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Abstract: Experimental studies were conducted on the cultivation of tomatoes (Solanum lycopersicum
L.) at Shandong Agricultural University, China, from 2022 to 2023. Three cultivation patterns were
designed as follows: a north–south orientation with a row spacing of 1.40 m (NS-1.4m), a north–south
orientation with a row spacing of 1.80 m (NS-1.8m) and an east–west orientation with a row spacing
of 1.80 m (EW-1.8m). A functional–structural plant model using the open source interactive modeling
platform of GroIMP was constructed for the cultivation of tomatoes. The growth of plants as well
as the light distribution and light interception capacity of the crop canopy were simulated and
analyzed. The impacts of these cultivation patterns on the growth, photosynthetic characteristics,
fruit ripening time, quality and yield of tomato plants were analyzed. The studies revealed that
compared with the NS-1.4m treatment, the canopy light interception of tomato plants under the
NS-1.8m and EW-1.8m treatments increased by 6.08% and 9.80% in a winter–spring crop and 6.80%
and 19.76% in an autumn–winter crop, respectively. Their plant height, leaf area, aboveground dry
matter accumulation, leaf net photosynthesis rate as well as the lycopene, vitamin C and sugar–acid
ratio of the fruit all exhibited increasing trends, while fruit ripening was accelerated. The yield of the
NS-1.8m and EW-1.8m treatments increased by 3.92% and 6.18% in a winter–spring crop and 4.17%
and 9.78% in an autumn–winter crop, respectively. Structural equation modeling was used to further
analyze the data, confirming that the cultivation of an east–west orientation with wide row spacing is
beneficial for tomato cultivation in Chinese solar greenhouses. This cultivation pattern maximizes
the canopy’s light interception, thus leading to improved fruit quality and yield. Overall, this study
provides valuable insights for optimizing the cultivation pattern of solar greenhouse crops.

Keywords: planting pattern; plant row/spacing optimization; functional–structural plant modeling;
yield; solar greenhouse; GroIMP

1. Introduction

China’s solar greenhouses allow farmers to effectively control the environment and
play a crucial role in the counter-seasonal cultivation of vegetables [1]. Tomatoes (Solanum
lycopersicum L.) are rich in lycopene, vitamin C and other nutrients [2], thereby making
them one of the main vegetables grown in solar greenhouses [3]. However, conventional
solar greenhouse tomato cultivation patterns often utilize a north–south row orientation
with narrow row spacing. This arrangement, which is characterized by short row lengths,
narrow row spacing and population closure, limits the operation of agricultural machinery
and increases labor costs [4]. Therefore, adjusting cultivation row spacing and orientation
has become an important agronomic approach to facilitate mechanical operation. It is
worth noting that since solar greenhouses primarily rely on the front roof for light and
can be shaded through non-transparent structures such as walls and an insulation quilt,
their internal light environment is often uneven [5]. Therefore, it is essential to propose
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optimal row orientation and spacing configurations that consider the impact of the solar
greenhouse structure on lighting while also being suitable for mechanized production.

Planting patterns have a direct impact on lighting, which can influence photosynthetic
capacity, plant growth, fruit ripening and yield production. A suitable planting pattern
can improve the plant canopy’s structure, ventilation, light transmission and utilization,
ultimately promoting plant growth and development [6]. Research has shown that planting
in wide, narrow rows can increase radiation utilization by 1% compared with that in
uniform spacing [7]. The spacing and orientation of rows have a more significant impact
on light interception than the spacing between plants does [8,9]. However, excessive dense
planting can cause shading within the canopy, thereby limiting light absorption in the lower
old leaves [10]. For greenhouse tomatoes, previous studies have shown that changes in
the light environment can affect the ripening time and fruit quality [11,12]. Tang et al. [13]
concluded that the cluster cultivation method outperformed the traditional double row
cultivation method in terms of the light environment, yield and quality. Cui et al. [14]
found that under an east–west-oriented cultivation, dense planting was more beneficial for
achieving an increased yield. However, the greenhouse structure has rarely been involved
in investigating the correlation between the planting strategy and crop growth.

