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Abstract: Understanding the spatial heterogeneity of light and photosynthesis distribution within
a canopy is crucial for optimizing plant growth and yield, especially in the context of greenhouse
structures. In previous studies, we developed a 3D functional-structural plant model (FSPM) of the
Chinese solar greenhouse (CSG) and tomato plants, in which the greenhouse was reconstructed as a
3D mockup and implemented in the virtual scene. This model, which accounts for various environ-
mental factors, allows for precise calculations of radiation, temperature, and photosynthesis at the
organ level. This study focuses on elucidating optimal canopy configurations for mechanized plant-
ing in greenhouses, building upon the commonly used north–south (N–S) orientation by exploring
the east–west (E–W) orientation. Investigating sixteen scenarios with varying furrow distance (1 m,
1.2 m, 1.4 m, 1.6 m) and row spacing (0.3 m, 0.4 m, 0.5 m, 0.6 m), corresponding to 16 treatments of
plant spacing, four planting patterns (homogeneous row, double row, staggered row, incremental row)
and two orientations were investigated. The results show that in Shenyang city, an E–W orientation
with the path width = 0.5 (furrow distance + row distance) = 0.8 m (homogeneous row), and a plant
distance of 0.32 m, is the optimal solution for mechanized planting at a density of 39,000 plants/ha.
Our findings reveal a nuanced understanding of how altering planting configurations impacts the
light environment and photosynthesis rate within solar greenhouses. Looking forward, these insights
not only contribute to the field of CSG mechanized planting, but also provide a basis for enhanced
CSG planting management. Future research could further explore the broader implications of these
optimized configurations in diverse geographic and climatic conditions.

Keywords: functional-structure plant modeling (FSPM); mechanized planting; micro-light climate;
Chinese solar greenhouse; GroIMP

1. Introduction

Cultivating tomatoes in solar greenhouses is a significant method of tomato production
in northern China. This approach not only enables a consistent year-round tomato supply,
but also contributes to increased income for farmers, in contrast to traditional field cultiva-
tion methods [1]. At present, the N–S ridge is mostly used for tomato cultivation in solar
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greenhouses in northern China, due to its high space utilization rate and light uniformity [2].
The ridges are short and numerous, which are not suitable for mechanical land preparation
(such as ditching, ridging, and seeding) but only manual preparation. With China’s aging
population, the ongoing use of north–south ridge greenhouse cultivation is expected to lead
to an escalation in labor costs [3]. This has become the main reason for restricting the devel-
opment of tomato production in solar greenhouses. In order to solve this problem, in recent
years, some scholars and producers have changed the N–S ridge cultivation of tomatoes
in the Chinese solar greenhouse (CSG) to the E–W row orientation [4]. Many mechanized
devices suitable for east–west ridge cultivation in solar greenhouses have been gradually
developed, such as ridge forming and mulching machines, transplanting machines, and
harvesting and transporting carts. By increasing the ridge length and reducing the number
of ridges, the level of mechanized operation was improved, and the degree of simplified
cultivation was significantly improved [5]. While east–west ridge cultivation of tomatoes
in solar greenhouses is conducive to mechanization, production observations reveal that, in
comparison to the prevalent north–south orientation configuration, this approach leads to
uneven light distribution and reduced photosynthetic efficiency within the tomato canopy.
This issue is particularly pronounced in the north-facing rows, resulting in uneven growth
of tomato plants and diminished fruit yield [6]. In order to optimize the light efficiency
of the tomato canopy on the east–west ridges of the CSG, the researchers adjusted the
cultivation density and canopy configuration and achieved certain results [7]. However, the
dynamic dependence between tomato plant density, canopy configuration, optimal light,
and photosynthesis distribution has not been confirmed, and the optimal light efficiency
of tomato populations on the east–west ridge has not yet been analyzed. As a result, the
question of “optimal tomato canopy configuration for east-west ridge cultivation” still
remains unresolved.

