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Abstract

:

Differences in individual plant growth are affected by the spatial variation of light intensity, reducing the homogeneity of microgreen crops. Identifying the tradeoffs between light uniformity and crop quality is challenging due to the confounding effect of nonuniform illuminance with other noise factors. This study presents the results of hydroponic pea (Pisum sativum, L.) growth experiments aimed at quantifying the effect of photon irradiance variations. By adjusting the power of LED luminaires, we established one uniformly illuminated zone and two non-uniformly illuminated zones. Germinated seeds with 6 cm-long radicles were transplanted to cultivation trays with known light intensity in predetermined positions. Plants were cut 12 days after the start of light treatment and measured for fresh weight and shoot height. Our findings revealed no significant difference between the crop yield on trays having the same average PPFD but different light uniformity. However, correlation analysis of individual measurement data showed that local PPFD differences explained 31% of the fresh weight variation, and the rest was attributed to noise in the germination and growth processes. We also discuss the implications of our findings for the design and optimization of vertical farms.
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1. Introduction


Growing young edible vegetables, collectively known as microgreens, have gained popularity recently and have become one of the fastest-growing segments of indoor vertical farming [1]. Microgreens are young seedlings of leafy vegetables and herbs that are favored in new culinary trends due to their unusual appearance, bright color, intense flavor, crisp texture, and unique nutrient profile [2]. A huge number of species can be consumed as microgreens [3]. By value, Brassicaceae microgreens dominate the global market, led by broccoli at 15%, followed by arugula at 9% [1]. Edible plants originally cultivated for seeds and not for shoots, like peas, beans, cereals, and sunflowers, are also popular microgreens and are cultivated in large quantities.



Microgreens containing high levels of carotenoids, chlorophylls, and organic acids are associated with several health benefits, including anti-diabetic and anticholinergic activity, and are recommended as a functional food for a daily diet [4]. Microgreens are harvested at an immature growth stage, shortly after the full development of cotyledons and at the emergence of the first true leaves [5]. Depending on the species, the time between seeding and harvest is between 1 and 2 weeks [6]. The short cultivation cycle, high seeding density, low shoot height, and high market value make microgreens an attractive crop for vertical farming.



Indoor vertical farms use LED lighting as their sole source of light, giving growers complete control over the environmental factors affecting plant growth. This allows for year-round production in any location, close to consumers [7]. However, the profitability of microgreen production is hindered by two major factors: the market value of the fresh produce and the cost of operating the vertical farm. Since both factors are heavily influenced by lighting, optimizing lighting conditions for the plants becomes a critical challenge in vertical farming. To maximize space utilization, horizontal cultivation layers are densely packed with plants, and LED lights are mounted near the plant canopy [8]. The short separation distance between luminaires and the canopy can reduce photon irradiance uniformity, leading to spatial variation in plant growth. The plants in the middle of cultivation trays tend to grow taller and accumulate more biomass, while those on the edges are smaller and lighter. Although this center and edge effect is often attributed to uneven light distribution [9], other microenvironmental factors, such as airflow or genetic differences between individual seeds, can sometimes mask the effects of nonuniform light distribution.



The lighting conditions play a significant role in the growth of microgreens and are typically evaluated based on the horizontal photosynthetic photon flux density (PPFD) at the canopy level [10]. The light intensity has been found to impact both the yield and quality of microgreens [11]. At the early stages of plant development, photosynthesis by the cotyledon is a crucial process [12,13], which in turn influences the rate of subsequent seedling development [14,15].



In the present practice, one PPFD value is provided to describe lighting conditions in a vertical farm, though horticultural lighting guidelines recommend measuring PPFD values at several representative points of the working area and reporting both mean and standard deviations [16]. The spatial variations across the illuminated plane are characterized by the photon irradiance uniformity (Uo), defined as the quotient of the minimum reading and the average of data points. Another uniformity metric is diversity, (Ud), defined as the minimum to maximum ratio [10,17].



The measurement of PPFD is limited to the photosynthetically active radiation (PAR), which spans from 400 nm to 700 nm. However, studies have shown that relying solely on this range to evaluate photosynthetic activity has its limitations. Far-red photons interact with shorter-wavelength radiation, resulting in a synergistic effect that contributes to photosynthesis [18]. Consequently, pushing the upper limit of the PAR range to 750 nm has been recommended [19].



