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Abstract

:

Plant photosynthesis and biomass production are associated with the amount of intercepted light, especially the light distribution inside the canopy. Three virtual canopies (n = 80, 3.25 plants/m2) were constructed based on average leaf size of the digitized plant structures: ‘small leaf’ (98.1 cm2), ‘medium leaf’ (163.0 cm2) and ‘big leaf’ (241.6 cm2). The ratios of diffuse light were set in three gradients (27.8%, 48.7%, 89.6%). The simulations of light interception were conducted under different ratios of diffuse light, before and after the normalization of incident radiation. With 226.1% more diffuse light, the result of light interception could increase by 34.4%. However, the 56.8% of reduced radiation caused by the increased proportion of diffuse light inhibited the advantage of diffuse light in terms of a 26.8% reduction in light interception. The big-leaf canopy had more mutual shading effects, but its larger leaf area intercepted 56.2% more light than the small-leaf canopy under the same light conditions. The small-leaf canopy showed higher efficiency in light penetration and higher light interception per unit of leaf area. The study implied the 3D structural model, an effective tool for quantitative analysis of the interaction between light and plant canopy structure.
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1. Introduction


Cucumber (Cumcumis sativus L.), responding like a semitropical plant, prefers growing conditions of high temperature, humidity, and light intensity [1]. Recent studies indicate that cucumbers are sensitive to sufficient oxygen and inorganic nutrient solutions [2,3]. The growing and production of cucumbers in greenhouses provides multiple advantages in terms of controlling growth conditions and crop maintenance techniques, which ensures crop productivity [4,5]. The production cost in greenhouses is much higher than in fields [6]. This gives the growers a more urgent need to maximize the crop yield to cover the higher production cost of the greenhouse. Greenhouse growers attempt to increase their yields by managing the interaction between the plant and its environmental factors in the greenhouse. Knowledge of the relation between the phenotype-genotype of plants and their interaction with its environment (e.g., CO2, light, temperature), leads to important breeding and growing applications [7,8,9,10]. This study focuses on investigating the interception and distribution of light in cucumber canopies



Light has short-term and long-term influence on plants. In the short term, light intensity and the amount of light interception by the canopy are associated with plant photosynthesis and biomass production [11,12]. In general, a 1% of reduction in solar radiation reduces the average production of cucumbers by 0.8–1% [13]. In the long term, light affects the leaf area, distribution of dry matter, and leaf orientation increasingly [14,15,16]. Light has more influence in a larger crop due to a larger leaf area index (LAI) [17,18]. However, leaf formation can also be enhanced under a higher light intensity, which leads to a larger leaf area [19,20]. This long-term interaction between light and morphology indicates more biomass production through such morphological changes due to an increased light interception, which consequently increases light-use efficiency [10].



In addition to the amount of incident light falling on the canopy, the light distribution also affects crop production. The harvestable proportion of cucumbers can increase by 4.3% in kilos under a diffuse covering material [21]. When the incident light is applied at the top of a closed canopy, the irradiance in the canopy decreases with increasing depth [22,23,24]. Diffuse light penetrates deeper into a plant canopy compared with direct light, which further increases photosynthesis and crop production [21,25,26]. The seasonal patterns of crop production have also been simulated by converting all direct light to diffuse light, indicating a production increase in cucumber of up to 4.0% in summer [27].



Multiple methods and models are applied to estimate the light interception under different assumptions, where the leaf area is used. For instance, projected leaf area can be used to estimate the intercepted light if the incident light is direct light with an orientation perpendicular to the ground [28]. Lambert-Beer’s law assumes that leaves of the canopy are uniformly distributed in space to attenuate light in a vertical direction [29], while cucumbers in China were normally cultivated in double rows, which results in heterogeneous distribution of leaves. Thornley et al. [30] estimated the light propagation for a whole canopy by splitting the total amount of light into fractions along three Cartesian directions. These assumptions, based on theoretical models, to some extent, simplify the situation; they restrict the scope and depth of studies in light interception in terms of micro-climate (e.g., light gradient) of the canopies and the environmental difference on the organ level [31].



Limitations in the estimation of light interception exist due to the lack of information given by phenotypic data. The manual that collected phenotypic data usually has a small sample size with lower accuracy and precision [32]. The plants’ three-dimensional (3D) structural model explicitly considers the static state of individual leaf surfaces [28,33,34,35]. A model can compare the difference in light distribution and light interception of plants [6,28,35], similar to the penetration of direct sunlight of cucumber plants, which has been investigated with a structural model [36]. Likewise, the effect of plant density and plant distribution on light interception of canopies with different plant spacing distances was investigated [28,37]. Studies that include the condition of diffuse light are rare [31,38]. Additionally, this study provides a more quantitative perspective of light interception using 3D structural models. The aim of this study is to analyze the light interception and distribution in cucumber canopies with a static 3D structural model based upon data derived from cucumber plants.




2. Materials and Methods


2.1. Plant Material


The cucumbers (Cucumis sativus L.) were cultivated in the greenhouse at Shanghai Jiaotong University (31°7′12″ N, 121°22′48″ E). The planting date was 1 September 2020. There were 224 cucumber plants in a Recombinant Inbred Lines (RILs) population with different genotypes for each plant cultivated. The population had different plant phenotypes regarding leaf size and plant size due to the segregation of the character leaf size. The plants were grown in the soil with a high-wire system in a double row. The greenhouse was a Venlo-type and covered by glass with a transmissivity of 82%. Fans were applied on the roof between the rows of plants to provide ventilation (Figure A2). There were 10 rows with 1-m intervals in the compartment. The distance between two adjacent plants was 40 cm (Figure A3). The plant density was 3.25 plants/m2. Plants were vertically trained and twisted around the cord. The plants were cultivated under a sufficient supply of water and nutrients. The plants were not wilting nor dehydrated on the day of experiment. During the experiment, which took place from 1 September to 22 September 2020, no side shoots were observed before or on 22 September. The average day temperature and night temperature was 29.02 °C and 23.27 °C, respectively. The average relative humidity was 44.82% during the day and 38.87% during the night. The CO2 level was maintained via ventilation through a window opening, where the atmospheric CO2 level was approximately 400 ppm. On 22 September, when the digitization of plants was conducted, the plant canopies were not closed and still in their vegetative stage.




2.2. Simulation of 3D Structural Model


2.2.1. Data Collection and 3D Structural Digitization


The digitization of all cucumber plant samples (N = 224, no border plant included) was based upon 224 real plants described in Section 2.1 on 22nd September 2020, before the first harvest of fruit. A 3D tracking system (Fastrack NS-1016, Polhemus, Colchester, VT, USA) was used to collect 3D architectural data of each cucumber plant in the greenhouse compartment. During the measurements, the plants were not moved along the high wire, in order to achieve a higher accuracy in digitizing the natural state of the cucumber plant and to measure the azimuth angle and leaf angle more accurately.