The light environment inside a solar greenhouse is spatially heterogeneous, and the
incident light reaching the canopy through the front cover is not uniformly distributed
(Figure 1). Determining how to improve the light environment of the canopy, and thereby
the photosynthetic efficiency of the canopy, is crucial. Several studies have indicated that,
despite a more noticeable upward trend in light interception, photosynthesis in the upper
canopy leaves was more inhibited compared to in the lower canopy leaves [8]. Therefore,
an increase in light interception does not in itself imply an increase in photosynthesis and
growth; this would only occur if the local photosynthetic capacity is able to use all the
absorbed light accordingly. It was found that the net photosynthetic rate of leaves in the
greenhouse canopy was significantly correlated with plant spacing [9], furrow distance [10],
plant height, and photosynthetic active radiation [11]. Canopy leaf temperature and age
are also important factors affecting the photosynthetic rate [12]. Therefore, it is important
to consider the temporal and spatial variation of photosynthesis in terms of physical,
physiological, and biochemical processes to optimize the canopy photosynthetic capacity in
greenhouses [13]. In simpler terms, optimizing the distribution pattern of photosynthetic
rates can offer valuable insights for effective cultivation management and improvements in
planting configuration. This, in turn, helps in achieving the ultimate goal of maximizing the
utilization of light energy in accordance with the specific growth requirements of crops [14].

For studies on the light environment of east–west orientation tomato cultivation,
researchers have mostly focused on multi-span glass greenhouses. Some studies have
found that the canopy light interception of glass greenhouses in north–south orientation is
better than that of east–west orientation [15], but changes in row orientation have limited
effect on the photosynthesis of greenhouse crops due to the full light transmittance of glass
multi-span greenhouses. During the fall and winter seasons, inconsistent changes in tomato
fruit color, uneven fruit size, and large yield fluctuations on the south and north sides of the
greenhouse have occurred. The main cause of this phenomenon is that the most commonly
used east–west tomato configuration is used in the autumn and winter seasons with a
relatively low solar altitude angle, resulting in aggravated shading of the tomato plant
canopy on the north side of the canopy row [15] and reduced photosynthetic rate uniformity
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in the tomato canopy. However, changing the row orientation has a relatively small impact
on the light environment of the tomato canopy in spring and summer. In recent years,
extensive research has been conducted on greenhouse plant configuration parameters.
Findings indicate that the leaves reached light saturation at ridge distances of 1.2 m and
1.6 m [10]. When comparing the distribution of radiation and photosynthesis between
planting strategy and plant architecture, altering the planting strategy, such as adjusting
plant spacing, has a more pronounced impact on canopy photosynthesis than changes in
plant architecture [16]. Based on the above research, canopy configuration can strongly
affect the light environment of the tomato canopy, but the dynamic dependence among
tomato canopy configuration, optimal light distribution, and photosynthetic efficiency has
not been elucidated, and analysis of the canopy configuration of the tomato in the east–west
orientation under CSG conditions has not been undertaken.
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Figure 1. Photograph of a real CSG (Liaoshen type) (a). Three-dimensional model of a 15 m long
Chinese Liaoshen solar greenhouse including the tomato canopy with E–W row orientation (b). The
15 m long version of the greenhouse was used to simulate all scenarios, which can significantly reduce
the calculation time and has no impact on the overall simulated results (the CSG has 60 m length).

Compared to the simulation approach, determining the light distribution and pho-
tosynthetic efficiency of the tomato canopy in cultivation experiments is more direct and
effective, but can be time and labor intensive [17]. Early light environment simulation
studies mainly calculated the light interception rate of the canopy based on the leaf area
index (LAI) and extinction coefficient [18], and the extinction coefficient was calculated by
fitting experimental data with the Lambert–Beer law, or according to specific leaf inclination
angle [19]. These methods can be used to roughly estimate the total light interception in
the canopy, but cannot capture the effect of canopy heterogeneity on light interception and
photosynthesis, especially in detail for row crop cultivation [20]. Since plant structure is
affected by many factors such as growth and environmental changes, the use of 3D plant
models to accurately simulate light heterogeneity due to spatial effects can provide a more
intuitive understanding of these physiological processes [21,22]. In recent years, with the
rapid development of computer technology, it has become possible to simulate plants’ struc-
ture and their interaction with the environment [23]. Functional-structural plant modeling
(FSPM) is an advanced, well-established, and proven simulation method, widely used to
simulate the growth of various crops [24]. FSPM can be used to simulate high-resolution
canopy micro-environment conditions and plant physiology under different conditions.
The FSPM approach was further used to study various related aspects of plant growth, such
as water and nutrient transport [25], transpiration [25], photosynthesis [26], and growth
behavior and patterns [27,28]. In recent years, with the development of plant structure
and function modeling, this method has become an indispensable tool in the study of
plant morphology, and can be used to describe various physiological processes of plants to
various degrees and strengthen the understanding of plant physiological and ecological
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function processes, thereby helping in the development of new cultivation measures and
strategies [29].

