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In the past decade, the potential of positioning LED lamps in between the canopy (intra-canopy) to enhance crop growth and yield has been explored in greenhouse cultivation. Changes in spatial heterogeneity of light absorption that come with the introduction of intra-canopy lighting have not been thoroughly explored. We calibrated and validated an existing functional structural plant model (FSPM), which combines plant morphology with a ray tracing model to estimate light absorption at leaflet level. This FSPM was used to visualize the light environment in a tomato crop illuminated with intra-canopy lighting, top lighting or a combination of both. Model validation of light absorption of individual leaves showed a good fit (R2 = 0.93) between measured and modelled light absorption of the canopy. Canopy light distribution was then quantified and visualized in three voxel directions by means of average absorbed photosynthetic photon flux density (PPFD) and coefficient of variation (CV) within that voxel. Simulations showed that the variation coefficient within horizontal direction was higher for intra-canopy lighting than top lighting (CV=48% versus CV= 43%), while the combination of intra-canopy lighting and top lighting yielded the lowest CV (37%). Combined intra-canopy and top lighting (50/50%) had in all directions a more uniform light absorption than intra-canopy or top lighting alone. The variation was minimal when the ratio of PPFD from intra-canopy to top lighting was about 1, and increased when this ratio increased or decreased. Intra-canopy lighting resulted in 8% higher total light absorption than top lighting, while combining 50% intra-canopy lighting with 50% top lighting, increased light absorption by 4%. Variation in light distribution was further reduced when the intra-canopy LEDs were distributed over strings at four instead of two heights. When positioning LED lamps to illuminate a canopy both total light absorption and light distribution have to be considered.
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Introduction

In the past decade, the potential of intra-canopy lighting with light emitting diodes (LED) to enhance crop growth has been explored in greenhouse cultivation, where part of the supplementary light is given from within the canopy. By providing supplementary light within the crop reflective loss of the upper canopy is reduced (Trouwborst et al., 2010). Furthermore, a more homogeneous vertical light distribution and therefore a higher photosynthetic use efficiency of the absorbed light could be achieved (Trouwborst et al., 2010). Studies with intra-canopy lighting partially replacing top lighting showed increased fruit yield in cucumber (Hovi et al., 2004; Hovi-Pekkanen and Tahvonen, 2008), an increase in sweet pepper fruit number and weight (Hovi-Pekkanen et al., 2006), and an increased net photosynthesis (PN) and photosynthetic capacity (Pmax) of cucumber leaves (Pettersen et al., 2010). In other studies no differences were found in whole plant biomass production or yield between top lighting and intra-canopy lighting (Trouwborst et al., 2010; Dueck et al., 2012; Gómez and Mitchell, 2016; Yan et al., 2018). This lack of biomass gain could be related to a loss of total light interception due to extreme leaf curling by intra-canopy lighting as observed by Trouwborst et al. (2010) who used a large fraction of blue light. Gómez and Mitchell, 2016 mentioned an increased maintenance respiration of leaves lower in the canopy that acclimated to a higher light intensity and an increased partitioning to non-harvestable organs as possible reasons for lack of effect on yield. All the explanations mentioned in literature about effects or absence of effects are based on differences in incident light environment which affect plant growth and morphology.

Measuring the incident light environment for individual leaves in a canopy is complex due to large horizontal and vertical light heterogeneity within a canopy. Incident light from lighting from above can be measured by quantum sensors pointing upward at different heights. Incident light from intra-canopy lighting might be measured by use of quantum sensors pointing in a sideward direction towards the intra-canopy lighting at different heights as for instance was done in Kaiser et al. (2019). Total light absorption can be estimated by measuring incident light by a quantum sensors pointing upward and measuring the non-absorbed light by quantum sensors above and below the crop, pointing, respectively, downward and upward. However, the spatial heterogeneity of incident and absorbed light is hard to measure in detail. The spatial variability of absorbed light is important when physiological processes such as photosynthesis are compared between light treatments.

A way to estimate spatial variability in light absorption is through crop modelling. Multiple process based crop models (PBM) have been developed that include the relation between light interception and physiological processes such as photosynthesis. Many crop models use the Lambert-Beer equation (Monsi and Saeki, 2005) to estimate the light interception of a crop, based on the exponential decrease in light intensity with leaf area index (LAI) from top to bottom. With the addition of intra-canopy lighting the vertical light distribution cannot be simply represented by the Lambert-Beer calculation, while it may also have consequences for the horizontal light distribution, which is not considered in models using the Lambert-Beer equation. For simulation of intra-canopy lighting functional-structural plant models (FSPM) might be used. FSPM allow for a more detailed approach which combines 3D plant architecture and a ray tracing model to create understanding of the interaction between plant morphology, light interception, absorbance and distribution patterns at leaf level (Chelle and Andrieu, 2007; Vos et al., 2007; Chenu et al., 2008; Vos et al., 2010; Sarlikioti et al., 2011b; De Visser et al., 2014).

Various FSPM studies have been conducted for greenhouse cultivated crops, such as cut- rose Buck-Sorlin et al., 2011 Zhang et al., 2021) and tomato (Sarlikioti et al., 2011a; Sarlikioti et al., 2011b; De Visser et al., 2010; Kang et al., 2011; De Visser et al., 2014). Those studies aim to either optimize lighting strategies, plant architecture or planting densities to increase interception of light. To our knowledge however, the differences in light heterogeneity when comparing intra-canopy with top lighting have not yet been approached using an FSPM. Uniformity of spatial distribution of light over the leaves is important for maximizing crop photosynthesis. Due to the curvilinear shape of the light response curve of leaf photosynthesis the crop photosynthesis is higher when all leaves have the same intensity, compared to a situation with the same average light intensity but with variation among individual leaves. The importance of uniform light distribution was shown by Li et al. (2014) who found that a more uniform distribution of natural light in the greenhouse by diffuse greenhouse cover (a cover that converted 71% of the direct light into diffuse light) increased crop photosynthesis by 7%.

The objective of this study was to identify the impact of intra-canopy versus top lighting on 3D light distributions in the canopy. This was approached by conducting a greenhouse tomato experiment to parameterize and validate an FSPM which included simulation of light distribution by ray tracing in a 3D environment. This FSPM was then used to simulate and compare light absorption profiles between tomato canopies with intra-canopy lighting, top lighting or a combination of both intra-canopy and top lighting. The heterogeneity of light absorption was approached at the leaflet level in three directions; parallel and perpendicular to the double rows, as well as in the vertical direction.