The plant parts were digitized according to a sequence defined in Figure 1. The morphological parameters data was obtained from after digitization, included internode length (IL, cm), petiole length (PL, cm) leaf length (LL, cm), and leaf width (LW, cm). For each node, one point was placed at the petiole insertion on the stem (p1), followed by an insertion point of the lamina (p2). There were four points digitized from each lamina (p2–p5). The visualization of 3D plant structures was produced by ‘Visualization and 3D Reconstruction of Plant Models’, a software developed by Shanghai Academy of Agricultural Sciences (Figure 2) [31]. The program filled the prepared leaf-shaped samples into the skeleton [31,38].




2.2.2. The Simulation Settings


The structure of real plants can reveal more realistic simulation of light interception grown in greenhouses with sufficient structural diversity [31]. The 3D-model was simulated with three virtual canopies with different leaf sizes (small, medium, big) under three different scenarios of light conditions, which resulted in nine simulation scenarios. The simulation sessions between canopies with different leaf sizes and under different ratios of direct/diffuse light are conducted to compare the efficiency of light interception.



	
Three virtual canopies






After digitizing and dividing the 224 plants into three groups with different leaf lengths (see Figure 3), three virtual canopies were modelled, one canopy for each group individually. From each group of digitized plants, 20 were selected randomly and included in the 3D-plant model for that group. The individual 360° 3D plant model of each of the 20 plants in each group was divided into 5 different angles to enable a multiplication of distinctive virtual plants with distinctive canopies. The number of virtual 3D-modelled plants in each of the 3 groups was 80 and 240 in total.



The leaf area of a single leaf was estimated by a multiplying a factor of 0.743 with the product of the leaf length and the leaf width [39].



The cultivation characteristics of the virtual crop (n = 240) was similar to the cultivation characteristics of the real plants during the cultivation: zonally a 1-m interval, plant distance of 40 cm and a plant density of 3.25 plants/m2. In order to eliminate the influence of border effects, only the center plants (n = 6) were included in the analysis of light interception of each canopy.



As shown in Figure 4, the small-leaf canopy had the smallest number of leaves, the smallest individual leaf area, and the shortest plant height. The leaf area index (LAI, cm2 leaf area/cm2 soil) of the 3 virtual canopies were 0.19, 0.47 and 0.89 respectively.



	
The scenarios of light conditions






Three scenarios of light conditions were set based on the radiation dataset (Table 1). The total radiation and the ratio of diffuse light were obtained from the daily meteorological dataset of basic meteorological elements of the China Meteorological Radiation International Exchange Station (1957–2020) (The website for the Daily meteorological dataset can be obtained from: http://meteor.ckcest.cn/mekb/?r=data/detail&dataCode=RADI_MUL_CHN_DAY (accessed on 27 April 2021)), in Shanghai. Scenario 1 (s1) has the lowest ratio of diffuse light with the highest total radiation, representing a sunny condition. Scenario 2 (s2) has a medium ratio of diffuse light and total radiation, representing a medium light condition. Scenario 3 (s3) has the highest ratio of diffuse light with the lowest total radiation, representing a cloudy light condition. Though the ratio of diffuse light was increased by 221.6% in s3 compared to s1, the amount of total radiation was reduced by 56.8% in s3 compared to s1. The indoor incident PAR in Table 1 was converted from total radiation manually. The conversion was based on the assumption that the incident photosynthetic active radiation (PAR), of which the wavelength was 400–700 nm, accounted for 47% of the global radiation of 20 MJ/m2d [40]. The height of sunshine took the reference at 12 PM on the summer solstice in the lunar calendar (21 June 2019). The simulation of light interception was conducted by using the radiosity-graphic combined model (RGM, with PC configurations: Windows 10, CPU of AMD3950x, RAM of 64G). RGM was used to simulate direct light and diffuse light separately for the 3D structural model [41]. The leaf was assumed to absorb 87%, transmit 7%, and reflect 6% of PAR [25]. The simulated results were illustrated in the light interception for each leaf (with labelled numbers) in units of µmol/s.



Due to the different totals of radiation in three scenarios of light conditions, the effect of diffuse light could be partly constrained. Therefore, the total radiation in the three scenarios (s1, s2, s3) was normalized to be the same value by transforming the total radiation of the scenarios into 65.61 MJ/m2 (the sum of radiation in s1, s2 and s3), while keeping the ratios of diffuse light unchanged, which resulted in three scenarios of normalized radiation (sn1, sn2, sn3). After the normalization, the total radiation in each scenario became dimensionless and the differences in total radiation were canceled out. Three scenarios of normalized radiation (sn1, sn2, sn3) were used to compare the single effect in light interception caused by diffuse light.





2.3. Data Analysis


The graphical visualization of statistical data was arranged in Microsoft Office Excel 2019 and RStudio version 1.2.5033. The visualization of virtual canopies was displayed by MeshLab v2020.12. Normality of the data was tested using a Kolmogorov–Smirnov test (Table A1). Possible differences in the light interception between the three different simulated scenarios and the three different groups of leaf size were tested with an ANOVA. Differences between the three different groups of leaf size and between the three scenarios were tested with a pairwise comparison Tukey Contrast in the ‘glht’ function in the ‘multicomp’ package of RStudio version 1.2.5033.



The relationship between cumulative light interception and cumulative leaf area (from top to bottom) was estimated with a linear regression. A simple linear regression (the slope k and the intercept b) was calculated by the simple linear regression with the function ‘lm()’ in RStudio version 1.2.5033.



After the execution of linear regression in R for six scenarios of light condition (s1, s2, s3, sn1, sn2, sn3) and three virtual canopies (small, medium, and big leaf), the slopes (k for s1, s2, and s3 and kn for sn1, sn2, and sn3) and intercepts (b for s1, s2, and s3 and bn for sn1, sn2, and sn3) of a total of 18 combinations (3 × 6 = 18) were further analyzed in boxplots. Theoretical definitions were given to the slopes and intercepts:




	-

	
the slopes (k and kn) represented the efficiency of light penetration into the canopy.




	-

	
the intercepts (b and bn) indicated either the projected leaf area or total incident radiation depending on the comparison.









Estimating the results of linear coefficient estimates in Excel 2019 provided exact similar statistics.