Based on the above research, the simulation method has the advantage of being
independent of bias factors such as environment and cultivation management experience,
and can be used to acquire light and photosynthesis distributions for any specific plant and
any leaf within the tomato canopy with more informative data. In addition, the simulation
approach used in this study allows for arbitrary adjustment of cultivation density and
tomato canopy configurations, and is more suitable for studying the dynamic dependence
between parameters and obtaining the tomato canopy with an optimal photosynthesis
rate. In this study, we reassess the impact of various tomato canopy configurations in the
CSG on leaflet light capture, temperature, and photosynthesis. Our goal is to identify an
optimal canopy configuration for east–west-oriented planting in the CSG, which could
enhance the mechanization of CSG farming due to light heterogeneity across different
planting scenarios.

2. Materials and Methods
2.1. Virtual Model Construction

The interactive modeling platform GroIMP v2.0 [30] was used for modeling and
building a three-dimensional virtual scene including a 3D model of a Liaoshen solar
greenhouse, a sun and sky model, and a 3D model of the tomato crop consisting of
individually modeled plants based on different planting designs (Figure 2). The general
simulation parameters for the model are described in Table 1. The detailed modeling
processes were the same as those described by [31].
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Figure 2. Schematic representation of the E–W row orientation with four trellis patterns, namely,
homogeneous, double row, staggered, and incremental row. E.g., F: furrow distance, R: row distance,
S: plant spacing, P: (furrow distance + row distance)/2.

With a large number of light rays (about 200 million beams) emitted by the direct and
scattered light sources of the sun within the created virtual sun and sky module, we can
calculate the interception of light radiation within the scene down to each leaflet by tracking
the transmission, reflection, and refraction of each light ray. The model also has the ability
to predict organ-level temperature and photosynthesis at any specific time and location,
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by building a coupled light-temperature-photosynthesis extended model applicable to the
organ-level micro-environment simulation of the tomato canopy inside the solar greenhouse
(for equations used in each module, please refer to Supplementary Table S1). The model is
capable of simulating the different planting configurations and plant architectures for any
given parameter, such as ridge orientation, planting density, and planting pattern.

Table 1. The modeling parameters of Liaoshen solar greenhouse and tomato plants used to simulate
planting scenarios.

Description Value (Range) Unit

Greenhouse
Front cover (L, W, H) 30, 8.2, 0.00015 meter
Wall (L, W, H) 30, 2.5, 0.48 meter
Roof (L, W, H) 30, 2.12, 0.3 meter
Soil (L, W, H) 30, 8, 0.5 meter
Weather parameter of winter solstice day
Outdoor average radiation (12 p.m.) 435 W m−2

Outdoor temperature (12 p.m.) 8.50 ◦C
Simulated indoor temperature (12 p.m.) 24.63 ◦C
Indoor relative humidity 63 %
CO2 concentration inside greenhouse 321 ppm
Reference plant architecture used for simulation
Maximal leaf rank per plant 21 -
Final height of an adult plant 1.85 meter
Paired leaflet number per leaf rank (1–21) 7, 6, 6, 8, 7, 7, 6, 5, 6, 6, 6, 7, 7, 6, 7, 6, 6, 4, 4, 4, 6, 6 -
Average horizontal angle of petiole 55 ◦

Average internode length per rank 0.15, 0.20, 0.08, 0.09, 0.08, 0.07, 0.09, 0.08, 0.07, 0.07, 0.09,
0.08, 0.08, 0.07, 0.08, 0.08, 0.06, 0.08, 0.07, 0.06, 0.06, 0.06 meter

Average leaf elevation angle 0 ◦

Average leaf azimuth angle 140 ◦

Average leaflet elevation angle 0 ◦

Average leaflet length per leaf rank (1–21) 0.10, 0.10, 0.10, 0.10, 0.09, 0.12, 0.14, 0.15, 0.10, 0.14, 0.12,
0.10, 0.15, 0.13, 0.14, 0.11, 0.12, 0.10, 0.10, 0.10, 0.07, 0.07 meter

Range of internode diameter linear interpolated
from bottom to top [0.0025, 0.01] meter

In this study, we used the above-mentioned 3D models to mimic the different planting
configurations of the tomato canopy and then used the sunlight, temperature, and photo-
synthesis calculation modules, which were validated by [31], to calculate the leaf-level light
interception, temperature, and photosynthesis rate, and finally to determine the optimal
canopy configuration suitable for mechanized planting in Chinese solar greenhouse.