Material and methods


Plant material, growth conditions and light treatments

Tomato plants (Solanum lycopersicum L. “Foundation”; Nunhems, Haelen, the Netherlands) were transplanted on the 10th of February 2017 (52 days after sowing, DAS) in a glasshouse at Wageningen University, the Netherlands (52°N, 5.5°E) and grown until the 1st of June 2017. The details of the experimental setup can be found in Kaiser et al. (2019), as the data acquired for this study were independently collected during the same experiment. Plants were grown on stone wool slabs (Grodan, Roermond, The Netherlands) for 111 days in a “high wire” system at 2.4 plants m−2. Dimensions of the compartment were 6 by 12 meter. The plants were set up in 8 double rows with 1.5 meter double row distance. Each double row of 5m consisted of 20 plants. The glasshouse compartment was kept at 22/16°C day/night temperature, a relative humidity of 78% and 500 ppm CO2 partial pressure was applied. This entailed removal of all side shoots, except for the axillary bud just after the sixth truss. All side walls of the greenhouse compartment were covered with a reflective screen, to prevent light pollution from neighboring compartments. In the greenhouse there was a gradient in rows receiving only red LED light to rows receiving up to 24% blue (76% red) light (see Kaiser et al., 2019). In this study rows receiving only red LED were used. Intra-canopy and top red supplemental light was provided by Greenpower PM-DR150 (Philips, Eindhoven, the Netherlands). Led light was supplied as top light (99 μmol m-2 s-1) and intra-canopy (48 μmol m-2 s-1) LEDs. The lamps for top lighting were pointing downward, while the lamps for intra-canopy lighting were pointing sideward to the plant rows on both sides. Lamps were on for 16 h per day, unless outside global radiation exceeded 450 W m−2. Two LED strings (i.e. fixtures) of intra-canopy lighting were positioned between the plants in the double row at heights of 108 and 153 cm. Plant height during measurement period was 2m.



Plant architecture measurements

On 20 March (80 DAS), morphological traits of 6 plants were assessed. Stem and internode length, and leaf width and length were measured with a flexible ruler. Number of leaves and leaflets per leaf were counted. Petiole angle, first and second main rachis angles, and the insertion and tip angle of the two biggest leaflets per leaf were measured with a protractor. Leaf length and width, and all angles were measured for rank number 4, 8, 12, 16 and 20, where rank 1 corresponded with the youngest leaf (> 2 cm) of the plant.



Light measurements

Vertical and horizontal light distribution was measured 0 to 2 days after the architecture measurements. A grid of photosynthetically active radiation (PAR) measurements was created (Figure 1), using one line quantum sensor (1 m, LI-191SA, LI-COR Biosciences, Lincoln, NE, United States) connected to a LI-1400 Datalogger (Li-cor). The sensor was oriented upwards and positioned parallel to the gutter at regular intervals of about 50 cm in the vertical plane (at 35.5, 80, 130, 180, 230 and 280 cm from the floor). To measure the horizontal PAR distribution at each height, the sensor was oriented sideward (towards the intra-canopy lighting) at regular intervals of 15 cm in the horizontal plane (at 0, 15, 30, 45, 60 and 75 cm from the center of the double rows). In addition, reflection from the floor was measured at 41 cm from the floor with the line sensor oriented downwards. All measurements took place in the absence of solar light, at least 2 hours after sunset. Then, either the top lighting, or the upper or lower positioned LED modules were switched on. The same light measurements were done in the greenhouse without plants.




Figure 1 | Side view of the light measurements in a tomato crop with LED lamps on top of the canopy and as intra-canopy lighting. Measurements were taken with a line sensor, indicated as a grey square with partly red borders. The line sensor was positioned parallel to the tomato double row at fixed distances (0, 15, 30, 45, 60 or 75 cm) from the center of the double row at fixed heights (35.5, 80, 130, 180, 230 or 280 cm). The two red borders on each grey square indicate the sides to which the line sensor was oriented in order to measure the vertical and horizontal incident light separately. Measurements for intra-canopy and top lighting were done when there was only light from one of the lighting systems at a time.





Model description

An adapted version of a static greenhouse tomato functional structural plant model (De Visser et al., 2014; Van Der Meer et al., 2021) was used. This model was developed on the GroIMP platform (Kniemeyer, 2008) and consists of an architectural and a light module.


Plant architecture

The architectural parameter values for leaf length, leaf width, internode length, petiole angle, rachis angles and leaflet angles were taken from phytomer ranks 4, 8, 12, 16 and 20, acquired from the measurements on 20 March (80 DAS). Mean and standard deviation (SD) values for all architectural parameters for the non-measured phytomer ranks were linearly interpolated from the measured phytomer ranks [see Supporting Information-Figure S1]. Area per leaf was estimated using a power function fit with leaf width as regressor (leaf area = 0.203*Lw 1.674, where Lw is leaf width; Schwarz and Kläring, 2001).

Parameter values for the equation were taken from the same paper of Schwarz and Kl¨aring (2001). The leaf area was then distributed across the 11 leaflets (3 bigger pairs, 2 smaller pairs and one terminal leaflet) of each leaf according to an empirical allometric relationships determined by Van Der Meer et al. (2021). Leaflet lengths were then calculated by use of leaf area and leaflet shape according to Evers et al. (2006), after which each leaflet was constructed and represented as 10 parallelograms [see Supporting Information-Figure S2]. Modelled architectural parameter values were acquired by drawing values from a normal distribution around the average values measured for each architectural trait. When drawing from a normal distribution, incidentally very small non-realistic values might occur. Therefore, internode length and leaf area were set at a minimum of 0.1 cm and 5 cm2, respectively. The apex height of the plants was set at 2 m from the floor, with the intra-canopy lighting on 1.53 and 1.08 m from the floor. The entire canopy comprised all the plants, i.e. 8 double rows of 20 plants each (Figure 2). This simulated canopy was defined as the reference canopy.




Figure 2 | Top view of the reconstructed modelled tomato canopy with architectural parameters measured on 20 March (80 DAS). In each simulation two times six center plants were observed in each of four double rows. These eight groups of six plants each were considered repetitions of each other and the absorbed light of each leaflet was used for further calculations.





Light module

The LEDs were reconstructed as they were in the experiment using emission patterns according to the lighting company. The light distribution at a given time step was computed by the GroIMP radiation model, which is based on an inversed path tracer with a Monte Carlo pseudo-random number generator as in Veach (1998), which was upgraded to a full-spectral ray tracer by Henke and Buck-Sorlin (2017).