3. Results


In this section, the interaction between ratios of diffuse light and canopy structure were simulated. In Section 3.1, the simulated results of light interception were analyzed to explore the effect of leaf sizes and light conditions. After normalizing the radiation, the effect of diffuse light was either compared solely or in combination with the difference in incident radiation. The analysis was conducted using the center plants (n = 6) of each canopy to simulate the performance of light interception of plants inside a canopy in reality. Section 3.2 showed the analysis of the relationship between light interception per plant from the top layer to the bottom and the corresponding leaf area. Firstly, the light interception on the canopy level was compared among three plant groups with different leaf sizes. Then the light interception of three canopies was compared among three scenarios with different ratios of diffuse light.



3.1. The Simulated Results of Light Interception


3.1.1. Leaf Size


The light interception of plant groups with different leaf sizes was significantly different for at least one group compared to the other groups (p = 0.00578, F value = 5.416). The average of the simulated light interception was estimated on a plant level. According to the results shown in Figure 5a, the big-leaf canopy had 56.2% more light interception compared to the small-leaf canopy. Moreover, the variation in light interception of each plant was larger in the canopy with big leaves. The smaller variation in light interception in the small-leaf canopy resulted in a better light penetration in the canopy. The small-leaf canopy had less cumulative light interception due to the fewer leaves and shorter stems, while the big-leaf canopy had more light interception (and larger variation) due to a higher leaf-density and taller stems.




3.1.2. Scenarios with Different Light Conditions


In Figure 5b, the plants intercepted 26.8% more light in scenario 1 (s1) than scenario 3 (s3), which had the least incident radiation and higher ratio of diffuse light. The incident radiation of s3 was much weaker than s1 and scenario 2 (s2), as indicated by the line according to the y axis on the right side in Figure 5b. This corresponded with the Tukey pairwise comparison of light interception of the three scenarios. From the Tukey post hoc test it was shown that the light interception in s3 was significantly smaller than in s1 or in s2 (both p < 0.001), meanwhile there was no significant difference between the light interception between s1 and s2 (p = 0.162). In the three scenarios of normalized radiation (sn1, sn2, sn3), the incident radiation was assumed to be the same. The simulated result of scenarios of normalized radiation was presented in Figure 5c, where the trend of light interception among scenarios was the opposite of that in Figure 5b. The interception of sn3 was 34.4% more than sn1. The ratio of diffuse light of sn1 was lower than sn3, as indicated by the line according to the y-axis on the right in Figure 5c. This indicated that the light interception was influenced by both the amount of incident radiation and ratio of diffuse light. The amount of incident radiation, however, outperformed the amount of diffuse light ratio due to an increased light interception of 26.8% in s1 more than s3, with 56.8% increased radiation and 226.1% reduced diffuse light.





3.2. The Light Interception vs. Leaf Area


Regardless of the leaf size, the number of leaves and total leaf area also affected light interception. In this section, the relationship between light interception and leaf area was investigated. As an example, the linear relationships between light interception of the big leaf group and the corresponding leaf area were illustrated in Figure 6a with R2 > 0.9. Similarly, the incident radiation was normalized and lead to the linear relationships presented in Figure 6b. This relationship expressed the difference in light interception not only among the three scenarios (Figure 6a,b), but also among the canopies with different leaf sizes (Figure 7).



The slope ( k ) and intercept ( b ) of the linear regression (  y = k x + b  ) of the relationship between light interception and leaf area are shown in Table 2. The parameters regarding the normalized light interception (  k n  ,   b n  ) and R2 were also included. The R2’s remained unchanged after the normalization of incident radiation. The slopes ( k  and   k n  ) indicated the efficiency of light penetration into the canopy. The intercepts ( b  and   b n  ) represented the incident radiation just above the top layer of the canopy, which further indicated the projected leaf area.



3.2.1. Total Leaf Area


As depicted in Figure 8a, the small leaf group had a larger slope than the medium and big leaf groups. This indicated a higher efficiency of light interception into the canopy, as well as a higher light interception per unit leaf area. The three slopes ( k ) of the three plant groups differed significantly (p = 0.0225 < 0.05) from each other. After the normalization of incident radiation, the difference in slopes (  k n  ) was more significant (p = 0.00169 < 0.01, Figure 8c). In Figure 8b, the small leaf group had a smaller intercept than the medium and big leaf groups, indicating a smaller projected leaf area within the same soil surface. The difference in intercepts ( b ) among plant groups was not significant (p = 0.134 > 0.1). According to Table 2, the intercepts ( b  or   b n  ) of the same scenario indicated the degree of canopy closure, or the projected leaf area of a single plant. The intercept ( b ) of the same plant group indicated the difference in incident radiation, so s3 had the smallest intercept ( b ) in each plant group. After the normalization of incident radiation, the intercept (  b n  ) of the small leaf group was significantly (p = 0.00064 < 0.01) smaller than the medium and big leaf group (Figure 8d).




3.2.2. Ratios of Diffuse Light


According to Table 2, the slopes ( k ) of the scenarios of the plant groups were insignificant (p = 0.427 > 0.1), indicating that s1 didn’t have a higher efficiency in light interception inside the canopy than s2 and s3. After the normalization of incident radiation, the slopes (  k n  ) of s3 became larger than s1 and s2, though the difference was still insignificant (p = 0.714 > 0.1), indicating an absence of any trend in  k .



Since the intercepts ( b ) of the same plant group indicated the difference in incident radiation (p = 0.183), the intercepts (  b n  ) of the same plant group among scenarios became smaller (Table 2). This smaller difference was observed from Figure 8b,d which displayed that the variation of intercepts among the plant groups became smaller after the normalization. This explained that after the normalization of incoming radiation in the three scenarios, the difference in intercepts (  b n  ) within the same plant group was even less significant (p = 0.797 > 0.1).






4. Discussion


This study contributed to the literature by presenting the results of light interception simulated in a 3D structural model. Studies on the interception and distribution of light interception, especially diffuse light, were limited. This section discussed the results on light interception in relation to other studies, possible limitations of using this model, and future possibilities to simulate light interception of crop canopy.



4.1. The Effect of Radiation


The simulated light interception with the same incident radiation showed that canopies could intercept diffuse light better than direct light. This corresponded with the study of Hemming on the effect of diffuse light, which indicated that an increase of the ratio of diffuse light could increase the photosynthesis of the canopy, and consequently increased the production [21]. Because diffuse light was scattered in all directions, it could penetrate deeper into a plant canopy compared to direct light. With a higher ratio of diffuse light, the variation of light interception per plant was smaller (Figure 5c. The incident radiation (direct light) was set to be perpendicular to the ground, which meant that the top layer of the projected leaf area was the most active in intercepting direct light. The leaves inside the canopy were shaded and unable to intercept direct light, which resulted in a larger variation of light interception per plant, or even per leaf under direct light (Figure A1).