2.2. Model Scenarios

Simulation processes were run to calculate the radiation, temperature, and photosyn-
thesis for each leaflet within a fully grown tomato canopy in the virtual greenhouse. Since
the particular structure of the CSG leads to little difference between the east and west direc-
tion, and a greater difference between the north and south direction, a 15 m long virtual
greenhouse was used for simulation. Climate data such as outdoor radiation, temperature,
wind speed, and indoor CO2 concentration were used as inputs to run the model with
half-hour time steps from 9:00 a.m. to 4:00 p.m. on winter solstice day (20 November 2019).
For the configuration of the tomato canopy, the density was kept the same for all scenarios
at 39,000 plants/ha, which is the widely used tomato planting density in CSG; for tomato
mechanized planting the minimum row distance should be larger than 0.3 m and smaller
than 1.6 m. Thus, in this study, the planting orientation was set to an E–W orientation
with four treatments of furrow distance (1 m, 1.2 m, 1.4 m, 1.6 m). Each furrow distance
treatment was then divided into four treatments of row spacing (0.3 m, 0.4 m, 0.5 m, 0.6 m).
With the total plant density kept the same, each scenario had its corresponding plant-
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ing configuration, as shown in Table 2. Each scenario was simulated with four planting
patterns (homogeneous row, double row, staggered row, incremental row). The planting
scenario with optimal performance was then selected and the N–S orientation with the
same planting configuration was then simulated to compare the results.

Table 2. Detailed configurations of the canopy arrangements. Each scenario was simulated individu-
ally with four adaptations of planting pattern.

Scenario Furrow Distance
(F)(m)

Row Distance
(R)(m)

Plant Distance
(S)(m)

Planting Pattern
(for Each Scenario)

Plant Density
(Plants/ha)

1

1

0.3 0.4

Homogeneous row
Double row
Stagger row
Incremental row

39,000

2 0.4 0.37
3 0.5 0.34
4 0.6 0.32

5

1.2

0.3 0.34
6 0.4 0.32
7 0.5 0.30
8 0.6 0.28

9

1.4

0.3 0.30
10 0.4 0.29
11 0.5 0.27
12 0.6 0.26

13

1.6

0.3 0.27
14 0.4 0.26
15 0.5 0.24
16 0.6 0.23

2.3. Model Validation

The actual planting process was carried out in the Liaoshen solar greenhouse located
at Shenyang Agricultural University (41◦49′ N, 123◦34′ E); the greenhouse has dimensions
of 60 m length, 8 m span, and 4 m ridge height, with a 2.5 m height north wall and a roof
projection of 1.5 m. The south side of the solar greenhouse is covered with plastic film. The
tomato variety Shennong High Sugar Tomato-184 was used in this study. Tomato seedlings
with four leaves were selected for field planting. The tomato crops were planted in N–S
orientation with a furrow distance of 1 m, row spacing of 0.4 m, and plant spacing of 0.4 m.
The daily management standard of tomato plants was kept the same for normal infinite-
growth tomato cultivation management. The field cultivation management of each treated
plant tomato group included single trunk pruning and a vertical hanging trellis, and when
the plant grew to 1.8 m, the top was pinched. We measured outdoor and indoor temperature
and humidity using temperature and relative humidity recorders (HOBO, U 23-001, Onset
computer Corp., Bourne, MA, USA). We used a gas analyzer (LI-820; LI-COR, Lincoln,
NE, USA) to measure indoor CO2 concentration. We connected thermocouples to a data
logger (Fluke 2638 A HYDRA Series III Data Acquisition Unit, Fluke Corp., Valparaiso, IN,
USA) to measure the temperatures of each LSG surface element, including the front cover,
north wall, north roof, soil, and tomato leaflet. We used a photosynthesis system (LI-6800;
LI-COR, Lincoln, NE, USA) with a red/blue LED light source (LI6800-02B) attached to
a 6 cm2 clamp-on leaf chamber to measure photosynthetic-related parameters. Detailed
model validation of the architecture module, light module, and photosynthesis module
was conducted previously by [31]. All management methods and treatments were kept
equal for all canopy configurations.