Greenhouse environment

The compartment was reconstructed with its major components. The white outside curtains (ILS Hortiroll Revolux w/w) were assumed to have a diffuse reflectivity of 25% for the front and left side wall (since these were behind glass) and 50% for the white curtain on the right wall (since this was inside the compartment). The white plastic that split the treatments in half was assumed to have a diffuse reflectivity of 65%, for the concrete floor this was 30% and for the plastic-covered stone wool slabs 65%. The simulations in the greenhouse were performed for moments that there was no solar radiation, nor was reflection from the greenhouse cover simulated.



Model validation

The simulated distribution of LED light inside the greenhouse compartment including plants was compared with the light measurement values performed with the line sensor during the experiment. To quantify the accuracy of the simulated light distribution, in the model virtual line sensors were placed similar to the actual measurements (Figure 1). The light intensity at each virtual position of the line sensor was compared with the actual light measurements. The performance of the model was evaluated by the goodness of fit (R2).



Simulation scenarios

Simulations were run with the reference canopy structure for three different lighting strategies: intra-canopy lighting, top lighting and a combination of intra-canopy and top lighting (50/50%). In each scenario the incident light of all light sources together was equal (85.5 µmol m−2 s−1), being verified in the light model by enclosing the lamps in a black box absorbing all emitted lamp light. The top lighting modules were placed centered above each double row. Intra-canopy lighting modules were simulated at 108 and 153 cm height similar as in the experimental setup.



Evaluation of simulated light distribution and heterogeneity

In each simulation two times six center plants were observed in each of four double rows (Figure 2). These eight groups of six plants each were considered repetitions of each other for further calculations. Each of these sets of six simulated plants was divided into voxels to visualize the canopy light distribution. Each voxel had a width and height of 7.5 cm and a length to include all leaflets of the considered plants within that direction. The voxels were directed either (1) horizontal parallel to the row, (2) horizontal perpendicular to the row or (3) vertical. Consequently, the corresponding length of the voxels were based on either (1) the row length of the six plants in the row, (2) the width of four double plant rows (hence includes 8 plants) or (3) the height of the plants.

For each voxel, the average absorbed PPFD (µmol m−2 s−1) and coefficient of variation (CV) within that voxel were calculated. This was done with light absorption data collected for each individual leaflet (µmol s−1 per leaflet; for sample sizes in each voxel see Supporting Information-Figure S3). The average absorbed PPFD inside each voxel was calculated by dividing the cumulative absorbed light of all leaflets by the cumulative leaf area (m2) of all leaflets inside the voxel (Figure 3). Furthermore, the average, SD and CV of absorbed PPFD was calculated based on average values of each voxel. These SD and CV values give an indication of heterogeneity between voxels, quantifying the heterogeneity within the canopy. For calculating the CV within a voxel the four smallest leaflets on each leaf were not considered due to their small total fraction (0.09%) of the leaf area. By excluding these four smallest leaflets the calculated CV is representative for the majority of the photosynthetically active leaf area. Then, inside each voxel the absorbed PPFD was calculated for each leaflet individually and these were then used to calculate the mean absorbed PPFD with its associated standard deviation (SD) between leaflets. The CV was then calculated by dividing the SD by the mean absorbed PPFD. Furthermore, a mean CV of canopy absorbed PPFD was calculated by averaging the CV of each voxel (indicating the average CV within a canopy).




Figure 3 | Calculation of the coefficient of variation (CV) and mean leaflet absorbed PPFD within one voxel (perpendicular to the plant row) of the tomato plant canopy. Each voxel had the dimensions of 7.5 cm width and length and a depth reaching across four double rows (8 plants). As a hypothetical example calculated values are shown. Subsequently two figures are produced to visualise the PPFD of each voxel (voxels perpendicular to the rows) in the canopy and the coefficient of variation within each voxel.





Sensitivity analysis

Besides the reference simulations there were additional model simulations that tested the sensitivity of the mean CV and SD of the absorbed PPFD to changes in height and number of the LED modules and the ratio between intra-canopy and top light. Either the height of the LED modules were increased or decreased by 30 cm, the number of LED module strings was increased from 2 to 4 (the additional 2 LED module strings were located at 131 and 86 cm from the floor, while the original two LED module strings were at 108 and 153cm height; see Supporting Information-Figure S4), or the ratio between intra-canopy and top light was set at 25/75% or 75/25%.





Results


Validation of the model

Measured and modelled incident PPFD (as observed by upward-facing sensors at different heights) showed a good correlation (R2 = 0.93; Figure 4). A sensitivity analysis showed that an increased leaf length of +25%, an increase in stem width of +50% or an increase of apex height by +30 cm had slight positive effects on the goodness of fit by up to 4% [see Supporting Information-Figure S5]. Therefore, since all of the fits were with a high R2 no modifications were made based on the sensitivity analysis.




Figure 4 | Relationship between measured and modelled incident PPFD (as observed by upward-facing sensors at different heights) in a greenhouse with a tomato crop illuminated by top lighting. The different symbols represent different distances to the middle of the rows in the canopy, whereas the symbol color represents height from the floor. Position of plants, lamps and sensors is shown in Figure 1.




Light distribution and heterogeneity with top lighting and intra-canopy lighting

The modelled light distribution for the intra-canopy lighting, top lighting and combined lighting system was visualized by 2D heat maps of absorbed PPFD per voxel (Figure 5). Additionally, the heterogeneity was expressed as the coefficient of variation within each voxel, visualised by 2D heat maps as well (Figure 6).




Figure 5 | Front (A–C), side (D–F) and top views (G–I) of a double row canopy with mean absorbed PPFD (µmol m−2 s−1) per voxel calculated as the mean taken from each leaflet’s absorbed PPFD within the voxel. Three LED lamp positions are compared; (A, D, G) intra-canopy lighting, (B, E, H) combined intra-canopy and top lighting, and (C, F, I) top lighting. Each voxel had the dimensions of 7.5 cm width and length and a depth reaching 6 plants in each row (A–C), 8 plants across four double rows (D–F) or whole plant height (G–I). This means that the voxels are directed (A–C) parallel to the row; (D–F) perpendicular to the row and (G–I) vertically. The standard deviation (SD) is calculated over all voxels. Plants are spaced at 0.5m within each row in a double row. For visual interpretation of the distance between rows in the canopy an additional replicate double row is shown in A–C, G–I for which the same values were used as in the other row.