The intensity and the spectrum of light both determine the growth rate and the phytochemical content of microgreens [3]. In horticulture, most commercial lighting equipment comprises monochromatic blue, red, and far-red LED chips. The red and blue (R/B) or red and far-red (R/FR) photon irradiance ratios characterize the spectral distribution of incident radiation [20]. Plants grown under extremely low or high R/B ratios exhibit physiological disorders, and a balance between the photon irradiance ratios of various wavebands should be set to ensure proper conditions for plant development [21]. Many studies have investigated the optimal R/B or R/FR ratios for indoor crop production [22,23,24,25,26].



The various environmental factors that affect plant growth, such as lighting parameters, temperature, humidity, and carbon dioxide concentration of air, as well as the composition of the nutrient solution, all interact with one another. To achieve optimal crop yield and quality, it is crucial to control and optimize all these parameters. However, measuring the light response curve of plant growth in a multidimensional parameter space requires significant experimental efforts.



High-speed automated procedures have been developed for 3D characterization of the lighting environment [27,28,29,30] as well as for quick phenotyping and monitoring of plant growth [9,15,30,31]. With the aid of a high-throughput experimental unit, one can efficiently screen a vast array of parameter settings and extract the transfer function linking growth traits to environmental parameters. However, transitioning the experimental light response functions into commercial production poses a challenge due to the presence of numerous unknown noise factors.



Our approach was to carry out the lighting experiments under the conditions of commercial production. We created a gradient in the lighting conditions by controlling the luminaires of the vertical farm. The objectives of the present study were to quantify the effect of spatial photon irradiance variations on the growth traits of pea microgreens and retrieve the transfer function between the fresh weight of individual seedlings and the local PPFD values to be used for the optimization of commercial microgreen production.




2. Materials and Methods


Plant growth tests were carried out in a climate-controlled container farm of the Hungarian University of Agriculture designed to be a scalable cultivation unit of a larger plant factory. Fans positioned in the middle and at the end of each shelf maintained constant airflow over the canopy to minimize spatial differences in temperature, humidity, and CO2 concentration. Air parameters were checked by an ALMEMO 2590 measuring instrument (Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, Germany). Leaf surface temperature was recorded by an infrared thermometer (AHG Wahtsmuth & Krogmann mbH, Hamburg, Germany). The average temperature and relative humidity during the tests were kept within the 20 ± 2 °C and 75 ± 5% range, respectively. In our vertical farm, we did not apply CO2 injection. The CO2 concentration varied between 400 ppm and 600 ppm throughout the experiments. The lowest value was measured during the light period when the photosynthesis consumed carbon dioxide, and the highest concentration was detected at the end of the dark period. The carbon dioxide level increased temporarily up to 1200 ppm in the presence of a human operator, but the concentration difference between different points of the vertical farm was less than 10%. The experiments comprised two steps, starting with germination in the dark, followed by seedling development under three different light treatments. Pea (Pisum sativum L., cv. Kleine Rheinländerin) seeds were obtained from Royal Sluis (Enkhuizen, Holland). Seeds were soaked in distilled water for 24 h and then placed on perforated stainless-steel sheets with round holes of 5 mm diameter. The plantation distance between adjacent seeds was 4 cm. Metal sheets with the seeds were placed into a germination box, ensuring saturated moisture at the 20 °C ambient temperature.



After 7 days, germinated seeds with longer than 6 cm radicles were transplanted to plastic cultivation trays with 5 mm-diameter holes arranged in a 12 × 7 array with a 4 cm grid size. The top view of the plant arrangement, along with the definition of the directions, is shown in Figure 1. The x-axis is parallel to the line of LED luminaires, whereas the y-axis is perpendicular to the LED pairs. The LED luminaires were positioned above the first and twelfth rows. In the analysis, the row numbers on the y-axis and column numbers on the x-axis were used for the identification of seedlings’ positions. The picture of the seedlings transplanted to the cultivation tray is shown in Figure 2a, and the seedlings prior to harvest are shown in Figure 2b.



The radicle was immersed into a nutrient solution mixed from a three-component commercial formula (Dutch Formula Grow, Advanced Hydroponics of Holand, 1-Grow: 2 mL/L, 2-Bloom: 2 mL/L, 3-Micro: 1 mL/L). During the entire experiment, the electrical conductivity and the pH of the nutrient solutions were in the range of 1.50 ± 0.05 mS/cm and 6.9 ± 0.1, respectively, measured by a universal measuring instrument (Combi 5000, STEP Systems GmbH, Nürnberg, Germany).