Functional–structural plant models (FSPMs) are capable of simulating complex plant
interactions and of quantifying the impact of plant structure on light absorption and pho-
tosynthesis using the obtained data of canopy light interception [15–17]. They have been
widely applied, for instance, in canopy light interception studies involving cotton [18],
wheat [19], maize/soybean intercropping [20], rice [21] and cucumbers [22]. In studies
on tomato cultivation, De Visser et al. [23] used ray tracing and a detailed FSPM to deter-
mine the optimal LED illumination position for tomato plants. Van der Meer et al. [24]
analyzed the impact of planting orientation on tomatoes in a Venlo greenhouse and found
that east–west row planting affected light interception uniformity but not photosynthesis.
Zhang et al. [25] discussed the effects of planting density and row orientation on toma-
toes grown in solar greenhouses and determined that plant spacing had the highest im-
pact on light interception, with east–west planting enhancing population light intercep-
tion. Sarlikioti et al. [26] concluded that higher solar altitude angles in summer resulted
in light being more perpendicular to the plant canopy, thus leading to increased light
penetration and reduced interception. They also found that north–south-oriented cul-
tivation led to higher light interception than east–west-oriented cultivation did. It is
important to note that plants can adapt to the environmental variations caused by culti-
vation patterns by modifying their canopy structural characteristics during growth [6,27].
Consequently, modeling should take into account the phenotypic plasticity of plants under
different environmental conditions [28]. However, the FSPM in the aforementioned study
did not take this into consideration.

In our previous study, we found that the tomato yield did not decrease and even
increased when using an east–west orientation with wide row spacing in Chinese so-
lar greenhouses compared with the conventional north–south cultivation pattern [29].
However, the underlying mechanism behind this phenomenon remains unclear. We hy-
pothesized that the enhancement of the yield by changing the cultivation pattern was due
to an increase in canopy light interception, which may be related to changes in pheno-
typic parameters such as plant height, leaf area and leaf elevation angle, as well as leaf
photosynthetic capacity. Therefore, our objective was to accurately calculate the canopy
light interception at different locations in the greenhouse and for different tomato popula-
tions and to comprehensively analyze the effects of different cultivation patterns on light
interception, growth, photosynthetic capacity, fruit yield and quality through structural
equation modeling. This study aims to explore the mechanism of the cultivation pattern
of an east–west orientation with wide row spacing to improve the production of solar
greenhouse tomatoes and to provide a theoretical basis for the promotion of mechanized
production in the field of protected horticulture.



Agronomy 2024, 14, 314 3 of 18

2. Materials and Methods
2.1. Experiment Material and Experiment Design

The experiment was conducted in a solar greenhouse (36◦10′ N, 117◦09′ E) at Shandong
Agricultural University, Tai’an City, Shandong Province, China. It was divided into winter–
spring (2022.2–2022.6) and autumn–winter (2022.8–2023.1) crops according to the seasons
in which they were cultivated. Data collectors (Onset HOBO, Pro V2, Bourne, MA, USA)
were used to collect the greenhouse’s daily average temperature and humidity (Figure 1).
Soil fertility parameters were measured before transplanting (Table 1). To show the repeata-
bility of the results, two additional crops experiments from 2021.8 to 2022.1 and from 2023.2
to 2023.6 were conducted and the yield data were collected.
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Figure 1. Daily average temperature and humidity charts as measured in the solar greenhouse during
the experiment periods.

Table 1. Soil fertility parameters for the experimental plots.

Alkali-Hydrolyzable
Nitrogen (mg·kg−1)

Available Phosphorus
(mg·kg−1)

Available Potassium
(mg·kg−1)

Organic Matter
(g·kg−1)

Bulk Density
(g·cm−1)

175.8 67.5 246.2 20.1 1.14

The experimental tomato varieties were “3690” (Anxin Seedling Co., Ltd., Jinan, China).
Tomatoes were planted in a seedbed with a bottom width of 90 cm, a top width of 60 cm
and a height of 25 cm in a double row planting pattern and a the spacing between each row
of the double row (within the row spacing) of 40 cm (Figure 2a). Three different treatments
were designed for the experiment as follows: one planted in a north–south orientation,
with the spacing between the midpoints of the two adjacent double rows being 1.4 m and
the plant spacing being 40 cm (NS-1.4m); one planted in a north–south orientation, with
the spacing between the midpoints of the two adjacent double rows being 1.8 m and the
plant spacing being 31 cm (NS-1.8m); and one planted in an east–west orientation, with
the spacing between the midpoints of the two adjacent double rows being 1.8 m and the
plant spacing being 31 cm (EW-1.8m) (Figure 2b). The planting density of all the treatments
was 36,000 plants·ha−1. A guard plot with a width of approximately 5 m was established
between each treatment. Samples were collected from the center of the tomato population
within a 6 m × 6 m area. Tomatoes were routinely managed, single pruned and topped
after three leaves above the sixth truss (Figure 2c).
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Figure 2. (a) Schematic diagram of the tomato seedbed; (b) diagram of the experimental design
showing the cultivation patterns and the arrangement within the greenhouse; and (c) photographs of
the experimental site of the winter–spring and autumn–winter crops.