Figure 6 | Front (A–C), side (D–F) and top views (G,H,J) of the canopy with the CV (coefficient of variation) calculated as the standard deviation (SD) of the absorbed PPFD divided by the mean absorbed PPFD of the leaflets within the voxel times 100%. Three LED lamp positions are compared; (A, D, G) intra-canopy lighting, (B, E, H) combined intra-canopy and top lighting, and (C, F, I) top lighting. Each voxel had the dimensions of 7.5 cm width and length and a depth reaching 6 plants in each row (A–C), 8 plants across four double rows (D–F) or whole plant height (G–I). In A–C, a front view of the canopy is shown in which the CV value represents the heterogeneity of the voxel oriented parallel to the row. In D–F, a side view of the canopy is shown in which the CV value represents the heterogeneity of the voxel oriented perpendicular to the row. In G–I, a top view of the canopy is shown in which the CV value represents the heterogeneity of the voxel oriented vertical. Plants are spaced at 0.5m within each row in a double row. For visual interpretation of the distance between rows in the canopy an additional replicate double row is shown in A–C, G–I for which the same values were used as in the other row.




Vertical light distribution averaged parallel to row

The simulated PPFD absorbed by the leaflets was largest for leaflets close to the intra-canopy lighting modules (Figures 5A–C). The absorbed PPFD values decreased with distance in a circular distribution pattern from the intra-canopy lighting modules and approached low values even within the same double row in which the intra-canopy lighting modules were located. In particular, the difference was notable in absorbed PPFD on the outsides of the double row compared to the inward row side. When top lighting was added to the intra-canopy lighting while total incident light intensity remained equal, the absorbed PPFD values showed a more homogeneous light distribution pattern through the canopy (Figure 5B). For top lighting only, the absorbed PPFD distribution pattern in the vertical plane was much steeper with a larger SD (23.1) compared to either intra-canopy setting (SD of 19.2) or a combined lighting from top and intra-canopy lighting (SD of 15.1; Figures 5A–C). Both the horizontal variability perpendicular to the row occurring with sole intra-canopy lighting, and the vertical variability occurring with sole top lighting, were diminished by the combination of intra-canopy and top lighting.



Vertical light distribution averaged perpendicular to row

The side view of the canopy showed the light distribution in the vertical plane and parallel to the row (Figures 5D–F). With sole intra-canopy lighting (Figure 5D), variation throughout the canopy occurred mostly in the vertical direction, when looking at the side view. Interestingly, on the height where the intra-canopy lighting was located, there were quite big differences in absorbed PPFD parallel to the row as well. With a combination of intra-canopy and top lighting the variation in absorbed PPFD slightly decreased when compared to intra-canopy lighting. For top lighting the distribution of absorbed PPFD was more homogeneous across the length of the row, but much less homogeneous with height of the canopy, resulting in larger variation of mean absorbed PPFD compared to intra-canopy lighting or a combination of intra-canopy and top lighting, when looking at the side view (SD being 22.8 versus respectively 14.4 and 13.5; Figures 5D–F).



Horizontal light distribution averaged over heights

In the horizontal direction absorbed light distribution was more uniform for combined intra-canopy and top lighting (SD of 7.3) compared to intra-canopy lighting (SD of 11.9) or top lighting (SD of 11.3). In general, the horizontal light distribution (averaged over all heights) seemed more homogeneous than the vertical light distribution (averaged over horizontal layers) since (all) SD values were lower when averaging Figures 5A–I).



Variation coefficient horizontally in length direction of row

The CV of absorbed light within horizontal voxels (7.5 x 7.5 cm x 6 plants) parallel to the rows was smallest for the combined intra-canopy and top lighting; CV of 26%, compared to 36% for intra-canopy lighting and 0.31 for top lighting (Figures 6A–C). Consequently, the light uniformity parallel to the row was best for a combined intra-canopy and top lighting setting (Figure 6B).



Variation coefficient horizontally perpendicular to row

Within horizontal voxels (7.5 x 7.5 cm x 4 double rows) perpendicular to the rows, combined intra-canopy and top lighting showed the lowest mean CV (31%) of absorbed light, followed by top lighting (35%) and then intra-canopy lighting (44%) (Figures 6D–F). Therefore, uniformity of absorbed PPFD is lowest for intra-canopy lighting when uniformity perpendicular to the row is considered (Figure 6D), and is reduced by combined intra-canopy and top lighting (Figure 6F).



Variation coefficient vertically

Within vertical voxels (7.5 x 7.5 cm x plant height), combined intra-canopy and top lighting showed the lowest mean CV (51%) of absorbed light, followed by intra-canopy lighting (65%) and top lighting (69%; Figures 6G–I). Light heterogeneity is highest for top lighting in the vertical direction of the canopy, and is strongly reduced by combined intra-canopy and top lighting.



Average distribution in absorbed PPFD in the vertical and horizontal plane

Differences between top lighting and intra-canopy lighting occurred at the top and middle of the canopy (Figures 7A, B). In the top of the canopy intra-canopy lighting resulted in the lowest weighted absorbed PPFD (27.3 µmol m−2 s−1 versus 48.5 for top lighting). These differences were the opposite for the middle of the canopy, where the weighted absorbed PPFD was 30.0 µmol m−2 s−1 for intra-canopy lighting versus 19.1 for top lighting. In the lower part of the canopy the differences were minor, with 11.0 µmol m−2 s−1 for intra-canopy lighting versus 9.0 for top lighting (Figure 7C). The combination of intra-canopy and top lighting was always in between the other two treatments. The mean absorbed PPFD across all leaves in the canopy was highest for intra-canopy lighting, with a value of 24.3 µmol m−2 s−1, compared to 23.4 for the combination of intra-canopy and top lighting and 22.5 for top lighting only. This indicates that total light absorption was 8% higher for intra-canopy lighting, and 4% for combination of intra-canopy light and top lighting compared than top lighting. The intra-canopy lighting has very high peak values for CV around the height of the LED strings (Figure 8). The mean CV and SD over the different horizontal layers demonstrated highest values for intra-canopy lighting (48% ± 22), followed by top lighting (0.43% ± 18) and then the combination of intra-canopy and top lighting (37% ± 18). This means that the variation within the horizontal layers is highest for intra-canopy lighting. The values for radiation mentioned here are related to LED lighting with 85.5 µmol m−2 s−1 LED light. This leads to relatively low intensities at leaf level, which would proportionally increase when the higher LED light intensity would have been used.