The schematic diagram of the experimental set-up is shown in Figure 3. Plant growth was carried out simultaneously at three different positions of the vertical farm in three cultivation containers coded as A, B1, and B2. The dimensions of the containers were 60 cm × 40 cm × 7.5 cm. The plants on A, B1, and B2 were exposed to three different lighting conditions determined by the position of the trays relative to the LEDs as well as the power of the luminaires. Two layers of the vertical farm were used in the experiments. In levels A and B, the separation distances between the LED luminaires and the planes of the cultivation trays were 45 cm and 21 cm, respectively. In each level, three pairs of 120 cm long variable-spectrum LED luminaires equipped with secondary optics ensuring an 80° beam angle (Hortiled Multi 4DIM, Hortilux, Den Haag, The Netherlands) were mounted to the edges of the shelves, covering the 3.6 m length of the shelving unit. The photon intensity distribution diagram of the 80° beam angle luminaires is shown in Figure S1.



Our objective was to establish a highly uniform PPFD distribution across tray A and a non-uniform distribution on tray B1, having the same average PPFD as tray A. The light distribution across the plane of B2 was designed to cover a broad intensity range, from the high values on the left corners going down to the extremely low values on the right side. To achieve this goal, the power of the luminaires coded as LED-A, LED-B1, and LED-B2 in Figure 3 was set at 59.5%, 41.7%, and 5% of the nominal value. The on and off times as well as the power of each color channel of the luminaires were set by a DALI (Digitally Addressable Lighting Interface) controller (DLC-02 DALI Digital Lighting Controller, Mean-Well, Taiwan). Only the light intensity was tailored at the three locations of the test; the relative spectral distribution of irradiance, i.e., the power ratio of the color channels, was held constant. The spectral irradiance values were measured with 5 nm resolution at every position of the cultivation trays using a handheld spectroradiometer (Mavospec Base, GOSSEN Foto- und Lichtmesstechnik GmbH, Nürnberg, Germany).



The plant growth was carried out at a constant 20 °C temperature. The photoperiod was 16 h per day in each light treatment. Shoots were cut 12 days after transplantation and measured for length and fresh weight. A picture of seedlings prior to harvest is shown in Figure 2b. The weight of the individual seedlings was measured by a precision balance (Kern EMB 200-3, Kern & Sohn GmbH, Balingen, Germany).



Statistical analysis of measurement data was carried out using normality, Kruskall–Wallis, and Levene’s tests from the statistical module of the SciPy [32] open-source Python package. Significance levels were set at p < 0.05 throughout the data analysis.




3. Results


The objective of the experiment was to compare the growth traits of pea seedlings cultivated under three different light-intensity distributions while keeping the light spectrum constant across all cultivation trays. Table 1 summarizes the main statistical parameters and uniformity measures (Uo, Ud) determined for A, B1, and B2. The columns of Table 1 contain both the lighting-related information (PPFD, photon irradiances in the B, G, R, and FR wavebands, as well as the R/B ratio) and the shoot fresh weight (FW). The D’Agostino-Pearson normality test [33] was carried out for all measured datasets. The null hypothesis was that the sample came from a normal distribution. The p-value of the normality test is also listed for each distribution in Table 1. The   p < 0.05   values indicate cases where the normality assumption can be rejected with 95% confidence. By checking the rows of p-values in Table 1, it is obvious that most of the data are from non-normal distributions. The ANOVA method generally used in data analysis requires samples with normal distributions as input; therefore, non-parametric hypothesis tests were used for the comparison of data. The Kruskal–Wallis test is a non-parametric version of ANOVA, testing the medians rather than the means of the samples. In our analysis, we assumed that conclusions drawn on medians were valid for the mean values as well. In Section 3.1, we provide the quantitative measures of the lighting environments for the three cultivation trays. In Section 3.2, the individual shoot weight data are presented and compared with light measurements.



3.1. Characterization of the Lighting Environment


The four color channels of the LED luminaires covered the four adjacent wavebands generally used for the characterization of LED-based horticultural lighting [20]: blue (B): 400–499 nm, green (G): 500–599 nm, red (R): 600–699 nm, and far-red (FR): 700–800 nm. A representative example of the measured irradiance spectra is depicted in Figure 4, exhibiting four peaks corresponding to the four types of LEDs built into the luminaires: blue peak emission at 450 nm, deep red at 660 nm, far-red at 730 nm, and a broad peak extending over the green waveband corresponding to the phosphor emission of the white LEDs. In this particular spectrum, the R/B and R/FR ratios were 2.5 and 3.6, respectively.