Although the ratio of diffuse light was increased by 221.6% in s3 rather than s1, the results showed that the total light interception of s3 was less than s1 (Figure 5b), because the amount of incident radiation was reduced by 56.8% in s3 compared to s1. Similar results were achieved for total light interception without normalization. Under natural light conditions, the increased proportion of diffuse light was usually companied by a reduction in the global radiation, which negatively influenced productivity [42]. Other studies also evaluated this effect on cloudy days with only diffuse light, and there was at most 30% of radiation at the top of atmosphere; meanwhile, a rather clear sky enabled more than 80% of radiation to reach the Earth’s surface [40].



By means of diffuse light, a higher uniformity of light distribution could be realized [21]. This uniform light distribution helped realize equality in production. Otherwise, the shadows over the leaves caused by mutual shading and greenhouse construction could have a negative influence on plant production. Modern covering materials could help create more diffuse light. These materials contained pigments and macro- or microstructures that transformed all the incoming direct light into diffuse light, without significantly reducing light transmission [21].



Besides the scattering effect of radiation (diffuse light), the geometrical effect of radiation also influenced light interception [43]. Changes in the spatial geometry of radiation could result in a different outcome of light interception since leaves intercept light from another angle. In this study, the azimuth and elevation of the light source was perpendicular to the ground. However, the position of the sun changed during the day, which affected the area of leaf surface intercepting the light at different time points. Qian et al. simulated both circumstances (the sun at 12 pm and the moving pattern of the sun during a day) [38]. They found that the conclusion for the treatments were the same, regardless of if the sun position was fixed at 12 pm or changing over the day.



Kahlen simulated the 3D structural cucumber canopies with plant densities of 1 and 2 plants/m2 followed by a greenhouse experiment in Germany [28]. The plant density (3.25 plants/m2) in this study was relatively high for the simulation of light interception [44,45]. Optimizing plant density resulted in increased intercepted light, which further enhanced productivity [22,46]. Increasing plant density could modify the distribution pattern of the light within the canopy [46,47]. Higher plant density could also reduce both the proportion of incident light intercepted per plant and the red/far-red ratio of light at the bottom of the canopy, which also influenced tillering [48]. Moreover, the foliage density and arrangement could also influence the local variation of light interception [6].




4.2. The Impact of Leaf (Geometry and Area)


With a larger total leaf area (or LAI), the leaf surface to intercept light was larger. For instance, the small-leaf canopy had better light penetration with a larger k (Figure 8). However, the LAI of a big-leaf canopy was much larger, which led to higher total light interception [13]. Before the canopy closure, an increase in the number of leaves could contribute to an increase in light interception. Due to the effect of mutual shading, this pattern was eliminated after the canopy closure. It canceled out the increased leaf area under the direct light from above because the projected leaf area remained unchanged. The light penetration could be influenced by the interspace within the canopy, (the compactness and layers of leaves). Each layer of leaves could absorb 80–85% of PAR (photosynthetic active radiation, 400–700 nm) and reflect and transmit the rest, which is called scattering [49]. If the soil surface was covered by white plastic sheets, the reflection from the base would increase to 50–80% compared to 10–20% by bare soil, with a 7% increase in photosynthesis for LAI at 3 [43]. In addition, the lower side of a leaf could also reflect the light to the downward layers, depending on its thickness.



Besides the leaf area, the plant size also influenced the biomass partitioning to the fruit, which may refer to the cost of light interception. A variety of biological processes (e.g., metabolism and mass flow) could be meditated by the size of living organisms and organs [50]. At an organ level, an increased leaf size led to a larger cost in building and maintaining the same amount of leaf area for the plant [51]. Increased tree sizes resulted in an increased cost of light interception in terms of increased maintenance respiration, which reduced the available energy for stem growth [52]. Some studies mentioned that in cucumber plants, more biomass was partitioned to leaves and stems in order to intercept more light to assimilate supply, if the total biomass production was low [16]. This could result in less biomass partitioned to the fruit and more biomass partitioned to other parts, especially side shoots. Though the side shoots also produce leaves for more light interception, the biomass partitioned to the side shoots for extra stem growth and leaf growth increased the sink strength of vegetative parts.




4.3. The Impact of Extinction


The light interception was modelled based on the principle that increased leaf area enhanced light interception, while mutual shading inhibited it [43]. This principle resulted in the exponential extinction of light, which was incorporated into the law of Lamber–Beer [29]:


   F  i n t   = e x p  (  −  k e  · L  )   



(1)




where    k e    (ke referred to light extinction coefficient, for distinguishing k in Section 3.2) stood for the light extinction coefficient.    F  i n t     stood for the fraction of light intercepted at the canopy depth of  L  (expressed in overlying LAI). The range of typical values for    k e    was 0.5–0.8 [43].



Though    k e    was usually expressed as a constant value in the models, it was influenced by both the geometry of radiation and the geometry of leaf position and orientation (the azimuth angle and leaf angle). As discussed above, the changes in the geometry of radiation and that of leaf position and orientation caused differences in light interception. This effect could be expressed by a different value of    k e    in the function, for instance to express the different extinction profiles of the direct and diffuse light. When these extinction profiles were not measured specifically, the    k e    of diffuse flux was about 0.7 on average [43]. Moreover, a known    k e    could estimate the LAI from the Lambert–Beer function, with the radiation measured above and below the canopy [40]. With    k e    = 0.8, LAI of 1 led to 55% light interception; LAI of 2 led to 80%, and LAI of 3 led to 90% [43]. In the assumption of Lambert–Beer’s law to estimate light interception, the leaves were uniformly distributed in space to attenuate light in the vertical direction [29].



Unlike the static model used in this study, real plant leaves possibly adapted to the environment to intercept more light and avoid shading, due to changes in red/far-red ratio of light inside the canopy [33,53]. This kind of adaptation to the environment was expressed as phenotypic plasticity [54]. Some of the short-term adaptations, like the leaf movement, needed to be recorded or simulated on the plant structure over a period of time. A dynamic model could estimate this kind of adaptation. Morphological changes of plants took time (weeks or months) before expressing the responses to the changes in the environment [55]. The dynamic models could facilitate the studies in phenotypic plasticity by studying these short-term plant responses. For the long-term adaptations, such as specific leaf area (SLA, the ratio between leaf area and leaf dry mass), which reflected leaf thickness and leaf size [54], multiple measurements for the same population (or the same cultivar) should be taken under different climate conditions [55]. By comparing the structure of plants measured under different climate conditions, the adaptation of plants to the environment could probably be further investigated.