Figure 7 | Frequency distribution of leaflets based on absorbed PPFD (µmol m−2 s−1) at top (A), middle (B) bottom (C) or whole of canopy (D). Numbers in each figure indicate the height range, the leaf area index, and the mean weighted absorbed PPFD (µmol m−2 s−1) of all leaflets for intra-canopy lighting, combination of intra-canopy and top lighting, and top lighting, respectively. From within the canopy 48 center plants were taken from four center double rows, 6 plants from each double row side.






Figure 8 | Coefficient of variation (CV) of absorbed PPFD in relation to height in the canopy. CV relates to the variation within horizontal layers. Each layer is represented by 7.5 cm height and takes all perpendicular and parallel leaves of 48 plants and is shown as a dot in the graph. Mean CV of all horizontal layers is provided in the top left corner for intra-canopy lighting; intra-canopy and top lighting; and top lighting, respectively.





Sensitivity analysis of fraction and position of intra-canopy light

Changing the ratio between intra-canopy and top lighting showed that 50/50% gave the lowest CV (Figure 9). The higher the percentage of either intra-canopy or top light, the higher the CV. Increasing or decreasing the height of the intra-canopy lighting LEDs by 30 cm largely had no effect on the variation in the horizontal plane, but variation in the vertical plane was reduced when height of the intra-canopy light was reduced by 30cm, while it increased when LED strings were raised by 30cm (Supplementary Figure S6). Increasing the number of intra-canopy LED strings from two to four strings keeping the same total intra-canopy light output also reduced the CV [see Supporting Information-Figure S6].




Figure 9 | Effects of percentage top light (0, 25, 50, 75 or 100%) on the mean coefficient of variation (CV) within voxels of absorbed canopy PPFD for the front, side and top view of the canopy. Top light percentage was 0, 25, 50, 75 and 100%, with respectively, 100, 75, 50, 25 and 0% intra-canopy light. Each voxel had the dimensions of 7.5 cm width and length and a depth reaching 6 plants in each row of a double row stretching across four double rows.








Discussion


Partial replacement of top by intra-canopy lighting increases absorbed PPFD uniformity

In our study we showed that FSPM appears to be an effective tool to visualize and quantify the distinctive extinction patterns throughout the canopy with intra-canopy lighting and/or top lighting. For intra-canopy lighting there is a strong absorption close to the LED modules and the majority of the light does not even reach the outside of the double row in which the intra-canopy lighting is located (Figure 5A), which is a similar observation to that of De Visser et al. (2014). This may lead to local acclimation to the areas experiencing high light conditions (Joshi et al., 2019). Despite high local light intensities surrounding intra-canopy LED modules there is a lower overall variation (smaller SD) in absorbed light when compared to top lighting (Figure 5). The combination of a higher uniformity (Figure 5) and a higher total light absorption (Figure 7) all favor intra-canopy lighting above top lighting. It should be realised that younger leaves are generally most photosynthetically active and are acclimated to high light conditions (e.g. Qian et al., 2012). Therefore, a more homogeneous vertical distribution does not necessarily lead to a higher photosynthesis in all cases, as a relative larger fraction of light will be absorbed by leaves with photosynthetic parameters which are less favourable for high rates of photosynthesis. On the other hand when the light profile in the canopy changes, the leaves will acclimate to the changed light profile. Consequently with intra-canopy light the lower leaves will acclimate to relatively higher light levels and therefore be more photosynthetic active and less rapidly senesce (Trouwborst et al., 2011) Our model simulations show that a combination of top lighting with intra-canopy lighting results in the most uniform light distribution in the canopy, when compared to sole intra-canopy as well as compared to sole top lighting. In addition, there is a slight increase in light absorption by 4% compared to top lighting but 4% less compared to sole top lighting. The lower light absorption of top lighting versus intra-canopy lighting, is due to some reflection of top lighting by the top layer of the canopy. So, overall a combination of top and intra-canopy lighting increases uniformity of light distribution over individual leaves and total light absorption of the canopy compared to sole top lighting. op light

Variation in light intensity along the LED string (parallel to the row) was still present despite the string having a LED at every few cm showing the effect of plant-caused variation due to irregularly oriented leaves and randomly occurring open spaces in the crop. It is possible that in reality leaves turn towards the light (as shown for cucumber by Kahlen et al., 2008) and thus reduce their irregular positioning. Research on diffusing solar light has shown that a more uniform light distribution over the laves in the canopy can increase crop photosynthesis and growth Li et al., 2014 Earlier we (Van Der Meer et al., 2021) showed that increased variation in light distribution due to different sun exposures between plant rows hardly resulted in yield reduction in a similar tomato crop, since leaves adapted in size and thickness. Moreover, effects of higher spatial light intensity variation may depend on average light intensity, being larger when light intensities are high as the relative response of leaf photosynthesis slows down at high light intensity. The present calculations were done for red light which is highly absorbed by leaves. If the light would contain a high fraction of green light, the scattering would be larger resulting in a deeper light penetration and slightly more uniform light distribution. Consequences of changed light distribution on morphological and physiological acclimation of leaves and consequence for photosynthesis and growth request for further research.



Impact on crop production

A combination of intra-canopy and top lighting is recommended for reducing canopy heterogeneity in absorbed light (Figures 5, 6, 8, 9). The simulation results also show that there is an optimum for the fraction of intra-canopy light for optimizing uniformity. This optimum was at about 50% intra-canopy light and 50% top light. When there is also solar light (coming from the above) the optimum ratio of intra-canopy lighting to top lighting is likely to increase; most likely the optimum fraction of intra-canopy light is when the intra-canopy light is similar as the total light from top light and sun. Furthermore, the position of the intra-canopy lamps is important. Too high positioning may lead to light loss to the greenhouse cover and too low positioning may lead to light loss to the floor. Distributing the intra-canopy light over different heights in the canopy also increased the light uniformity [see Supporting Information-Figure S6].

Experimental comparison between lighting strategies by means of photosynthetic characteristics is difficult for various reasons. The most obvious is that measurements are time consuming and limited in number. Our findings demonstrate that there is a large variation in local light conditions when comparing lighting treatments. Joshi et al. (2019) found a 3-4 times higher photosynthetic capacity for bell pepper at intra-canopy lighting on the inside of the canopy close to the LEDs compared to the control without supplementary lighting. Such acclimation of photosynthesis to changed light intensity may take place within a week (Hogewoning et al., 2007). Apart from acclimation, intra-canopy lighting simulations showed an increased light absorption compared to top lighting. Furthermore, the location of the lamps in the canopy may potentially affect development of individual plant organs and dry matter partitioning and, hence, affect yield

Further experimental studies are needed to investigate effects on light distribution, photosynthesis, growth, and yield by intra-canopy lighting. Studies with intra-canopy lighting partially replacing top lighting showed increased fruit yield in several studies (Hovi et al., 2004; Hovi-Pekkanen et al., 2006; Hovi-Pekkanen and Tahvonen, 2008) but having not effects in other studies (Trouwborst et al., 2010; Dueck et al., 2012; Gómez and Mitchell, 2016; Yan et al., 2018).