The power ratios of the color channels were held constant throughout the experiment; therefore, the quality of light, i.e., the shape of the spectrum, was expected to be the same at any point of the illuminated work plane. The quantitative measure of light, however, varied according to the power of LED luminaires and the position of the light intensity measurement.



The minimum, average, and maximum values measured on trays A, B1, and B2 are listed in Table 1 for the photosynthetic photon flux density (PPFD) as well as the photon irradiances in the B, G, R, and FR wavebands. The R/B photon irradiance ratio quantifying the spectral property of light was calculated for each tray, and the related statistical parameters, including the overall uniformity (Uo), are also listed in Table 1. According to expectations, the difference between the average PPFDs of A and B1 was small, only 7% in absolute value. The range of data points, however, was much broader in the case of B1 compared with A. This difference between the two settings is reflected by the uniformity parameters: Uo = 0.94 in A, indicating a highly uniform PPFD distribution, whereas Uo = 0.42 represents the low uniformity case. The difference between the maximum and minimum B2 PPFD values was even broader than in the case of B1, but the average value was 91 µmol m−2 s−1, 40% lower than the average of B1. Similar trends can be seen in the B, G, R, and FR wavebands, indicating the stability of the irradiance spectrum across the cultivation trays.



The R/B ratio is a frequently used measure of the quality of light in horticulture. There was only a minor difference between the means of A and B1. B2 had a slightly lower mean R/B value, indicating a less than 10% shift in the spectral peak ratios at low irradiance, but this difference is negligible considering the broad light response sensitivity range of plants [34].



The two-dimensional photosynthetic photon irradiance distributions are visualized in Figure 5a–c. The color scale of the contour plots is the same in all the subfigures, ranging from 0 to 400 µmol m−2 s−1. The colored patterns in the contour plots exhibit a reflectional symmetry relative to the axis of symmetry in the middle of the illuminated area. On tray B2 in Figure 5a the highest intensities were measured in the upper and bottom left corners, resulting from the edge effect between the high-power LED B-2 and low-power LED B-3 luminaire pairs, as shown in the side view of Figure 1. The low-intensity region is in the center, extending towards the right-hand side. In Figure 5c, there are only two adjacent colors, indicating highly uniform PPFD distribution across tray A, with a minor increase from low to high row numbers. In Figure 5b, warm colors on the top and bottom edges indicate high PPFD regions, whereas cool colors in the middle represent low PPFD values. The line symmetry of the irradiance in B1 is reflected by the contour lines running parallel to the x-axis along the shelves.



The histograms in Figure 6a–c provide a more quantitative description of the PPFD distributions on trays B2, B1, and A. In Figure 6a, the histogram is skewed towards the left in accordance with the high proportion of low irradiance values on tray B2. The PPFD values on B1 in Figure 6b are evenly distributed between the minimum and maximum values. The histogram of A is characterized by a high, narrow peak in Figure 6c. Neither of the PPFD histograms can be described with a normal distribution, as indicated by the p-values in Table 1.



The boxplot in Figure 7a compares the averages and the spread of the PPFD distributions of B2, B1, and A. The horizontal red lines in the boxes show the medians; the crosses stand for the mean values.



Beyond the graphical representation of the distributions in Figure 7, non-parametric hypothesis tests were used to check the equality of the medians (Kruskal–Wallis test) and variances (Levene’s test) [35]. The p-values of the pairwise comparisons are shown in Table 2. The p < 0.05 values indicate statistically significant differences between the tested parameters. The p-value of the Kruskal–Wallis test was 0.786; consequently, the null hypothesis that the median PPFD values of A and B1 are equal cannot be rejected. The median PPFD of B2 proved to be significantly lower than that of B1 and A. The p-values of Levene’s test were all zero, indicating significantly different PPFD variances on trays B2, B1, and A.



Continuing the analysis with the R/B ratios in Figure 7b, the medians of B1 and A are not statistically different according to p = 0.335 of the Kruskal–Wallis test. The median R/B ratio of B2, however, is significantly different from the group of B1 and A. The variance of B2 is significantly higher than the variance of A. The comparison of B2 and B1 variances resulted in p = 0.050, indicating a borderline case.