2.2. Plant Measurements
2.2.1. Morphology and Growth

After the plant morphology was stabilized (1 May 2022 and 1 November 2022),
10 tomato plants that had uniform growth were selected from each treatment. Intern-
ode and leaf lengths were determined using a tape measure, petiole and leaflet elevation
angles were determined using a protractor, leaf area was determined using a leaf area meter
(CI-202, CID Bio-science, Camas, WA, USA) and leaf number was counted. Plant height
(height from the stem base to the growing point) was determined using a tape measure
and stem thickness (maximum diameter at 1 cm above the cotyledons) was determined
using a spiral micrometer. The aboveground fresh weight and dry weight after drying to a
constant weight at 85 ◦C in an oven were determined using an analytical balance.

2.2.2. Gas Exchange Parameter

Upon the fruiting period, 10 tomato plants that had uniform growth were selected
for each treatment, and the net photosynthetic rate (Pn), intercellular CO2 concentration
(Ci), stomatal conductance (Gs) and transpiration rate (Tr) of the fourth leaf below the
growing point were measured using a portable photosynthesis system (CIRAS-3, PP Sys-
tems, Amesbury, MA, USA) on a sunny day from 9:00 to 11:00 am. The light intensity was
1000 µmol·m−2·s−1 and was provided by a built-in LED light source; the CO2 concentration
was 400 µmol·m−2·s−1 and was supplied by a gas injection system.

2.2.3. Yield and Quality

Ten uniform plants were selected for each treatment, and the number of fruits, indi-
vidual fruit weight and fruit ripening time of different trusses were recorded to calculate
the yield per plant (individual fruit weight multiplied by the fruit number per plant) and
per hectare.

Ten fruits of uniform maturity in the second truss were selected from each treatment
for quality determination. Soluble sugar content was determined using the anthrone colori-
metric method [30]; the organic acid content was determined through the titration method
of NaOH solution [31]; the sugar–acid ratio was defined as the ratio of the soluble solid to
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the total acidity [32]; the lycopene content was determined through the petroleum ether
colorimetric method [33]; and vitamin C content was determined through the dichloroin-
dophenol titrimetric method [34].

2.3. Model Description

The open source interactive modeling platform GroIMP v1.6 [35,36] was used to
construct a functional–structural plant model (FSPM) of tomato plants including a solar
greenhouse model. Moreover, the model further includes sky and sunlight modules to
simulate diffuse and direct light within the virtual scene [36].

2.3.1. Solar Greenhouse Module

The actual length of the solar greenhouse used in the experiment was 75 m, the span was
10 m and the ridge height, which is the maximum height, was 5.1 m (Figure 3a). According to
the drawings, the transparent front roof of the solar greenhouse can be represented using two
circular arcs (Figure 3b). Finally, the solar greenhouse module was virtually rebuilt as a 3D model
using the modeling platform GroIMP v1.6 based on real-world data. In order to save computer
memory (RAM) without affecting the calculation results, the length of the solar greenhouse was
reduced to 20 m for the simulation (Figure 3c).
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2.3.2. Tomato Plant Module

The virtual tomato plant was constructed using a sequence of internodes building
the main stem where a leaf was attached at the end of each internode. The tomato is a
sympodial plant, and the number and order of leaves and trusses have a stable pattern [37].
According to this characteristic and the data counted in the field experiment, an individual
tomato plant was described as growing six leaves and then starting to bear the first truss.
Thereafter, it bore a fruit truss every three leaves and then grew three leaves after growing
up to the sixth truss, so there was a total of 24 leaves and 6 trusses (Figure 4a). Tomato leaves
were described as a number of paired leaflets plus the top individual leaflet (Figure 4b).
Leaflets were of a triangulated surface built of four triangles (Figure 4c) [38]. The fruits
were removed to save computer RAM, and only the leaves were retained without affecting
the results of the calculations (Figure 4d). The relationship between leaflet number and leaf
order was determined according to Equation (1) (Figure 4e). Other parameters are shown
in Table 2.

nlea f let = 2 × npaired_lea f let + 1 (1)
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where nleaflet was the leaflet number on an individual leaf and npaired_leaflet (Equation (2))
was the paired leaflet number on an individual leaf.

npaired_lea f let =
⌊
−0.05 × Lrank

2 + 1.5 × Lrank − 0.75
⌋

(2)

where Lrank was the leaf order (1–24 in order from the bottom to the top of the tomato
plant).
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2.3.3. Sky and Sunlight Modules