Conclusions

Positioning of LED lamps above or in between the canopy (intra-canopy) has large effects on total canopy light absorption and the distribution of the absorbed light over the leaves. Intra-canopy lighting resulted in 8% higher total light absorption than top lighting, while combining 50% intra-canopy lighting with 50% top lighting, increased light absorption by 4%. Combining intra-canopy and top lighting resulted in a more uniform canopy light absorption than intra-canopy or top lighting alone.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

MvdM and RS contributed to this chapter equally. MvdM and RS devised the main conceptual ideas. RS designed the measurement protocol and executed architectural as well as light measurements in the experiment. MvdM adapted the functional structural plant model and performed all model simulations. All authors were involved in data analysis. MvdM and RS drafted the manuscript and designed the figures. LM, EH, PdV initiated and supervised the research, and they edited the manuscript.



Funding

The work of MM was in part funded by the Wellensiek fund, part of University Fund Wageningen. The work of RS is part of the “LED it be 50%” program and is supported by Glastuinbouw Nederland, Signify, WUR Greenhouse Horticulture, Nunhems (BASF) and the Netherlands Organization for Scientific Research (NWO), which is partly funded by the Ministry of Economic Affairs. The cultivation of the plants in the greenhouse was financially supported from the Carbon LED project (Carbon footprint reduction via LED based production systems), funded by Climate KIC.



Acknowledgments

We would like to express our gratefulness to several people during the execution of this experiment. Theoharis Ouzounis, Habtamu Giday, Joke Oosterkamp, Andre Maassen, Geurt Versteeg, Maarten Peters, Sean Geurts, Erik Schuiling, Ferdinand Diesman for taking care of plant growth, maintenance and light installation in the greenhouse experiment. We thank Signify for designing the light plan of the greenhouse experiment and BASF Vegetable Seeds (Nunhems) for providing the tomato seeds.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1012529/full#supplementary-material



References

 Buck-Sorlin, G., de Visser, P. H. B., Henke, M., Sarlikioti, V., van der Heijden, G. W. A. M., Marcelis, L. F. M., et al. (2011). Towards a functional–structural plant model of cut-rose: simulation of light environment, light absorption, photosynthesis and interference with the plant structure. Ann. Bot. 108, 1121–1134. doi: 10.1093/aob/mcr190

 Chelle, M., and Andrieu, B. (2007). Modelling the light environment of virtual crop canopies. Frontis 22, 75–89. doi: 10.1007/1-4020-6034-3_7

 Chenu, K., Rey, H., Dauzat, J., Lydie, G., and Lecœur, J. (2008). Estimation of light interception in research environments: a joint approach using directional light sensors and 3D virtual plants applied to sunflower (Helianthus annuus) and arabidopsis thaliana in natural and artificial conditions. Funct. Plant Biol. 35, 850–866. doi: 10.1071/FP08057

 De Visser, P. H. B., Buck-Sorlin, G. H., and van der Heijden, G. W. A. M. (2014). Optimizing illumination in the greenhouse using a 3D model of tomato and a ray tracer. Front. Plant Sci. 5, 1–7. doi: 10.3389/fpls.2014.00048

 De Visser, P. H. B., Sarlikioti, V., and Buck-Sorlin, G. H. (2010). “A 3D greenhouse model to determine the optimal lighting strategy and crop structure for light capture and photosynthesis in tomato,” in Proceedings of the 6th int. workshop on functional-structural plant models. Eds.  T. DeJong, and D. Da Silva, (USA: University of California, Davis) 88–91.

 Dueck, T.A., Janse, J., Eveleens-Clark, B.A., Kempkes, F.L.K., and Marcelis, L.F.M. (2012). Growth of tomatoes under Hybrid LED and HPS lighting. Acta Horticulturae 952, 335–342. doi: 10.17660/ActaHortic.2012.952.42

 Evers, J. B., Vos, J., Andrieu, B., and Struik, P. C. (2006). Cessation of tillering in spring wheat in relation to light interception and red: Far-red ratio. In: Ann. Bot. 97, 649–658. doi: 10.1093/aob/mcl020

 Gómez, C., and Mitchell, C. A. (2016). Physiological and productivity responses of high-wire tomato as affected by supplemental light source and distribution within the canopy. J. Amer. Soc Hortic. Sci. 141, 196–208. doi: 10.21273/JASHS.141.2.196

 Henke, M., and Buck-Sorlin, G. H. (2017). Using a full spectral raytracer for calculating light microclimate in functional-structural plant modelling. Comput. Inf. 36, 1492–1522. 

 Hogewoning, S. W., Trouwborst, G., Engbers, G. J., Harbinson, J., Van Ieperen, W., Ruijsch, J., et al. (2007). Plant physiological acclimation to irradiation by light-emitting diodes (LEDs). Acta Hortic. 761, 183–191. doi: 10.17660/ActaHortic.2007.761.23

 Hovi, T., Näkkilä, J., and Tahvonen, R. (2004). Interlighting improves production of year-round cucumber. Sci. Hortic. 102, 283–294. doi: 10.1016/j.scienta.2004.04.003

 Hovi, T., Näkkilä, J., and Tahvonen, R. (2006). Increasing productivity of sweet pepper with interlighting. Acta Horticult. Int. Soc. Hortic. Sci. 711, 165–170. doi: 10.17660/ActaHortic.2006.711.19

 Hovi-Pekkanen, T., and Tahvonen, R. (2008). Effects of interlighting on yield and external fruit quality in year-round cultivated cucumber. Sci. Hortic. 116, 152–161. doi: 10.1016/j.scienta.2007.11.010

 Joshi, N. C., Ratner, K., Eidelman, O., Bednarczyk, D., Zur, N., Many, Y., et al. (2019). Effects of daytime intra-canopy LED illumination on photosynthesis and productivity of bell pepper grown in protected cultivation. Sci. Hortic. 250, 81–88. doi: 10.1016/j.scienta.2019.02.039

 Kahlen, K., Stuetzel, H., and Wiechers, D. (2008). Simulating the effects of training systems, plant density and plant distribution on cucumber canopy architecture using a three-dimensional functional structural plant model. HortScience 43 (4), 1132.