All these data indicate that the lighting conditions in the three environments were in line with our objectives. The mean values of A and B1 were statistically not different, but the range of data values was 8.5 times broader in the case of B1 relative to A. The mean value of the B2 was 37% of the A average. The relative spectral distribution of the irradiance was constant in all three cultivation trays.




3.2. Fresh Weight Analysis


The statistical parameters determined for the shoot fresh weight measurements are summarized in the rightmost column of Table 1. There was a minor, 1.7% difference between the mean values of A (2.35 g) and B1 (2.31 g), whereas the average fresh weight of B2 was only 1.7 g. Comparing the minima, maxima, and the Uo and Ud values, all distributions exhibit high spread and a low level of uniformity.



Noise dominates the fresh weight contour plots in Figure 5d–f, which vaguely reflect the symmetry of the spatial PPFD distributions in Figure 5a–c. The fresh weight histograms of B1 and A in Figure 6h,i are close to each other both in position and spread in sharp contrast with the broad PPFD distribution in Figure 6b and narrow PPFD distribution in Figure 6c. Comparing the boxplots in Figure 7a,c one can conclude that the range or uniformity of PPFD distributions had little effect on the fresh weight distributions. Inferential statistics confirmed that neither the medians nor the variances of the shoot fresh weights on B1 and A are statistically different. In Table 2, p = 0.786 and p = 0.101 for the Kruskal–Wallis and Levene’s tests, respectively. B2, however, can be regarded as an outlier from the group of A and B1 both in terms of median and variance values.



In Figure 8, the fresh shoot weights of individual plants are plotted against the local PPFD values. The three different markers—triangles, squares, and circles—represent data points measured on trays A, B1, and B2, respectively. Although there is a large variation in the fresh weight, the dotted trendline indicates a linear relationship between the light intensity and biomass accumulated in the individual plants. The correlation is statistically significant, with an F-test value of 111.0 and a significance of p = 0.000. From the value of the coefficient of determination, R2 =0.31, one can conclude that 31% of the variation in the fresh weight can be attributed to the PPFD changes; the rest is due to other factors.



The slope and the intercept of the least squares regression line were 0.0051 (±0.00096) and 1.14 (±0.21). The values in brackets indicate the 95% confidence interval about the estimated parameter means.



Looking up the parameters of trays A and B1 in Table 1 and comparing Figure 7a with Figure 7c, one can conclude that the uniformity of the PPFD distribution had no measurable effect on the mean fresh weight (i.e., crop yield) in our experiment. As long as the PPFD uniformities corresponded to the extremely high and low cases with Uo values of 0.94 (A) and 0.42 (B1), the mean fresh weights of 2.35 g (A), and 2.31 (B1) did not differ significantly. The coefficient of determination, R2 = 0.31, indicated that the fresh weight variance is driven by the different behaviors of individual seeds, and only 31% of the fresh weight variance can be attributed to photon irradiance changes. On the other hand, the growth test was carried out in the linear regime of the light response curve, far below the light saturation point of pea seedlings [36]. Seedlings exposed to higher than the mean PPFD value grew faster, while plants below the PPFD mean developed slower compared with the average; therefore, the effect of photon irradiances on the mean is expected to cancel out. The range of the fresh weight values increased: the minimum was 0.55 in A and 0.23 in B1, whereas the maximum fresh weight values were 4.55 in A and 5.67 in B1.



This assumption is supported by the analysis of measurement data grouped by rows. The linear array of LED luminaire pairs created a symmetrical light intensity distribution with an axis of symmetry running in the center line of the trays, as indicated in Figure 1. On trays A and B1, seedlings in a row were exposed to the same microenvironmental conditions independently of the column number. By averaging measurement data in one row, we can reduce variations due to the differences between individual seeds. The dotted line box in Figure 1 shows an example of creating the group of rows #3.