Light interception was calculated hourly using the GroIMP v1.6 integrated inverse
Monte Carlo path tracer [36,39]. For the simulations, 100 million virtual light rays at a
reflection depth of 15 reflections per ray were used to deliver stable and reproducible
results. The variations of the position of the sun and the distribution of diffuse light during
the year at the test site (36◦ N) are shown in Figure 5a. The actual radiation data for 5 days
(1 November 2022–25 November 2022) were selected and compared with the simulated
radiation data, and the effectiveness of the model simulation was evaluated using the
coefficient of determination (Figure 5b).
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Figure 5. Sky and sunlight modules and simulation results for a 36◦ N solar greenhouse using
GroIMP: (a) visualization of the sky and sunlight modules of the 36◦ N solar greenhouse where
72 white spheres represent the diffuse light sources building the sky module and where the blue
spheres represent the hourly scale solar position trajectories over the year; (b) measurement and
simulation of solar radiation in the solar greenhouse.

2.3.4. Model Scenarios

The FSPM for the three treatments was established using GroIMP v1.6 according to the
experimental design in Section 2.1 (Figure 6) and the canopy light interception was calculated at
the point of the tomato plant’s morphological stabilization (2022.5.1 and 2022.11.1).
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Figure 6. Screenshots of the three solar greenhouse tomato cultivation patterns: (a) cultivation pattern
of the NS-1.4m treatment; (b) cultivation pattern of the NS-1.8m treatment; (c) cultivation pattern of
the EW-1.8m treatment.

2.4. Data Analysis

IBM SPSS Statistics 20 (IBM Corporation, Armonk, NY, USA) was used to undertake curve
fitting and perform analysis of variance (ANOVA), and the means were compared through
Duncan’s new multiple range test at the p < 0.05 level of significance. OriginPro 2022 (OriginLab,
Northampton, MA, USA) was used to draw figures and perform principal component analyses.
A structural equation model (SEM) was performed to quantify the multivariate causal network
in which plant height, leaf area, light interception, photosynthesis, ripening time and yield were
involved using AMOS 21.0 (IBM Corporation, Armonk, NY, USA).
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3. Results
3.1. Light Interception in Tomato Canopies

Compared with the NS-1.4m treatment, the NS-1.8m and EW-1.8m treatments in-
creased the light interception of the bottom leaves (1st–4th) and the top leaves (22nd–24th).
The EW-1.8m treatment had a large variability of light interception in the middle leaves
(Figure 7a,b). Due to the special structure of the solar greenhouse, the light interception of
plants gradually decreased from south to north in the north–south orientation. The light
interception of plants in the south row within the double row was higher than that of the
plants in the north row in the east–west orientation, (Figure 7c–e). In the winter–spring crop,
the NS-1.8m treatment increased light interception by 2.80% and 3.15% for the southern and
northern plants, respectively, and the EW-1.8m treatment increased the light interception
by 3.21% and 6.58% for the southern and middle plants, respectively, compared with the
NS-1.4m treatment. In the autumn–winter crop, the NS-1.8m treatment increased the light
interception by 5.22% and 2.55% in the southern and northern plants, respectively, and
the EW-1.8m treatment increased the light interception by 10.05%, 13.25% and 6.04% in
southern, middle and northern plants, respectively, compared with the NS-1.4m treatment.

Agronomy 2024, 14, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 7. Simulation of the daily light interception at the individual plant level of tomatoes in 
different cultivation patterns: (a) leaf’s light interception among different leaf orders of individual 
plants under different treatments for the winter–spring crop; (b) leaf’s light interception among 
different leaf orders of individual plants under different treatments for the autumn–winter crop; (c) 
light interception per plant within the population when plant morphology was stabilized under the 
NS-1.4m treatment; (d) light interception per plant within the population when plant morphology 
was stabilized under the NS-1.8m treatment; (e) light interception per plant within the population 
when plant morphology was stabilized under the EW-1.8m treatment. 

Compared with the NS-1.4m treatment, the NS-1.8m treatment increased the canopy 
light interception per unit area of the winter–spring crop by 6.08% and that of the autumn–

Figure 7. Simulation of the daily light interception at the individual plant level of tomatoes in
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different leaf orders of individual plants under different treatments for the autumn–winter crop;
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(c) light interception per plant within the population when plant morphology was stabilized under
the NS-1.4m treatment; (d) light interception per plant within the population when plant morphology
was stabilized under the NS-1.8m treatment; (e) light interception per plant within the population
when plant morphology was stabilized under the EW-1.8m treatment.