 Kaiser, E., Ouzounis, T., Giday, H., Schipper, R., Heuvelink, E., and Marcelis, L. F. M. (2019). Adding blue to red supplemental light increases biomass and yield of greenhouse-grown tomatoes, but only to an optimum. Front. Plant Sci. 9, 1664–1462. doi: 10.3389/fpls.2018.02002

 Kang, M., Yang, L., Zhang, B., and Reffye, P. (2011). Correlation between dynamic tomato fruit-set and source-sink ratio: a common relationship for different plant densities and seasons? Ann. Bot. 107, 805–815. doi: 10.1093/aob/mcq244

 Kniemeyer, O. (2008). Design and implementation of a graph grammar based language for functional structural plant modelling. (Technical university Cottbus, Germany).

 Li, T., Heuvelink, E., Dueck, T. A., Janse, J., Gort, G., and Marcelis, L. F. M. (2014). Enhancement of crop photosynthesis by diffuse light: quantifying the contributing factors. Ann. Bot. 114, 145–156. doi: 10.1093/aob/mcu071

 Monsi, M., and Saeki, T. (2005). On the factor light in plant communities and its importance for matter production. Ann. Bot. 95, 549–567. doi: 10.1093/aob/mci052

 Pettersen, R. I., Torre, S., and Gislerød, H. R. (2010). Effects of intra-canopy lighting on photosynthetic characteristics in cucumber. Sci. Hortic. 125, 77–81. doi: 10.1016/j.scienta.2010.02.006

 Qian, E. A., Dieleman, J. A., Gort, G., and Marcelis, L. F. M. (2012). Estimation of photosynthesis parameters for a modified farquhar–von caemmerer–berry model using simultaneous estimation method and nonlinear mixed effects model. Environ. Exp. Bot. 82, 66–73. doi: 10.1016/j.envexpbot.2012.03.014

 Sarlikioti, V., De Visser, P. H. B., Buck-Sorlin, G. H., and Marcelis, L. F. M. (2011a). How plant architecture affects light absorption and photosynthesis in tomato: Towards an ideotype for plant architecture using a functional-structural plant model. Ann. Bot. 108, 1065–1073. doi: 10.1093/aob/mcr221

 Sarlikioti, V., de Visser, P. H. B., and Marcelis, L. F. M. (2011b). Exploring the spatial distribution of light interception and photosynthesis of canopies by means of a functional–structural plant model. Ann. Bot. 107, 875–883. doi: 10.1093/aob/mcr006

 Schwarz, D., and Kläring, H. P. (2001). Allometry to estimate leaf area of tomato. J. Plant Nutr. 24, 1291–1309. doi: 10.1081/PLN-100106982

 Trouwborst, G., Hogewoning, S. W., Harbinson, J., and van Ieperen, W. (2011). The influence of light intensity and leaf age on the photosynthetic capacity of leaves within a tomato canopy. J. Hortic. Sci. Biotechnol. 403–407. doi: 10.1080/14620316.2011.11512781

 Trouwborst, G., Oosterkamp, J., Hogewoning, S. W., Harbinson, J., and van Ieperen, W. (2010). The responses of light interception, photosynthesis and fruit yield of cucumber to LED-lighting within the canopy. Physiol. Plant. 138, 289–300. doi: 10.1111/j.1399-3054.2009.01333.x

 Van Der Meer, M., De Visser, P. H. B., Heuvelink, E., and Marcelis, L. F. M. (2021). Row orientation affects the uniformity of light absorption, but hardly affects crop photosynthesis in hedgerow tomato crops. silico Plants 3 (2), diab025. doi: 10.1093/insilicoplants/diab025

 Veach, E. (1998). Robust Monte Carlo methods for light transport simulation. PhD Thesis. California: Stanford University. Available at: http://graphics.stanford.edu/papers/veach_thesis/thesis-bw.pdf

 Vos, J., Evers, J. B., Buck-Sorlin, G. H., Andrieu, B., Chelle, M., and de Visser, P. H. B. (2010). Functional–structural plant modelling: a new versatile tool in crop science. J. Exp. Bot. 61, 2101–2115. doi: 10.1093/jxb/erp345

 Vos, J., Marcelis, L. F. M., and Evers, J. B. (2007). Functional-structural plant modelling in crop production: adding a dimension. Frontis 22, 1–12.

 Yan, W., Zhang, Y., Zhang, Y., Cheng, R., Zhang, Y., Yang, Q., et al. (2018). Effects of supplementary artificial light on growth of the tomato (Solanum lycopersicum) in a Chinese solar greenhouse. Horticult. J. 87, 516–523. doi: 10.2503/hortj.OKD-165


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Schipper, van der Meer, de Visser, Heuvelink and Marcelis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1012529-g008.jpg
CV (%)

Mean CV (%): 47.8, 36.8, 42.6

;’4 Nod
AN

0.0 0.5 1.0 1.5
Height from the floor (m)

100

75

25

Setting
—o— Intra-canopy lighting
—o— Intra-canopy and top lighting

—o— Top lighting





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Consequences of intra-canopy and top LED lighting for uniformity of light distribution in a tomato crop

      

        		

          Introduction

        



        		

          Material and methods

        

          		

            Plant material, growth conditions and light treatments

          



          		

            Plant architecture measurements

          



          		

            Light measurements

          



          		

            Model description

          

            		

              Plant architecture

            



            		

              Light module

            



            		

              Greenhouse environment

            



            		

              Model validation

            



            		

              Simulation scenarios

            



            		

              Evaluation of simulated light distribution and heterogeneity

            



            		

              Sensitivity analysis

            



          



          



        



        



        		

          Results

        

          		

            Validation of the model

          

            		

              Light distribution and heterogeneity with top lighting and intra-canopy lighting

            

              		

                Vertical light distribution averaged parallel to row

              



              		

                Vertical light distribution averaged perpendicular to row

              



              		

                Horizontal light distribution averaged over heights

              



              		

                Variation coefficient horizontally in length direction of row

              



              		

                Variation coefficient horizontally perpendicular to row

              



              		

                Variation coefficient vertically

              



              		

                Average distribution in absorbed PPFD in the vertical and horizontal plane

              



              		

                Sensitivity analysis of fraction and position of intra-canopy light

              



            



            



          



          



        



        



        		

          Discussion

        

          		

            Partial replacement of top by intra-canopy lighting increases absorbed PPFD uniformity

          



          		

            Impact on crop production

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1012529-g006.jpg
A 2571 Mean CV (%): 35.7 B 251 Mean CV (%): 26.3
SD of CV (%): 14.9 SD of CV (%): 12.4