2.4. Statistical Analysis of Simulated Data

The simulated data for all canopy configurations were compiled into one single data
file (CSV file) and further used to perform the partial least squares path modeling (PLS-PM)
using SmartPLS 3.0 [32]. The PLS-PM analysis was used to investigate the connections
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between the simulated variables (such as furrow distance, plant distance, and planting
pattern) through latent variables (e.g., canopy configuration, radiation, or photosynthesis)
established by structural equation models. PLS–PM has been the predominant estimator
for determining the relationships between latent variables with large-scale datasets for
decades [33]. A total of 1000 bootstraps were performed during the simulation process of the
PLS-PM to obtain R2 values of each latent variable and the path coefficients between them,
which were determined by the confidence intervals and statistical significance. The path
coefficients (i.e., standardized partial regression coefficients) function as the path direction
and strength of the causal relationship between the indicators and their construct (direct
effects). The connection between the predictor and response variable can be represented by
indirect effects (multiplied coefficients) [34]. The physical and biological relationships of all
simulated and latent variables were also considered to determine the optimal path model.

3. Results
3.1. Tomato Canopy Configuration Analysis for the Chinese Solar Greenhouse

The sixteen scenarios were simulated (Figure 2), each with four planting patterns
(namely, homogeneous row, double row, staggered row, incremental row), and the model-
ing time was set for the winter solstice day (9:00 a.m. to 16:00 p.m.). Figure 3a shows the
effect of increasing furrow distance on the pattern of plant intercepted radiation, which
decreases sharply with increasing furrow distance while the plant density remains constant.
The plant intercepted radiation also dropped as the row distance increased, but stopped
decreasing after the row spacing was larger than 0.5 m (Figure 3b). As shown in Figure 3c,
the plant intercepted radiation became higher as the plant spacing increased and stopped
growing after 0.32 m (with a maximum plant light radiation mean value of 66.87 W m−2).
Additionally, the 0.32 m plant spacing had the best uniformity among the last four treat-
ments (the outlier data points with minimum values), i.e., 0.32 m, 0.34 m, 0.37 m, and
0.4 m. Therefore, for the planting density of 39,000 plants/ha, a 0.32 m plant spacing is
the best solution, and there are two scenarios corresponding to the 0.32 m plant spacing,
e.g., scenario 4 (F = 1 m, R = 0.6 m) and scenario 6 (F = 1.2 m, R = 0.4 m). Comparing the F
and R of these two scenarios in Figure 3a,b, we can infer that the combination of F = 1.2 m,
R = 0.4 m (scenario 6) has a slightly better influence on the light interception than that of
scenario 4 (66.10 W m−2 to 65.9 W m−2). By comparing within the group of scenario 6,
planting pattern 1 (homogeneous row) has the overall best radiation performance (plant
average light interception = 67.36 W m−2, Figure 3c).

Leaf photosynthetic rates cannot be accurately assessed by leaf light alone, so leaf
temperature calculations are needed to fully assess complex greenhouse plant interactions.
The plant average leaf temperature was calculated for each scenario of the four planting
patterns and is depicted in Figure 4. As Figure 4 shows, the plant leaf temperature dropped
as the furrow distance and row distance increased, and plant leaf temperature became
higher with increasing plant spacing and started decreasing after 0.37 m (average leaf
temperature = 23.5 ◦C). Therefore, the best plant temperature performance for the planting
density of 39,000 plants/ha is the 0.37 m plant spacing of scenario 2 (F = 1 m, R = 0.4 m).

As shown in Figure 5a, with the plant density kept equal to 39,000 plants/ha, the effect
of furrow distance on plant photosynthesis reached its peak value at 1.2 m (plant average
photosynthesis rate = 8.65 µmol m−2 s−1). The effect of row distance reaches the maximum
at a 0.4 m row distance Figure 5b (plant average photosynthesis rate = 8.62 µmol m−2 s−1).
The effects of plant spacing on mean photosynthesis rate reach the maximum at 0.32 m
(with the highest plant light radiation mean value of 8.87 µmol m−2 s−1). In summary, the
best photosynthetic performance of plant leaves was observed in scenario 6 (F = 1.2 m,
R = 0.4 m, S = 0.32 m) compared to the other scenarios. By comparing within the group of
scenario 6, planting pattern 1 (homogeneous row) had the best photosynthesis performance
overall, with the highest mean photosynthesis rate and best uniformity (Figure 5c).
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3.2. Comparing the Optimum Canopy Configuration of E–W Orientation with N–S Orientation

The E–W orientation of scenario 6 was then selected (based on the results from
Figures 3–5) to compare the detailed difference with the same canopy configuration of
N–S scenarios. Figure 6 indicates the plant solar radiation performance for scenario 6 in
both orientations during the day (four planting patterns). Due to the special structure of
the Chinese solar greenhouse’s front cover, tomato plants located at the southern part of the
canopy can intercept significantly higher radiation than those at the central and northern
parts, especially for the southern front row. According to the data, the E–W orientation
intercepted more solar radiation in the central and northern parts of the canopy compared
to the N–W orientation. However, in the two row and staggered row systems, the row
facing north is clearly obscured.