Compared with the NS-1.4m treatment, the NS-1.8m treatment increased the canopy
light interception per unit area of the winter–spring crop by 6.08% and that of the autumn–
winter crop by 6.80%, while the EW-1.8m treatment increased the canopy light interception
per unit area of the winter–spring crop by 9.80% and that of the autumn–winter crop by
19.76% (Figure 8).
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Figure 8. Simulation of daily light interception for population levels of tomatoes in different cultiva-
tion patterns.

3.2. Tomato Growth Parameters

In the winter–spring crop, compared with the NS-1.4m treatment, the NS-1.8m and
EW-1.8m treatments increased the internode length by 9.44% and 11.61%, the leaflet intern-
ode length by 23.33% and 36.67%, the leaf elevation angle by 66.55% and 66.22%, the leaflet
elevation angle by 137.93% and 137.94% and the leaflet area by 31.39% and 35.40%, respec-
tively. In the autumn–winter crop, compared with the NS-1.4m treatment, the NS-1.8m
and EW-1.8m treatments increased the internode length by 8.87% and 10.22%, the leaflet
internode length by 20.00% and 26.67%, the leaf elevation angle by 66.22% and 66.56%, the
leaflet elevation angle by 137.93% and 137.94% and the leaflet area by 31.58% and 35.34%,
respectively. However, the parameters did not produce significant differences between the
NS-1.8m treatment and the EW-1.8m treatment (Figure 9).
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In the winter–spring crop, compared with the NS-1.4m treatment, the NS-1.8m and
EW-1.8m treatments increased plant height by 9.39% and 14.61%, increased leaf area by
31.61% and 35.54%, increased the aboveground fresh weight by 12.57% and 9.45%, increased
the aboveground dry weight by 6.82% and 9.46% and reduced stem thickness by 7.32% and
7.60%, respectively. In the autumn–winter crop, compared with the NS-1.4m treatment, the
NS-1.8m and EW-1.8m treatments increased plant height by 8.79% and 11.31%, increased
leaf area by 30.77% and 34.71%, increased the aboveground fresh weight by 5.88% and
14.89%, increased the aboveground dry weight by 10.52% and 15.02% and reduced stem
thickness by 10.24 and 9.73%, respectively. In both seasons, compared with the NS-1.4m
treatment, the NS-1.8m treatment increased the percentage of the fresh and dry weights in
the middle part of the canopy, while the EW-1.8m treatment increased the percentage of
the fresh and dry weights in the above part of the canopy. None of the treatments had a
significant effect on the leaf number of the plant (Figure 10).
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Figure 10. The changes in plant growth among different cultivation patterns: (a) plant height;
(b) stem thick; (c) leaf area; (d) leaf number; (e) aboveground fresh weight; (f) aboveground dry weight.
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3.3. Gas Exchange Parameter

In the winter–spring crop, compared with the NS-1.4m treatment, the NS-1.8m treat-
ment did not significantly affect any of the photosynthetic gas exchange parameters of the
tomato leaves, while the EW-1.8m treatment significantly affected the Pn, Ci and Tr, which
increased by 5.51%, 4.79% and 11.61%, respectively. In the autumn–winter crop, compared
with the NS-1.4m treatment, the NS-1.8m and EW-1.8m treatments significantly affected the
Pn and Ci, which under the NS-1.8m treatment increased by 4.90% and 2.83%, respectively,
and under the EW-1.8m treatment increased by 6.53% and 4.81%, respectively (Table 3).



Agronomy 2024, 14, 314 12 of 18

Table 3. The changes of the gas exchange parameters among the different treatments. Different
lowercase letters indicate significant differences (p < 0.05) among the different treatments of the same
parameters.

Treatment Net Photosynthetic Rate
(µmol·m−2·s−1)

Intercellular CO2
Concentration
(µmol·mol−1)

Stomatal
Conductance

(mmol·m−2·s−1)

Transpiration Rate
(mmol·m−2·s−1)

Winter–spring
crop

NS-1.4m 25.68 ± 0.41 b 255.35 ± 5.09 b 389.85 ± 6.38 ab 6.89 ± 0.51 b
NS-1.8m 26.04 ± 0.78 b 255.44 ± 7.14 b 387.01 ± 8.12 b 7.15 ± 0.58 b
EW-1.8m 27.01 ± 0.39 a 267.58 ± 5.82 a 394.76 ± 4.37 a 7.69 ± 0.32 a