(9]
N
)

Mean CV (%): 3
SD of CV (%):

g
o

20 20
CV(%)
€15 €15 €15 150
= z z
S0 310 310 109
T z = 75
50
05 05 05
25
0.0 0.0 0.0
0 1 2 3 0 1 2 3 0 1 2 3
Width (m) Width (m) Width (m)
D 2571 Mean CV (%): 43.8 E 251 Mean CV (%): 30.7 F 251 Mean CV (%): 35.2
SD of CV (%): 21.6 SD of CV (%): 16.2 SD of CV (%): 16.0
20 20
CV (%)
€15 Tis 150
= = 125
=) =) 100
‘© 10 ‘B 1.0
£ b - 75
05 05 %
25
0.0 0.0
05 1.0 15 20 05 1.0 15 20 05 1.0 15 20
Length (m) Length (m) Length (m)
G ,5] Mean CV (%): 65.0 H ;5] Mean CV (%): 51.0 I 5] MeanCV (%): 69.3
SD of CV (%): 32.3 SD of GV (%): 17.1 SD of CV (%): 18.3
20 20 20
— — —_ CV(%)
E1s E s Eis 250
£ £ < 200
210 210 210 150
g" i 3"
100
05 05 05 50
0.0 0.0 0.0

0 1 2 3 0 1 2 3 0 1 2 3
Width (m) Width (m) Width (m)





OEBPS/Images/fpls-14-1012529-g002.jpg
._.\a .r-..,...
\M..-..O.‘ ?v_.,.-..w.“, “






OEBPS/Images/fpls-14-1012529-g009.jpg
Front view

Side view

Top view

Top light (%)
mo
m25
w50
W75

m 100





OEBPS/Images/fpls-14-1012529-g004.jpg
PPFD modelled (umol m2s™")

1501

100

50

Equation: 0.898x + 13.278

RSME: 9.91
Adj. R2: 0.93

50 100
PPFD measured (pmol m 2s™")

150

Distance

L]
A

* R + =

0

15
30
45
60
75





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1012529-g001.jpg
Top LED modules height: 350 cm

I B N W WE W 280cm
E B B I E EF 230cm

r r ¢ 180cm
Upper intra-canopy LED Kt B
modules height: 153 cm (P *“Jm .
W Vs I- .'I:'-“':, &'&
Lower intra-canopy LED | . g’%..m \al
modules height: 108 | g (Y
g . cm =aah . "@vﬁ:;%

== I IF I I 80cm

r r r 130cm

I B E N W 355cm

O 15 30 45 60 75cm

| . S —" E——" ——

Line sensor height and distance to the crop





OEBPS/Images/fpls-14-1012529-g007.jpg
A Height: 1.5 - 2.1m
Leaf area index: 0.51
Mean PPFD: 27.3, 37.9, 48.5

200
-
c
poe
o
© 100
0
0 25 50 75 100
B Height: 0.9 - 1.5m
Leaf area index: 1.27
150 Mean PPFD: 30.0, 24.6, 19.1

Setting
0 25 50 75 100 Intra-canopy lighting
Intra-canopy and top lightin,
c Height: 0.3 - 0.9m L id RAGHING
Leaf area index: 0.66 Top lighting

150 Mean PPFD:11.0, 10.0, 9.0

0 25 50 75 100
D Height: 0.3 -2.1m
400 Leaf area index: 2.44
Mean PPFD:24.3,23.4,22.5
300
€
3 200
(@]
100
0

0 25 50 75 100
PPFD of a leaflet (umol m™2s™")





OEBPS/Images/fpls-14-1012529-g005.jpg
>
g
o

Height (m)

Height (m)

Length (m)

g
o

o

o

o
3

=
=

N
o

g
o

3

=)

'
13

o
o

25

g
o

o

=}

o
3

=
o

SD of PPFD: 19.2

Width (m)
SD of PPFD: 14.4

0.5 1.0 1.5
Length (m)

SD of PPFD: 11.9

0 1 2
Width (m)

20

m
N
o

Height (m)

m

Height (m)
P

= o

Length (m)

[d
=}

o

<)

o
3

=4
o

N
3

e
o

N
o

e
13

o
=)

25

[ad
=

N
o

o

o
3

o
o

SD of PPFD: 15.1

Width (m)
SD of PPFD: 13.5

0.5 1.0 1.5
Length (m)

SD of PPFD: 7.3
0 1 2
Width (m)

20

C ,5] SD of PPFD: 23.1
2.0
PPFD
é 15 125
= 100
(2]
© 1.0 75
I
0.5
0.0
0 1 2 3
Width (m)

F ,5] SDof PPFD: 22.8

2.0
PPFD

g 15 125
£ 100
2
o 1.0 75
T

0.5

0.0

0.5 1.0 1.5 2.0
Length (m)

251 SD of PPFD: 11.2

20
PPFD
= 125
E1s
£ 100
§ 1.0 75
50
05 l -
0
00
0 1 2 3
Width (m)





OEBPS/Images/fpls.2023.1012529_cover.jpg
& frontiers | Frontiers in Plant Science

Consequences of intra-canopy
and top LED lighting for
uniformity of light distribution
in a tomato crop





OEBPS/Images/fpls-14-1012529-g003.jpg
6 Leaves in the voxel:

(1): 0.48 ymol s7'/0.01m? = 48 ymol m2 s’
(2): 0.4 ymol s1/0.01m? = 40 ymol m2 s

(3): 0.39 umol 57/ 0.008m? = 49 ymol m=2 s
(4): 0.3 pmol s /0.009m? = 33 pmol m2 s
(5): 0.36 ymol s/ 0.03m? = 12 ymol m-? s’
(6): 0.27 pymol s71/0.01m? = 27 pymol m2 s
(sum): 2.2 umol s/ 0.087m? = 25 pmol m2 s

Weighted PPFD = 25 pmol m? s’

| Non-weighted PPFD = (48 +40 +49 + 33 + 12 +
“127)/6 =35 pumol m2 s

2.0

e
w

Height (m)

0.5

SD =14 ymol m2 s
CV =(14/35)* 100 = 40%

SD of PPFD: 22.8 F 25

Mean CV¥): 35.2
SD of CV (%X16.0

PPFD e
125 £15] EgiCs F
100 = I

()]

75 % 1.0
T

50

" 0.5

— = --.

0.0
0.5 1.0 1.5 2.0 0.5 1.0 1.5 20
Length (m) Length (m)