In this study, a static 3D plant structural model was used for exploring the light interception on cucumber canopies. The 3D structural model offered opportunities to investigate the interaction between the environment, plant structure, and function [38]. Based on the 3D structure of plants, Ray Tracing technology and Radiosity technology, the simulation of light distribution accounted for: (1) the 3D spatial structure changes of the plant canopy, (2) the spatial distribution of plant organs, (3) surface optical characteristics, and (4) incident radiation [41]. In this way, the photosynthetic simulation based on light interception could be refined to a single organ or even a surface element scale [56]. There were also other existing models calculating radiation transfer used for predicting radiation absorption [57], canopy conductance [58], and evapotranspiration [59].





5. Conclusions


The 3D structural model is an effective research tool for quantitative analysis of the interaction between light and plant canopy structure. The findings of the study could offer new perspectives for model improvement in light interception, studies on plant plasticity, and breeding selection regarding the use of light based on the 3D plant structures. The influence on light interception referred to two aspects: radiation and canopy structure.



The results showed that a higher ratio of diffuse light is beneficial to light interception since it could better penetrate into the canopies. With a 226.1% increase in the ratio of diffuse light with the same incident radiation (PAR), the light interception increased by 34.4%. However, the 56.8% of reduced radiation caused by an increased proportion of diffuse light inhibited the advantage of diffuse light. The proof was indicated by a 26.8% of light interception reduction in the scenario with 226.1% more diffuse light in realistic light conditions.



Regarding the canopy structure, the linear relationship between cumulative light interception and cumulative leaf area (from top to bottom) implied a higher light penetration efficiency and higher light interception per unit leaf area in a small-leaf canopy via a larger slope of the linear regression. The big-leaf canopy had more mutual shading effects, but its larger LAI enabled the canopy to intercept 56.2% more light than the small-leaf canopy under the same ratio of diffuse light. A larger intercept in the linear regression of the big-leaf canopy could refer to a larger projected leaf area, which has more advantages under direct light.
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Table A1. p-values in the Kolmogorov–Smirnov Test for the traits with null-hypothesis of a normal distribution.






Table A1. p-values in the Kolmogorov–Smirnov Test for the traits with null-hypothesis of a normal distribution.












	
	Internode Length
	Leaf Length
	Leaf Width
	Petiole Length





	p value
	0.0827
	0.2893
	0.2822
	0.9416
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Figure A1. The simulated light interception per leaf for three plant groups (small leaf, medium leaf, and big leaf) and three scenarios (s1, s2, and s3). 
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Figure A2. A picture of the experimental greenhouse, taken during the digitization of cucumber plants on 22 September 2020. 
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Figure A3. The preview of three virtual canopies (n = 80) with different leaf sizes. (a) small leaf; (b) medium leaf; (c) big leaf. 






Figure A3. The preview of three virtual canopies (n = 80) with different leaf sizes. (a) small leaf; (b) medium leaf; (c) big leaf.



[image: Agronomy 12 00602 g0a3]







References


	



Papadopoulos, A.P. Growing Greenhouse Seedless Cucumbers in Soil and in Soilless Media; Agriculture and Agri-Food Canada: Ottawa, ON, Canada, 1994.

	



Ehret, D.; Edwards, D.; Helmer, T.; Lin, W.; Jones, G.; Dorais, M.; Papadopoulos, A. Effects of Oxygen-Enriched Nutrient Solution on Greenhouse Cucumber and Pepper Production. Sci. Hortic. 2010, 125, 602–607. [Google Scholar] [CrossRef]

	



Gül, A.; Kidoglu, F.; Anaç, D. Effect of Nutrient Sources on Cucumber Production in Different Substrates. Sci. Hortic. 2007, 113, 216–220. [Google Scholar] [CrossRef]

	



Padmanabhan, P.; Cheema, A.; Paliyath, G. Solanaceous Fruits Including Tomato, Eggplant, and Peppers. In Encyclopedia of Food and Health; Elsevier: Amsterdam, The Netherlands, 2016; pp. 24–32. ISBN 978-0-12-384953-3. [Google Scholar]

	



Wang, N.; Li, Z. Wireless Sensor Networks (WSNs) in the Agricultural and Food Industries. In Robotics and Automation in the Food Industry; Elsevier: Amsterdam, The Netherlands, 2013; pp. 171–199. ISBN 978-1-84569-801-0. [Google Scholar]

	



Warren Wilson, J.; Hand, D.W.; Hannah, M.A. Light Interception and Photosynthetic Efficiency in Some Glasshouse Crops. J. Exp. Bot. 1992, 43, 363–373. [Google Scholar] [CrossRef]

	



Kar, S.; Tanaka, R.; Korbu, L.B.; Kholová, J.; Iwata, H.; Durbha, S.S.; Adinarayana, J.; Vadez, V. Automated Discretization of ‘Transpiration Restriction to Increasing VPD’ Features from Outdoors High-Throughput Phenotyping Data. Plant Methods 2020, 16, 140. [Google Scholar] [CrossRef]

	



Sun, Y.; Bossdorf, O.; Grados, R.D.; Liao, Z.; Müller-Schärer, H. Rapid Genomic and Phenotypic Change in Response to Climate Warming in a Widespread Plant Invader. Glob. Change Biol. 2020, 26, 6511–6522. [Google Scholar] [CrossRef]

	



Tolley, S.; Yang, Y.; Mohammadi, M. High-Throughput Phenotyping Identifies Plant Growth Differences under Well-Watered and Drought Treatments. J. Integr. Agric. 2020, 19, 2429–2438. [Google Scholar] [CrossRef]

	



Zou, J.; Zhang, Y.; Zhang, Y.; Bian, Z.; Fanourakis, D.; Yang, Q.; Li, T. Morphological and Physiological Properties of Indoor Cultivated Lettuce in Response to Additional Far-Red Light. Sci. Hortic. 2019, 257, 108725. [Google Scholar] [CrossRef]

	



Kono, M.; Terashima, I. Long-Term and Short-Term Responses of the Photosynthetic Electron Transport to Fluctuating Light. J. Photochem. Photobiol. B Biol. 2014, 137, 89–99. [Google Scholar] [CrossRef]

	



Sarlikioti, V.; de Visser, P.H.B.; Marcelis, L.F.M. Exploring the Spatial Distribution of Light Interception and Photosynthesis of Canopies by Means of a Functional–Structural Plant Model. Ann. Bot. 2011, 107, 875–883. [Google Scholar] [CrossRef]