The plant-level radiation alone would not be sufficient to clearly illustrate the main
difference between the two orientations, which also makes it difficult to find the optimal
configuration. Thus, the leaf-level radiation was further compared to address this problem.
Figure 7 shows the daily average solar radiation intercepted at each leaf rank for the eight
above-mentioned patterns. The homogeneous row pattern in the N–S orientation showed
a significantly higher amount of radiation on multiple leaf ranks (leaf ranks 7, 8, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, and 21) (Figure 7a), and the same pattern also performs
slightly better radiation interception in the E–W orientation at leaf ranks 4, 7, 9, 12, 14, 15,
17, and 20. The homogeneous row pattern performed better in both orientations at the
furrow distance of 1.2 m, row distance of 0.4 m, and plant spacing of 0.32 m, and plant
density of 39,000 plants/ha.

The homogeneous row with two orientations was singled out to compare the inter-
cepted radiation on each leaf rank in Figure 8. Results indicated that the E–W orientation
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showed a clearly higher value of solar radiation compared to the most used N–S orientation
on most leaf ranks (2, 3, 4, 5, 6, 7, 9, 12, 15–20).
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To determine why the E–W orientation in scenario 6 has a better daily light inter-
ception effect than that of the N–S orientation, we performed statistical analysis of these
two orientations. Figure 9a shows that in the scenario 6 configuration, the E–W orientation
has better uniformity in terms of plant numbers than the N–S orientation, with the E–W
orientation plants showing mostly medium range radiation levels (45–130 W m−2), while
on the other hand, the N–S orientation has more plants at radiation levels of 40 W m−2

and 140 W m−2. The daily total radiation in the E–W orientation is also better than that
of the N–S orientation (Figure 9b). The higher radiation of the E–W orientation mainly
comes from the midday time zone (11:00 a.m.–1:00 p.m.), where the horizontal direction of
sunlight is direct from south to north. This is directly in line with the canopy direction of
N–S, which will result in more self-shading of the plants than the E–W orientation.

Photosynthesis is the basic way for crops to obtain organic matter and energy; however,
although photosynthesis is mainly driven by light, we still need to compare the differences
in photosynthesis due to the non-linear response of photosynthesis to light [35]. Thus, we



Agronomy 2024, 14, 249 11 of 18

further compared the two orientations under the homogeneous row of scenario 6 (P = 0.8 m,
S = 0.32 m).
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Figure 9. Histogram analysis of the number of plants corresponding with plant daily total incident
solar radiation of N–S and E–W orientation of planting pattern 1 (homogeneous row, P = 0.8 m,
S = 0.32 m) (a). The plant daily accumulated solar radiation of N–S and E–W orientations under
planting pattern 1 (b). The plant average solar radiation intensity of N–S and E–W orientations under
planting pattern 1 (c).
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The heat maps in Figure 10 depict the distribution of the photosynthesis rate in
the upper (leaf rank = 18), middle (leaf rank = 11), and lower (leaf rank = 4) layers of
the tomato canopy at three time points (9:00 a.m., 12:00 p.m., and 4:00 p.m.). The N–S
orientation upper canopy showed higher photosynthesis rate values in the northern part of
the greenhouse compared to the E–W orientation; however, the middle layer leaves of the
E–W orientation were slightly better than those of the N–S orientation during the morning
period (9:00 a.m.). Around noon (11:00 a.m.–1:00 p.m.), better photosynthetic rates and
photosynthetic uniformity could be achieved in the upper and middle canopies in the E–W
orientation under scenario 6 (P = 0.8 m, S = 0.32 m) compared to the N–S orientation. This
outcome also corresponds to Figure 9c; at midday, the horizontal component of the direct
sun rays shines directly from the southern side of the greenhouse to the north, which is in
a straight line with the N–S orientation canopy. This will cause more inter-plant shading
inside the canopy than in the E–W orientation. At sunset, the photosynthesis performance
in the N–S orientation performed slightly better than photosynthesis in the E–W orientation
at late afternoon, i.e., 4 o’clock.
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Figure 10. Heat map of leaflet photosynthesis of tomato canopy at upper (leaf rank = 18), middle
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N–S (left side) and E–W orientations (right side) under scenario 6 (P = 0.8 m, PS = 0.32 m).