Autumn–winter
crop

NS-1.4m 15.93 ± 0.55 b 253.41 ± 5.82 b 389.68 ± 9.38 a 6.79 ± 0.45 a
NS-1.8m 16.71 ± 0.46 a 260.59 ± 2.34 a 396.17 ± 9.77 a 7.13 ± 0.40 a
EW-1.8m 16.97 ± 0.60 a 265.59 ± 7.23 a 399.18 ± 8.33 a 7.16 ± 0.48 a

3.4. Fruit Ripening

The experimental results showed that changing the cultivation pattern could signif-
icantly affect the fruit ripening time. Compared with the NS-1.4m treatment, the fruit
ripening time in the NS-1.8m and EW-1.8m treatments was advanced by 1.8–4.5 d and
4.8–7.8 d in the winter–spring crop and by 1.2–3.0 d and 5.1–9.2 d in the autumn–winter
crop, respectively. Compared with the autumn–winter crop, the fruit ripening time was
advanced by 10.7–27.4 d, 11.3–28.8 d and 11.6–26.0 d in the NS-1.4m, NS-1.8m and EW-1.8m
treatments, respectively, in the winter–spring crop (Figure 11).
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Figure 11. Fruit ripening time of different trusses of tomatoes for (a) winter–spring and (b) autumn–
winter. Different lowercase letters indicate significant differences (p < 0.05) among different treatments
of the same parameters.

3.5. Fruit Quality and Yield

Compared with the NS-1.4m treatment, the NS-1.8m and EW-1.8m treatments in-
creased the soluble sugar, lycopene and vitamin C contents and sugar–acid ratio of the
tomato fruits in the winter–spring crop by 21.58% and 35.79%, 8.68% and 15.53%, 38.83%
and 32.96% as well as 25.45% and 43.12%, respectively, and increased these in the autumn–
winter crop by 7.41% and 5.93%, 6.78% and 17.05%, 8.50% and 25.82% as well as 13.14%
and 20.99%, respectively (Table 4). PCA analysis showed that PC1 and PC2 explained 56.2%
and 26.5% of the variability in the data, respectively, and it can be seen that the difference in
fruit quality between the NS-1.4m treatment and the NS-1.8m and EW-1.8m treatments was
high, while the difference in fruit quality between the NS-1.8m and EW-1.8m treatments
was low (Figure 12).
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Table 4. The changes of fruit quality under different treatments. Different lowercase letters indicate
significant differences (p < 0.05) among the different treatments of the same parameters.

Treatment Soluble Sugar (%) Organic Acid (%) Sugar–Acid Ratio Lycopene
(µg·g−1)

Vitamin C
(mg·100g−1)

Winter–spring
crop

NS-1.4m 3.57 ± 0.14 c 0.50 ± 0.06 a 7.19 ± 1.05 b 93.44 ± 4.55 c 18.54 ± 1.85 b
NS-1.8m 4.35 ± 0.26 b 0.49 ± 0.08 a 9.02 ± 1.52 a 101.55 ± 6.25 b 25.74 ± 2.25 a
EW-1.8m 4.84 ± 0.46 a 0.47 ± 0.06 a 10.29 ± 1.63 a 107.95 ± 2.75 a 24.65 ± 3.24 a

Autumn–
winter crop

NS-1.4m 4.05 ± 0.14 b 0.69 ± 0.05 b 5.86 ± 0.53 b 85.55 ± 6.74 b 41.05 ± 6.34 b
NS-1.8m 4.35 ± 0.26 a 0.66 ± 0.06 ab 6.63 ± 0.97 ab 91.35 ± 13.8 ab 44.54 ± 2.85 b
EW-1.8m 4.29 ± 0.10 a 0.61 ± 0.08 a 7.09 ± 1.02 a 100.14 ± 5.65 a 51.65 ± 4.15 a
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the contribution of the original data to the principal components.

There was a gradual increase in the fruit number per plant, the individual fruit weight
and the yield of tomatoes in the NS-1.4m, NS-1.8m and EW-1.8m treatments after the change
of cultivation pattern. In the winter–spring crop, compared with the NS-1.4m treatment, the
NS-1.8m and EW-1.8m treatments increased the individual fruit weight by 4.34% and 5.66%
and the yield by 3.92% and 6.18%, respectively. In the autumn–winter crop, compared with
the NS-1.4m treatment, the NS-1.8m and EW-1.8m treatments increased the individual fruit
weight by 3.06% and 8.02% and the yield by 4.17% and 9.78%, respectively (Table 5). The
results of the experiments from 2021.8 to 2022.2 (autumn–winter crop) and from 2023.1
to 2023.6 (winter–spring crop) showed the same trend of changes. Compared with the
NS-1.4m treatment, the yields of the EW-1.8m treatment were significantly increased by
4.87% in the winter–spring crop and 11.44% in the autumn–winter crop (Table S1).
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Table 5. The changes of the yield under different treatments. Different lowercase letters indicate
significant differences (p < 0.05) among the different treatments of the same parameters.