	



Marcelis, L.F.M.; Broekhuijsen, A.G.M.; Meinen, E.; Nijs, E.M.F.M.; Raaphorst, M.G.M. New Look at 1% Rule of Thumb. Fruit Veg. Technol. 2005, 5, 24–26. [Google Scholar]

	



Ruban, A.V. Plants in Light. Commun. Integr. Biol. 2009, 2, 50–55. [Google Scholar] [CrossRef] [PubMed]

	



Smith, H. Light Quality, Photoperception, and Plant Strategy. Annu. Rev. Plant Physiol. 1982, 33, 481–518. [Google Scholar] [CrossRef]

	



Smith, I.E.; Savage, M.J.; Mills, P. Shading Effects on Greenhouse Tomatoes and Cucumbers. Acta Hortic. 1984, 148, 491–500. [Google Scholar] [CrossRef]

	



Gijzen, H. Short-Term Crop Responses. In Greenhouse Climate Control; Wageningen Press: Wageningen, The Netherlands, 1995; pp. 16–62. [Google Scholar]

	



Salisbury, F.B.; Ross, C.W. Photosynthesis: Environmental and Agricultural Aspects. In Plant physiology; Wadsworth Publishing Company: Belmont, CA, USA, 1992; pp. 249–265. [Google Scholar]

	



Heuvelink, E.; Marcelis, L.F.M. Influence of Assimilate Supply on Leaf Formation in Sweet Pepper and Tomato. J. Hortic. Sci. 1996, 71, 405–414. [Google Scholar] [CrossRef]

	



Marcelis, L.F.M. Leaf Formation in Cucumber (Cucumis Sativus L.) as Influenced by Fruit Load, Light and Temperature. Gartenbauwissenschaft 1993, 58, 124–129. [Google Scholar]

	



Hemming, S.; Dueck, T.; Janse, J.; van Noort, F. The Effect of Diffuse Light on Crops. Acta Hortic. 2008, 801, 1293–1300. [Google Scholar] [CrossRef]

	



Trouwborst, G.; Oosterkamp, J.; Hogewoning, S.W.; Harbinson, J.; van Ieperen, W. The Responses of Light Interception, Photosynthesis and Fruit Yield of Cucumber to LED-Lighting within the Canopy. Physiol. Plant. 2010, 138, 289–300. [Google Scholar] [CrossRef]

	



Baldocchi, D.D.; Wilson, K.B.; Gu, L. How the Environment, Canopy Structure and Canopy Physiological Functioning Influence Carbon, Water and Energy Fluxes of a Temperate Broad-Leaved Deciduous Forest—An Assessment with the Biophysical Model CANOAK. Tree Physiol. 2002, 22, 1065–1077. [Google Scholar] [CrossRef]

	



Niinemets, Ü. Photosynthesis and Resource Distribution through Plant Canopies. Plant Cell Environ. 2007, 30, 1052–1071. [Google Scholar] [CrossRef]

	



Chen, T.-W.; Henke, M.; de Visser, P.H.B.; Buck-Sorlin, G.; Wiechers, D.; Kahlen, K.; Stützel, H. What Is the Most Prominent Factor Limiting Photosynthesis in Different Layers of a Greenhouse Cucumber Canopy? Ann. Bot. 2014, 114, 677–688. [Google Scholar] [CrossRef]

	



Zheng, K. Preliminary Application of Diffuse Light Film in a Chinese Solar Greenhouse. Acta Hortic. 2018, 1227, 249–256. [Google Scholar] [CrossRef]

	



Jongschaap, R.E.E.; Dueck, T.A.; Marissen, N.; Hemming, S.; Marcelis, L.F.M. Simulating Seasonal Patterns of Increased Greenhouse Crop Production by Conversion of Direct Radiation into Diffuse Radiation. Acta Hortic. 2006, 718, 315–322. [Google Scholar] [CrossRef]

	



Kahlen, K. Towards Functional-Structural Modelling of Greenhouse Cucumber. In Functional-Structural Plant Modelling in Crop Production; Vos, J., Marcelis, L.F.M., De Visser, P.H.B., Struik, P.C., Evers, J.B., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 209–217. ISBN 978-1-4020-6032-8. [Google Scholar]

	



Monsi, M. On the Factor Light in Plant Communities and Its Importance for Matter Production. Ann. Bot. 2004, 95, 549–567. [Google Scholar] [CrossRef] [PubMed]

	



Thornley, J.H.M.; Hand, D.W.; Warren Wilson, J. Modelling Light Absorption and Canopy Net Photosynthesis of Glasshouse Row Crops and Application to Cucumber. J. Exp. Bot. 1992, 43, 383–391. [Google Scholar] [CrossRef]

	



Qian, T.; Zheng, X.; Guo, X.; Wen, W.; Yang, J.; Lu, S. Influence of Temperature and Light Gradient on Leaf Arrangement and Geometry in Cucumber Canopies: Structural Phenotyping Analysis and Modelling. Inf. Processing Agric. 2019, 6, 224–232. [Google Scholar] [CrossRef]

	



Furbank, R.T.; Tester, M. Phenomics—Technologies to Relieve the Phenotyping Bottleneck. Trends Plant Sci. 2011, 16, 635–644. [Google Scholar] [CrossRef]

	



Kahlen, K.; Wiechers, D.; Stützel, H. Modelling Leaf Phototropism in a Cucumber Canopy. Funct. Plant Biol. 2008, 35, 876. [Google Scholar] [CrossRef]

	



Kim, D.; Kang, W.H.; Hwang, I.; Kim, J.; Kim, J.H.; Park, K.S.; Son, J.E. Use of Structurally-Accurate 3D Plant Models for Estimating Light Interception and Photosynthesis of Sweet Pepper (Capsicum annuum) Plants. Comput. Electron. Agric. 2020, 177, 105689. [Google Scholar] [CrossRef]

	



Wiechers, D.; Kahlen, K.; Stützel, H. Evaluation of a Radiosity Based Light Model for Greenhouse Cucumber Canopies. Agric. For. Meteorol. 2011, 151, 906–915. [Google Scholar] [CrossRef]

	



Iwakiri, S.; Inayama, M. Studies on the Canopy Photosynthesis of the Horticultural Crops in Controlled Environment. J. Agric. Meteorol. 1974, 30, 17–26. [Google Scholar] [CrossRef]

	