To conclude, both orientations in scenario 6 had to be compared by means of data
analysis to assess their detailed photosynthesis performance. Thus, we compared the daily
average photosynthesis of each leaf rank in both orientations, as shown in Figure 11. As
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can be seen from Figure 11a, the E–W orientation performed slightly better in terms of the
daily average photosynthesis rate than the N–S orientation on leaf ranks 2, 3, 4, 5, 7, 11, 12,
14, 16, 17, 18, 19, 20, and 21. Figure 11b describes the daily photosynthesis performance
of middle lane plants of both orientations. The E–W orientation showed a clearly higher
photosynthesis rate on the north part of the canopy (6 m from the south corner) because the
6 m point is where the plants are closest to the wall in the E–W direction, and the reflection
and scattering effect of the north wall on light causes the marginal row of plants to receive
more light than the middle plants. This leads to the conclusion that scenario 6 with the E–W
orientation (F = 1.2 m, RD = 0.4 m, S = 0.32 m) is the most suitable canopy configuration for
CSG mechanized planting at the most used plant density of 39,000 plants/ha.
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Figure 11. The daily averaged photosynthesis rate per leaf rank of planting pattern 1 (homogeneous
row, P = 0.8 m, PS = 0.32 m) under N–S orientation and E–W orientation (a). Average plant photosyn-
thesis of middle lane tomato crop with increasing distance from south corner (1–6.5 m) simulated by
day (b).

3.3. Partial Least Squares Path Modeling Analysis (PLS-PM)

To further strengthen the generalizability of this study, the PLS–PM analysis was
performed to comprehend how all the above-simulated E–W orientation scenario traits
(furrow distance, row distance, plant distance, planting pattern, leaflet age, leaflet area,
leaf absorption, leaf temperature, leaf photosynthesis) are interrelated and their causal
relationship [36]. During the modeling process, simulated variables with physical and
biological connections were combined into a latent variable (e.g., canopy configuration),
and thus the simulated and latent variables form the outer model (for outer loadings please
refer to Supplementary Table S2). The inner model was created for the study of relation-
ships between latent variables, and the linkages for the inner model were represented
by path coefficients (Supplementary Table S3). R2 was also used to serve as the measure
of how well the specific latent variable is represented by other endogenous latent values
(Supplementary Table S4).

The modeling result showed that canopy configuration had relatively small effects
on radiation, temperature, and photosynthesis, with only an indirect effect value of
−0.133 of canopy configuration on photosynthesis, which was mediated by the radia-
tion (Supplementary Table S5). The canopy configuration was well represented by the
furrow distance (0.922), plant distance (−0.87), and planting pattern (0.351). However, the
row distance has an insignificant effect on representing the canopy configuration (0.153)
(Figure 12). Since the effect of canopy configuration on radiation and photosynthesis was
negative (−0.036 and −0.019), increasing the value of the furrow distance, row distance,
and plant pattern will negatively affect plant interception of radiation and photosynthesis
while plant density remains constant. On the other hand, increasing the plant distance will
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have a positive effect on plant radiation and photosynthesis. This result corresponds well
with the former results of Figures 3 and 5.
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4. Discussion
4.1. Changing from the Widely Used N–S Orientation to the E–W Orientation

A comprehensive analysis of major trends in the evolution of planting strategies suit-
able for Chinese solar greenhouses was conducted by [37]. Despite this, a planting strategy
specifically optimized for the cultivation conditions of Chinese solar greenhouses in the
northern region remains unidentified. This study aimed to address this gap by investigating
the optimal canopy configuration that maximizes light capture and photosynthetic perfor-
mance in Chinese solar greenhouses. This was achieved using a virtual solar greenhouse
and a tomato plant canopy model. In the current modeling study, to effectively compare
the differences between orientations and identify the optimal configuration for east–west
planting, other modeling configurations such as tomato growth stages, planting density,
greenhouse locations, and the surrounding environment were kept constant. Future studies
will focus on identifying the effects of these other factors on canopy photosynthesis.