Treatment Number of Fruits
per Plant

Individual Fruit
Weight (g) Yield per Plant (kg) Yield per Unit Area

(t·ha−1)

Winter–spring crop
NS-1.4m 22.1 ± 0.87 a 217.42 ± 9.84 b 4.80 ± 0.21 b 172.86 ± 7.85 b
NS-1.8m 22.0 ± 0.47 a 226.86 ± 12.74 ab 4.98 ± 0.27 ab 179.63 ± 9.82 ab
EW-1.8m 22.2 ± 0.63 a 229.72 ± 8.61 a 5.09 ± 0.20 a 183.55 ± 7.52 a

Autumn–winter crop
NS-1.4m 18.2 ± 0.78 a 189.30 ± 9.33 b 3.44 ± 0.25 b 124.10 ± 9.24 b
NS-1.8m 18.4 ± 1.26 a 195.09 ± 12.67 ab 3.59 ± 0.35 ab 129.27 ± 12.75 ab
EW-1.8m 18.5 ± 0.52 a 204.49 ± 10.26 a 3.78 ± 0.24 a 136.24 ± 8.70 a

Using structural equation modeling (SEM) to analyze the effect of each parameter on
the yield (Figure 13, Table 6), each path was supported by statistical tests. SEM analysis
showed that the yield was 98% explained in the model where plant height had significant
positive direct effects (0.88, 0.09) on the leaf area and yield and indirect and total effects on
the yield were 0.18 and 0.27, respectively, while it had a significant negative direct effect on
photosynthesis (−0.45). Leaf area had a significant positive direct effect on light interception
per plant (0.57), a significant negative direct effect on ripening time (−0.15) and no direct
effect on the yield, but the indirect effect on the yield was 0.61. Light interception per plant
had significant direct positive effects on photosynthesis, ripening time and yield (0.98, 0.14,
0.23), and the indirect and total effects on yield ripening were 0.75 and 0.98, respectively.
Photosynthesis had a significant direct negative effect on ripening time (−1.06), a significant
direct positive effect on the yield (0.43) and the indirect and total effects on the yield were
0.38 and 0.81, respectively.
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Figure 13. Path diagram for the structural equation model: numbers next to paths were standardized path
coefficients; * indicated p < 0.05, ** indicated p < 0.01 and *** indicated p < 0.001; solid lines indicated positive
effects; dotted lines indicated negative effects; R2 indicated the explained rate of each indicator in the model;
chi-square = 4.891; degrees of freedom = 4; p level = 0.299; RMSEA = 0.061; CFI = 0.999; TLI = 1.008; and
GFI = 0.975. This indicated that the model was reasonable.

Table 6. The direct and indirect effects of the indicators on the tomato yield. All the coefficients were
standardized.

Indicator Direct Effect Indirect Effect Total Effect

Plant height 0.09 0.18 0.27
Leaf area 0.00 0.61 0.61

Light interception per plant 0.23 0.75 0.98
Photosynthesis 0.43 0.38 0.81
Ripening time −0.35 0.00 −0.35
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4. Discussion
4.1. Canopy Light Interception and Growth Characteristics of Tomatoes among Different
Cultivation Patterns

Previous studies have shown that changes in cultivation patterns, such as row spac-
ing, plant spacing and planting orientation, lead to different inter- and intra-row shad-
ing conditions, which affect light distribution throughout the day [24,40]. The present
experiment also demonstrated that the light interception of individual and population
canopies of tomato plants in the three treatments of NS-1.4m, NS-1.8m and EW-1.8m in-
creased sequentially (Figures 7 and 8). These variations consequently led to alterations
in plant canopy structure, including the size, shape and orientation of branches [41,42].
In turn, differences in plant structure inevitably led to changes in canopy light interception.
For instance, the structure of the upper canopy leaves tended to be more upright rather
than that of the spreading and the length of the internodes increased, which would promote
more light penetration into the canopy and air ventilation and contribute to an increase in
light absorption and the photosynthesis efficiency of the plant [26]. In this study, the plant
structure changed to different degrees. In general, the internode length, leaflet internode
length, leaf elevation angle, leaflet elevation angle, plant height, leaf area and aboveground
dry weight increased sequentially, the stem thickness decreased sequentially and the differ-
ence between the NS-1.4m and EW-1.8m treatments reached a significant level (Figures 9
and 10). Therefore, suitable row and plant spacing configurations can optimize the tomato
population structure and improve canopy light interception, but row spacing should not be
too large, otherwise it would cause excessive population light energy loss, which would be
detrimental to the overall yield [43]. Liu et al.’s [44] study on wheat also demonstrated that
wider row spacing contributes to the increase in population light interception by increasing
the light interception in the bottom part of the canopy, but excessively wide row spacing
will result in the phenomena of weakened light transmission, leaf senescence and reduction
in grain number.