Qian, T.; Lu, S.; Zhao, C.; Guo, X.; Wen, W. Computational Experiments of Light Distribution and Photosynthesis in Cucumber (Cucumis sativus L.) Canopy. In Proceedings of the 2012 IEEE 4th International Symposium on Plant Growth Modeling, Simulation, Visualization and Applications, IEEE, Shanghai, China, 31 October–3 November 2012; pp. 403–408. [Google Scholar]

	



Qian, T.; Zheng, X.; Yang, J.; Xu, Y.; Wang, Y.; Zhou, Q.; Lu, S.; Ding, X. Optimal Utilization of Light Energy in Semiclosed Greenhouse Using Three-Dimensional Cucumber Model. Sci. Program. 2020, 2020, 1–12. [Google Scholar] [CrossRef]

	



Pei, X.; Li, S.; Zhang, F.; Cai, R. Study on leaf area calculation and its correlation with plant height of cucumber in greenhouse. Chin. Agric. Sci. Bull. 2005, 8, 80–82. [Google Scholar]

	



Stanghellini, C.; Ooster, B.; Heuvelink, E. Greenhouse Horticulture: Technology for Optimal Crop Production; Wageningen Academic Publishers: Wageningen, The Netherlands, 2019. [Google Scholar]

	



Wen, W.; Guo, X.; Li, B.; Wang, C.; Wang, Y.; Yu, Z.; Wu, S.; Fan, J.; Gu, S.; Lu, X. Estimating Canopy Gap Fraction and Diffuse Light Interception in 3D Maize Canopy Using Hierarchical Hemispheres. Agric. For. Meteorol. 2019, 276–277, 107594. [Google Scholar] [CrossRef]

	



Yang, X.; Li, J.; Jiang, X.; Tong, X.; Yu, Q. Relationships between Diffuse Radiation Fraction and Light Use Efficiency and Gross Primary Productivity of Winter Wheat. Chin. J. Agrometeorol. 2018, 39, 462–467. [Google Scholar] [CrossRef]

	



Marcelis, L.F.M.; Heuvelink, E.; Goudriaan, J. Modelling Biomass Production and Yield of Horticultural Crops: A Review. Sci. Hortic. 1998, 74, 83–111. [Google Scholar] [CrossRef]

	



Janse, J.; van Paassen, R.A.; Berkhout, B.A. Optimalisering Belichting Bij Komkommer: Onderzoek 2003–2004; Praktijkonderzoek Plant & Omgeving B.V.: Lelystad, The Netherlands, 2004. [Google Scholar]

	



Janse, J.; van Paassen, R.A.F.; Berkout, B. Verdere optimalisering belichting bij komkommer: Onderzoek 2004–2005. Prakt. Plant Omgeving 2005. Available online: https://edepot.wur.nl/295707 (accessed on 27 January 2022).

	



Zhang, D.; Zhang, L.; Liu, J.; Han, S.; Wang, Q.; Evers, J.; Liu, J.; van der Werf, W.; Li, L. Plant Density Affects Light Interception and Yield in Cotton Grown as Companion Crop in Young Jujube Plantations. Field Crops Res. 2014, 169, 132–139. [Google Scholar] [CrossRef]

	



Mao, L.; Zhang, L.; Zhao, X.; Liu, S.; van der Werf, W.; Zhang, S.; Spiertz, H.; Li, Z. Crop Growth, Light Utilization and Yield of Relay Intercropped Cotton as Affected by Plant Density and a Plant Growth Regulator. Field Crops Res. 2014, 155, 67–76. [Google Scholar] [CrossRef]

	



Casal, J.J.; Sanchez, R.A.; Deregibus, V.A. The Effect of Plant Density on Tillering: The Involvement of R/FR Ratio and the Proportion of Radiation Intercepted per Plant. Environ. Exp. Bot. 1986, 26, 365–371. [Google Scholar] [CrossRef]

	



Heuvelink, E. Dry Matter Partitioning in Tomato: Validation of a Dynamic Simulation Model. Ann. Bot. 1996, 77, 71–80. [Google Scholar] [CrossRef]

	



Peters, H.R. The Ecological Implications of Body Size; Cambridge University Press: New York, NY, USA, 1983. [Google Scholar]

	



Milla, R.; Reich, P.B. The Scaling of Leaf Area and Mass: The Cost of Light Interception Increases with Leaf Size. Proc. R. Soc. B 2007, 274, 2109–2115. [Google Scholar] [CrossRef] [PubMed]

	



King, D.A. The Adaptive Significance of Tree Height. Am. Nat. 2015, 135, 809–828. [Google Scholar] [CrossRef]

	



Ruberti, I.; Sessa, G.; Ciolfi, A.; Possenti, M.; Carabelli, M.; Morelli, G. Plant Adaptation to Dynamically Changing Environment: The Shade Avoidance Response. Biotechnol. Adv. 2012, 30, 1047–1058. [Google Scholar] [CrossRef] [PubMed]

	



Gratani, L. Plant Phenotypic Plasticity in Response to Environmental Factors. Adv. Bot. 2014, 2014, 208747. [Google Scholar] [CrossRef]

	



Ackerly, D. 10—Allocation, Leaf Display, and Growth in Fluctuating Light Environments. In Plant Resource Allocation; Bazzaz, F.A., Grace, J., Eds.; Physiological Ecology; Academic Press: San Diego, CA, USA, 1997; pp. 231–264. ISBN 978-0-12-083490-7. [Google Scholar]

	



Li, S.; van der Werf, W.; Zhu, J.; Guo, Y.; Li, B.; Ma, Y.; Evers, J.B. Estimating the Contribution of Plant Traits to Light Partitioning in Simultaneous Maize/Soybean Intercropping. J. Exp. Bot. 2021, 72, 3630–3646. [Google Scholar] [CrossRef]

	



Wang, Y.P.; Jarvis, P.G. Description and Validation of an Array Model—MAESTRO. Agric. For. Meteorol. 1990, 51, 257–280. [Google Scholar] [CrossRef]

	



Wang, Y.P.; Leuning, R. A Two-Leaf Model for Canopy Conductance, Photosynthesis and Partitioning of Available Energy. I. Model Description and Comparison with a Multi-Layered Model. Agric. For. Meteorol. 1998, 91, 89–111. [Google Scholar] [CrossRef]

	



Luo, X.; Chen, J.M.; Liu, J.; Black, T.A.; Croft, H.; Staebler, R.; He, L.; Arain, M.A.; Chen, B.; Mo, G.; et al. Comparison of Big-Leaf, Two-Big-Leaf, and Two-Leaf Upscaling Schemes for Evapotranspiration Estimation Using Coupled Carbon-Water Modeling. J. Geophys. Res. Biogeosci. 2018, 123, 207–225. [Google Scholar] [CrossRef]








