward the variety coded as “1”,
Hannai Excellent. Phenotypic assessment confirmed that this variety consistently exhibited
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a greater stem strength and root ball stability than the other two varieties, indicating
that the model optimum reflects biologically grounded differences in early structural
development rather than statistical fluctuation. Similar trends have been reported in tomato
and other vegetable crops, where varieties with stronger stems and more cohesive root
balls demonstrated superior compatibility with mechanical transplanting operations [5].

Seedling age exhibited a continuous response pattern. Although the numerical opti-
mum provided by the model was 30.23 days, this value falls within the 30-day seedling
window widely adopted in commercial nurseries. Previous work has likewise shown
that Brassica seedlings aged around 30 days generally possess better-developed root balls,
enhanced structural stability, and faster post-transplant recovery [28], consistent with the
trend observed in our study. Validation trials further demonstrated negligible differences
in transplant survival between 30 days and the model-predicted value, suggesting that the
model captured a physiologically stable developmental stage rather than a mathematically
sensitive extremum.

Plug tray specification, by contrast, is constrained by industry-standard discrete levels
(72/98/128 cells). The model-predicted optimum (85.999 cells) represents an intermedi-
ate structural requirement rather than an achievable commercial specification. Previous
studies have demonstrated that cell volume strongly influences root spatial restriction,
root ball compaction, and subsequent transplant adaptability, with intermediate volumes
often providing an improved balance between root confinement and morphological stabil-
ity [37,38]. Among available commercial options, the 98-cell tray most closely matched the
performance characteristics suggested by the model. Comparative analyses showed that
it achieved superior root ball integrity and higher transplant qualification rates than the
72-cell tray, supporting the advantage of a moderate tray volume.

Taken together, the optimized parameter combination—a variety approximating
Hannai Excellent, a seedling age of around 30 days, and an intermediate plug tray cell
volume—ensures that canopy structure, stem mechanical properties, and root ball stability
are simultaneously maintained at the levels required for mechanical transplanting. It is
noteworthy that these optima align closely with established developmental thresholds
in Brassica crops [28], indicating that the model output reflects inherent physiological
mechanisms rather than artifacts of statistical fitting.

The effects of cultivar and seedling age on the plant type cone angle can be attributed
to developmental processes. Seedling age affects canopy structure and light competition,
which influence the plant’s cone angle. Varieties with stronger stems and compact canopies
are better suited for mechanical transplanting, as they reduce the risk of mechanical in-
terference during transplanting. Furthermore, the study revealed significant interaction
effects among tray specification, seedling age, and variety. Previous research on automated
vegetable transplanting has also emphasized that suitable seedlings are determined not
by a single trait but by coordinated combinations of canopy structure, stem mechanical
strength, and root ball cohesion [39,40]. The strong agreement between model predictions
and validation experiments in the present work indicates that the proposed parameter
combination exhibits biological robustness and practical operability.

4.4. Consistency Between Verification Test Results and Model Outcomes

The results of the verification test showed that both T1 (72-cell plug tray) and
T2 (98-cell plug tray) could well meet the requirements of mechanical transplantation, with
T2 exhibiting better performance. Relevant studies have shown that plug tray specification
exerts a significant impact on both the growth quality of seedlings and their adaptability to
mechanical transplanting. Smaller plug trays (72 cells) are conducive to cultivating robust
seedlings with a well-developed root system and a compact root ball, which facilitates
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mechanical clamping and transplanting. However, an excessively large spacing between
cells leads to reduced space utilization and an uneven seedling distribution, thereby affect-
ing production efficiency [5,41]. In contrast, medium-sized plug trays (98 cells) not only
ensure seedling robustness but also improve plant type uniformity and space utilization,
thus achieving a balance between seedling uniformity and mechanical adaptability [42,43].
Selecting an appropriate plug tray specification is crucial for mechanical transplanting, as
plug trays that are either too small or too large can compromise both the overall quality of
seedlings and transplanting efficiency [33,44]. In addition, the size of the plug tray needs to
be optimized based on the crop type and the characteristics of mechanical equipment to
achieve optimal seedling uniformity and transplant survival rate [45]. This study provides
valuable insights into optimizing seedling parameters for mechanized transplanting of
broccoli in Ningxia. However, it is important to note that the study does not directly
address scalability, costs, or long-term field performance, which would require further
research under commercial-scale conditions. The experimental conditions were focused on
small- to medium-scale protected cultivation systems, and additional studies are needed to
evaluate these factors for large-scale applications.

While the 72-cell tray achieved a transplanting qualification rate of 97.5%, the 98-cell
tray was recommended due to its balanced advantages in seedling robustness, root ball
integrity, and mechanical adaptability. Although the 72-cell tray showed comparable perfor-
mance, the choice of the 98-cell tray reflects its practical benefits in terms of improving plant
uniformity and optimizing space utilization, which are crucial for large-scale mechanized
transplanting. The lack of statistically significant difference in transplanting qualification
rates between the two tray sizes emphasizes the importance of considering a variety of
factors, including root development and tray geometry, in selecting the most suitable tray
for mechanized transplanting.

5. Conclusions
The study provides insights into the key morphological traits of broccoli seedlings

that influence their adaptability to mechanized transplanting, particularly in Ningxia. By
using response surface methodology (RSM) and Box–Behnken design (BBD), we identified
the optimal parameters for seedling age, variety, and plug tray specification that improve
transplanting qualification rates. The results underscore the importance of selecting ap-
propriate seedling characteristics for efficient mechanized transplanting. However, further
studies are necessary to investigate the scalability, costs, and long-term performance of
these parameters in large-scale applications, as the current study was limited to small- to
medium-scale protected cultivation systems.
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