The results revealed only a minimal difference in daily light absorption and net
photosynthesis between north–south and east–west orientations (Figure 8). This finding
aligns with article [15], which reported similar light absorption and net photosynthesis
across different row orientations. This is also consistent with the model simulations of [38],
who suggested that row orientation has less influence at higher latitudes when the path
width and row height ratio is ≤30%. Although the differences between different row
orientations are small, due to the daily average calculations in this study, even small
differences can be amplified over time.
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4.2. The Optimal Configuration of E–W Orientation Has Been Identified

The simulation data showed that scenario 6 with the planting pattern 1 (homogeneous
row) had the best overall radiation performance, the best plant temperature performance
with a planting density of 39,000 plants/ha was in the homogeneous row of scenario 2
(Figure 4), and the optimal photosynthesis performance also occurred in scenario 6 with
planting pattern 1 (Figure 5). Previous studies [15,39] investigated interrow shading in
an east–west double row orientation. These findings also showed that a homogeneous
row exhibits superior performance compared to a double row in an east–west orientation.
This outcome was also demonstrated by comparing the E–W orientation of scenario 6 with
the N–S orientation, where the daily light interception, temperature, and photosynthesis
were compared in detail on a per-leaf basis, showing that the E–W orientation of scenario 6
performed better in terms of light interception for the upper leaf rank (Figure 8), plant
numbers (Figure 9a), and at midday (Figure 9c). The primary objective of investigating the
optimal plant arrangement is to minimize shading. It has been reported that canopy shading
can negatively impact flower bud formation, fruit set, and fruit quality in horticultural
crops [40]. Regarding photosynthesis, the E–W orientation showed better photosynthesis
in the upper-middle and northern parts of the canopy (Figure 10). Overall, in practice, it is
better to use homogeneous rows in the E–W orientation of scenario 6, which is also more
suitable for mechanized planting.

4.3. Similar Trends Can Be Applied for Other Planting Configurations

Previous research found vertical profiles of tomato photosynthesis and yield, highlight-
ing the importance of irradiance on the photosynthesis and yield [41]. Here we have shown
and modeled distinct patterns of incident irradiance, temperature, and photosynthesis for
N–S and E–W oriented ridges and advanced knowledge regarding the interactions among
plant leaf irradiance, temperature, and photosynthesis. The result of PLS-PM showed
that if the planting density is kept at 39,000 plants/ha, increasing the values of the furrow
distance, row distance, and planting pattern will negatively affect plant interception of
radiation and photosynthesis, although the effect of canopy configuration on radiation,
temperature, and photosynthesis is relatively small. Increasing the plant distance, on
the other hand, will have a positive effect on plant radiation and photosynthesis. It was
concluded from PLS-PM observations that, instead of increasing furrow or row spacing,
plant spacing should be increased to some extent and furrow distance should be reduced
to achieve better absorption in the tomato canopy within the CSG when plant density in
the E–W oriented tomato canopy is not changed. Comparable patterns can be utilized for
different greenhouse planting arrangements.

5. Conclusions

In conclusion, our study on the optimal canopy configuration for east–west (E–W)
oriented planting in Chinese solar greenhouses has provided valuable insights into the
mechanistic links between canopy traits and tomato leaf physiology. Through comprehen-
sive virtual greenhouse simulations encompassing various furrow distances, row spacings,
and plant spacings, we aimed to address our hypothesis regarding the ideal configuration to
maximize radiation and photosynthesis performance. Our findings reveal that, for the E–W
orientation, a planting density of 39,000 plants/ha, a furrow distance of 1.2 m, and a row
distance of 0.4 m collectively optimize leaflet radiation, temperature, and photosynthesis.
Notably, a plant spacing of 0.32 m emerges as the key factor for achieving uniform photo-
synthesis. Comparison with the north–south (N–S) orientation underscores the superior
performance of the E–W orientation, particularly in the northern and upper-middle canopy
regions. The significance of our results lies in their direct applicability to mechanized
planting practices. The recommended configuration, characterized by a homogeneous row
with a path distance (P) of 0.8 m and a plant distance of 0.32 m, represents an efficient
solution for solar greenhouse cultivation. This mechanistic approach aligns with our ini-
tial hypothesis, emphasizing the importance of specific canopy traits in enhancing light
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environment and photosynthesis rates. In terms of novelty, our study contributes to the
existing literature by elucidating the nuanced interplay between canopy configuration and
plant physiology. The implications of these findings extend beyond the immediate context
of the E–W orientation, offering actionable insights for optimizing productivity in solar
greenhouses and providing clear strategies for transitioning from the N–S orientation to the
E–W orientation during mechanized ridging. In essence, the mechanistic links identified
in this study underscore the practical applicability of our findings, positioning them as a
valuable resource for greenhouse farmers, researchers, and practitioners alike. As we move
forward, these conclusions not only answer the core hypothesis of our study but also pave
the way for future research endeavors aimed at refining and expanding our understanding
of optimal canopy management in greenhouse environments.
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