[image: Agronomy 12 00602 g001 550] 





Figure 1. Example of the measurements of architectural parameters. p1–p5 show the positions of digitization of a phytomer unit of cucumber and its leaf geometry in a defined sequence. p’1 indicates the start point of the next measured phytomer. Each phytomer consists of four architectural parameters: LW represents the leaf width (cm); LL represents the leaf length (cm); PL represents the petiole length (cm); IL represents the internode length (cm). 
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Figure 2. The skeleton model (left) and a virtual model filled with leaf shaped samples (right) of a cucumber plant from digitized data produced by the software program “Visualization and 3D Reconstruction of Plant Models”. 
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Figure 3. The distribution of leaf length of the plant samples (averaged for each plant) measured on 22 September. Three plant groups (small, medium, big; n = 20) of digitized plant 3D models were randomly selected for reconstruction of virtual canopies based on leaf length. The vertical line indicates the average leaf length (=14.1 cm). 
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Figure 4. The general description of three plant groups with different leaf sizes (small, medium, big) (a) number of leaves; (b) individual leaf area averaged per plant (cm2); (c) plant height (cm) for three groups. The leaf area (cm2) is estimated by leaf length (cm) × leaf width (cm) × 0.743. 
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Figure 5. (a) Boxplot of light interception (µmol s−1) per plant among groups with different leaf sizes (small, medium, big); (b) boxplot of light interception (µmol s−1) per plant under different light conditions, with the line indicating the incident radiation (µmol m−2 s−1); (c) boxplot of normalized light interception (µmol s−1) per plant under different light conditions, with the line indicating the ratio of diffuse light (compared to total incident radiation), ranged from 0–1. Scenarios include s1 (27.8% of diffuse light, 426.41 µmol/m2s of incident PAR), s2 (48.7%of diffuse light, 336.16 µmol/m2s of incident PAR), and s3 (89.6%of diffuse light, 183.18 µmol/m2s of incident PAR); the scenarios of normalized incident radiation (sn1, sn2, and sn3) have the same ratios of diffuse light as s1, s2, and s3, respectively. 
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Figure 6. (a) Scatterplot of light interception (µmol s−1) against the leaf area (cm−2) for the big leaf group under different light conditions (s1, s2, and s3). (b) Scatterplot of normalized light interception (µmol s−1) against the leaf area (cm2) for the big leaf group under different light conditions (s1, s2, and s3). The light interception and leaf area were cumulated from the top of the plant to the lowest, by layers. Each scenario of light condition was fitted linearly, resulting in an R-square (R2). Scenarios included s1 (27.8% of diffuse light, 426.41 µmol/m2s of incident PAR), s2 (48.7%of diffuse light, 336.16 µmol/m2s of incident PAR), and s3 (89.6%of diffuse light, 183.18 µmol/m2s of incident PAR). 
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Figure 7. Scatterplot of light interception (µmol s−1) against leaf area (cm2) of three groups with different leaf sizes (big, medium, small) within scenario 1 s1 (27.8% of diffuse light, 426.41 µmol/m2s of incident PAR). The light interception and leaf area were cumulated from the top of plant to the lowest by layers. Each scenario of light condition was fitted linearly with R-squared (R2). 
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Figure 8. The parameters of the relationship (  y = k x + b  ,   x   = leaf area,  y  = light interception) between the light interception and leaf area cumulated from the top of the plant to the lowest by layers, fitted by the simulated result of the center plants (n = 6). (a) the boxplot of the slopes  k  among big-leaf, medium-leaf, and small-leaf canopies with different incident radiation and ratios of diffuse light (s1, s2, s3). (b) the boxplot of intercepts  b  among big-leaf, medium-leaf, and small-leaf canopies with different incident radiation and ratios of diffuse light (s1, s2, s3). (c) the boxplot of slopes   k n   among big-leaf, medium-leaf, and small-leaf canopies with the same incident radiation and ratios of diffuse light (sn1, sn2, sn3). (d)the boxplot of intercepts   b n   among big-leaf, medium-leaf, and small-leaf canopies with the same incident radiation and ratios of diffuse light (sn1, sn2, sn3). Scenarios include s1 (27.8% of diffuse light, 426.41 µmol/m2s of incident PAR), s2 (48.7% of diffuse light, 336.16 µmol/m2s of incident PAR), and s3 (89.6% of diffuse light, 183.18 µmol/m2s of incident PAR); the scenarios of normalized incident radiation (sn1, sn2, and sn3) have the same ratios of diffuse light as s1, s2, and s3 respectively. 
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Table 1. The scenario setting for the simulation of light interception.
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	Scenarios
	Date
	Total Radiation (MJ/m2)
	Indoor Incident PAR (µmol/m2s)
	Ratio of Diffuse Light





	s1
	3 June 2019
	29.48
	426.41
	27.8%



	s2
	9 June 2019
	23.38
	336.16
	48.7%



	s3
	10 June 2019
	12.75
	183.18
	89.6%
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Table 2. The parameters of the fitted equation (  y = k x + b  ,   x   = leaf area,   y   = light interception). The slopes ( k  for s1, s2, and s3 and   k n   for sn1, sn2, and sn3) and intercepts ( b  for s1, s2, and s3 and   b n   for sn1, sn2, and sn3) of a total of 18 combinations were displayed with 4 decimals. The R2’s were indicated in the last column.






Table 2. The parameters of the fitted equation (  y = k x + b  ,   x   = leaf area,   y   = light interception). The slopes ( k  for s1, s2, and s3 and   k n   for sn1, sn2, and sn3) and intercepts ( b  for s1, s2, and s3 and   b n   for sn1, sn2, and sn3) of a total of 18 combinations were displayed with 4 decimals. The R2’s were indicated in the last column.





	Leaf Size
	Scenarios
	k
	kn
	b
	bn
	R2





	big
	1
	0.9878
	2.1909
	382.97
	849.40
	0.9150



	big
	2
	0.8633
	2.4287
	315.70
	888.19
	0.9312



	big
	3
	0.5667
	2.9257
	180.79
	933.43
	0.9528



	medium
	1
	1.5774
	3.4985
	301.17
	667.98
	0.9661



	medium
	2
	1.4000
	3.9386
	251.47
	707.48
	0.9692



	medium
	3
	0.9402
	4.8542
	146.52
	756.50
	0.9736



	small
	1
	2.4971
	5.5385
	167.17
	370.76
	0.8980



	small
	2
	2.1881
	6.1558
	154.43
	434.46
	0.8909



	small
	3
	1.4338
	7.4029
	109.30
	564.33
	0.8706
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