In addition to row spacing and plant spacing, achieving more efficient irradiation
can be facilitated by selecting the appropriate row orientation [45]. This is particularly
important in solar greenhouses where shadows on the greenhouse ground caused by
opaque structures, like wall and insulation quilts, can affect light distribution and crop
growth. This phenomenon was especially pronounced during low solar radiation and cold
winters [6]. The experiment showed that south-to-north light interception decreased and
more plant variation in east–west cultivation (EW-1.8 m) than in north–south cultivation
(NS-1.4 m and NS-1.8 m) (Figure 7) and that the highest population light interception
was in EW-1.8m treatment rather than in the NS-1.4m and NS-1.8m treatments (Figure 8).
Zhang et al. [25] suggested that light interception in the east–west-oriented tomato pop-
ulation was higher than that in the north–south-oriented population but that the light
uniformity in the population was weaker, which was similar to our results. Van der Meer
et al. [24] proposed that in east–west-oriented cultivation, since most of the light was
intercepted by the leaves in the middle part of the tomato plant canopy, the pruning of
these leaves could increase the light uniformity within the population by increasing the
light penetration.

4.2. Fruit Ripening, Yield and Quality of Tomatoes among Different Cultivation Patterns

Studies have shown that increasing canopy light interception could improve crop
yields [46,47]. NS-1.8m and EW-1.8m treatments improved plants’ photosynthesis, ripening,
and yields more than the NS-1.4m one did (Tables 3 and 5 and Figure 11). The yield
difference between the NS-1.4m and EW-1.8m treatments was significant in both seasons.
This phenomenon may be attributed to the increased row spacing and reduced plant
spacing as well as the east–west-oriented cultivation of the tomato plants. These factors
enable the plants to intercept more light radiation, leading to the enhanced synthesis of
photosynthesis products and their transportation to the fruits. Additionally, the higher
radiation increased the environmental temperature (Figure 1), which further promoted the
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rapid growth of fruit [48,49]. In line with our results, Trentacoste et al. [50] investigated
the effect of planting row orientation and spacing on olive hedgerows, demonstrating that
radiation received directly by the canopy strongly affected fruit size and quality. Gómez-
del-Campo et al. [2] demonstrated that yields increased linearly with radiation interception
and that east–west-oriented cultivation allowed higher yields than north–south-oriented
cultivation on the same row spacing did.

The study has shown that increased canopy light interception resulted in a higher
content of sugars (especially sucrose) and their derivatives and a significant increase in
amino acids, organic acids and several secondary metabolites in tomato fruits, which
improved the nutritional quality and flavor characteristics of the fruits [51]. However, the
high environmental temperature was negative for the accumulation of vitamin C in tomato
fruits [52], which mostly corresponds to our results (Table 4). Previous meta-analysis and
experimental studies both confirmed the positive effects of supplemental LED lighting on
improving tomato yield and quality; however, they also pointed out that high energy costs
limit the widespread use of supplemental lighting technology [53,54]. Therefore, in this
study, we propose a green and efficient approach to increase light interception and improve
tomato yields by altering the cultivation pattern.

5. Conclusions

In the functional–structural plant model, we implemented a new static model for com-
paring tomato plant populations under different cultivation patterns in a solar greenhouse.
Comprehensive model, growth and physiological results show that the cultivation pattern
of east–west orientation with wide row spacing (EW-1.8m) was beneficial for increasing the
population canopy’s light interception, improving the leaf photosynthetic area and efficacy,
decreasing fruit ripening time as well as, at the same time, improving the yield and quality.
This cultivation pattern can be considered to be a suitable mechanized planting pattern for
solar greenhouse tomatoes. In the next step, we should develop the dynamic model and
conduct a more detailed study.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agronomy14020314/s1, Table S1: The changes in yield
under different treatments.
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