In Figure 9a, the row averages of PPFD distributions are plotted as a function of the row numbers. The triangles representing A data indicate a minor upward trend from row 1 up to 12 in accordance with Figure 5c. Similarly, squares representing B1 values show high row averages on the lower and upper parts of the trays, and the minimum values can be found at the position of the axis of symmetry (c.f. Figure 5b). Row averages in Figure 9b reveal trends in B1 and A fresh weight data, which were hidden for visual inspection in Figure 5e,f. Triangles representing row averages of A are randomly scattered about the grand mean of 2.35 g in Figure 9b. The trend shown by the dotted green line is not statistically significant. The fresh weight row averages of B1, represented by the red squares, however, can be approximated by a second-order polynomial. The polynomial regression shows a statistically significant trend with R2 = 0.91. Tray B2 was left out of the grouped average calculations since positions on one row were not equivalent from the photon irradiance perspective, as is obvious in Figure 5a.



The correlation between the row averages of shoot fresh weight and PPFD values is shown in Figure 10. Data points A and B1 are scattered about a straight line, indicating a linear relationship between the fresh weight and PPFD. The slope = 0.0056 ± 0.0014 and intercept = 0.97 ± 0.36 fall within the confidence intervals of the linear relationship determined for individual data. The R2 = 0.75 indicates a significantly reduced variance in fresh weight relative to the regression of individual data.





4. Discussion


The objective of this study was to analyze the differences in seedling growth traits cultivated under uniform (A) and non-uniform (B1, B2) lighting conditions. Although there is no standardized threshold for PPFD uniformity in horticultural lighting, in commercial cultivation facilities, the criteria Uo > 0.8 or Ud > 0.7 are applied [17]. From this perspective, the Uo = 0.94, and Ud = 0.87 of environment A can be regarded as highly uniform, whereas the Uo = 0.42 and Ud = 0.24 for B1 is a low uniformity case. The overall uniformity and diversity for B2 were even lower compared with B1.



We observed that the mean PPFD determined the average weight of individual plants, and PPFD uniformity had no statistically significant effect on the crop yield. This finding has important implications for the lighting design of vertical farms. Reducing the separation distance between the LED luminaires and the crop canopy is an opportunity to improve the space utilization and energy efficiency of vertical farms [8]. The close-canopy approach increases the photon capture efficiency or utilization factor of the horticultural lighting, defined as the quotient of useful photon flux incident on the crop and the total photon flux emitted by the lighting equipment [37]. Maintaining high PPFD uniformity at reduced mounting heights of the luminaires is not a trivial task. It requires additional investment in sophisticated lighting equipment to enable high photon capture efficiency at high photon irradiance uniformity. Our results demonstrated that at moderate photon irradiances, far away from the light saturation point, the PPFD uniformity criteria can be relaxed assuming the crop is sold in bulk by mass.



The reduction of the separation distance between the plant canopy and the LED luminaires raises two questions:




	
How does the photon irradiance at the top canopy level change as the seedlings grow close to the luminaire?



	
Has the upper leaves’ temperature increased due to thermal radiation from the luminaires?








It is beyond the scope of this work to provide a detailed analysis of the three-dimensional evolution of environmental conditions during plant growth. Nevertheless, we carried out two additional control tests to determine the scale of changes with the increasing height of the seedlings. First, we measured the PPFD distributions across horizontal planes corresponding to 6 cm and 12 cm plant heights in trays A and B1. Data presented in Figures S3 and S4 indicate that photon irradiance values increase underneath the luminaires and decrease in between the space of the luminaire pairs as the height of seedlings rises, pointing out the limitations of our experiments. In our analysis, we used only the horizontal photon irradiance at the seed level, which reflects the lighting conditions during the early stages of plant growth. As plants grow taller, the light intensity at the top of the canopy will be different from that at the lower levels. Additionally, plants create shade, influencing the growth of neighboring plants. The light interception changes both horizontally and vertically within the canopy. To provide a more accurate description of the lighting environment and predict crop yield, we recommend using three-dimensional canopy models [27,28,29].



To test the heating effect of the luminaires, we measured the surface temperature at the uppermost leaf of a seedling at 17 cm above the tray (B1) surface and at the lowest leaf of the same seedling at 3 cm height. The distance between the upper leaf and the cover glass of the luminaire was 4 cm. The average surface temperature was 20.8 °C at the upper leaf and 20.2 °C at the bottom leaf. The sample size was 16 in both cases. The temperature difference is significant at p = 0.003, but nevertheless, the absolute value of the difference shown in Figure S5 is in the range of leaf surface temperature variations at various positions of the vertical farm (Figure S6).



We plan further experiments to reveal the physiological response of the plant leaves to the local environmental conditions at various horizontal locations and heights of the canopy.



An important assumption of this study was that the quality of light is constant in all cultivation trays. Although the R/B ratio of B2 was statistically different from the groups A and B1, the difference was minor compared with the spectral sensitivity of plant growth traits measured by various research groups for different species [22,24,34]. The statistically significant differences in R/B ratios may be attributed to a slight shift in the emission spectrum of the luminaires at low power or to the increased portion of wall reflections in the low end of the R/B distribution, especially on the extreme dark zone of tray B2, as indicated by the dark blue colors in Figure 5a. Adjusting the power of the red and blue channels of the luminaires above B2 (cf. LED-B3 luminaire pair in Figure 3) might have eliminated the difference in the R/B means between B2 and the groups of B1 and A. We did not make any further attempt to fine-tune the photon irradiance distributions because the 7% difference in the mean R/B ratios of B2 and A was expected to have a negligible effect on plant growth compared with the 64% difference in PPFD averages.



Individual shoot fresh weight data exhibited high variability both in uniformly and non-uniformly illuminated environments. Despite the large variations, a statistically significant relationship was found between the local PPFD values and the shoot fresh weight. The low value of the coefficient of determination of the linear regression (R2 =0.31) in Figure 8 is in line with the observations of other researchers measuring the growth of cotyledons and initial true leaves of individual lettuce seedlings [15]. A large amount of the variability in seedling growth rate is possibly due to the genetic differences of the seeds.



The opportunity to aggregate individual observations into groups has several practical implications. Instead of weighing individual seedlings one by one, it is possible to make measurements in rows, reducing measurement time. The procedure described can be extended to other species and implemented in commercial vertical farms, enabling the light response of any crops to be retrieved under the conditions of commercial production.



This paper highlights the advantages of establishing a light intensity gradient within the crop canopy to obtain accurate light response functions. Additionally, we measured the shoot height and root weight of B2 seedlings, which showed a correlation with the shoot fresh weight data (Figure S2). Given the higher margin of error associated with the shoot height and root weight measurements, analyzing other growth traits is unlikely to yield further insights.




5. Conclusions


Understanding the variance causes is the prerequisite for the optimization of vertical farm settings. Our experiments have effectively quantified the impact of horizontal PPFD variation on microgreen crop yield in a vertical farm. We utilized high-spatial-resolution measurements to uncover the correlation between the shoot fresh weight of pea seedlings and light intensity. Our experiment presents a methodology to separate and quantify light intensity-related variations from other microenvironmental and genetic factors, enabling data-driven decisions in the lighting design process. This methodology can be applied to determine a crop’s light response under production conditions on vertical farms.
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Figure 1. Schematics of the plant arrangement on a cultivation tray. Seedlings were arranged in 12 rows and 7 columns. The mesh size of the 12 × 7 grid was 4 cm in both the x and y directions. The dotted line shows the axis of symmetry of the irradiance created by the pair of LED luminaires shown as purple rectangles. The dotted box shows positions in row 3 from which the related row average was calculated in data analysis. 
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Figure 2. Individual plants on the cultivation tray at the (a) transplantation; and (b) harvest. 
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Figure 3. Top, front, and side view of the experimental vertical farm. The distance between the LED luminaires and the cultivation trays on levels A and B were 45 cm and 21 cm, respectively. The PPFD distribution was tailored by adjusting the power of LED luminaires (LED-B1, LED-B2, LED-A) and the position of trays B1, B2, and A. The color saturation of the stripes representing the LEDs indicates the relative luminaire power: LED-A = 59.5% > LED-B1 = 41.7% >> LED-B2 = 5%. 
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Figure 4. Representative spectral distribution of irradiance measured on tray B1, position row 1, column 1. In this spectrum, the R/B and R/FR ratios were 2.5 and 3.6, respectively. In the experiment, there was only a minor change in the relative intensity of the peaks in the B, G, R, and FR wavebands; only the absolute irradiance changed across the illuminated plane. 
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Figure 5. Horizontal PPFD distributions measured on trays (a) B2, mean = 91 µmol m−2 s−1; (b) B1; mean = 232 µmol m−2 s−1 and (c) A, mean = 249 µmol m−2 s−1. The color scale ranges from 0 to 400 µmol m−2 s−1 in (a–c). Fresh weight distribution of individual seedlings on trays: (d) B2, (e) B1, and (c) A. The color scale ranges from 0 to 6 g in (d–f). 
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Figure 6. Histogram of PPFD distributions: (a) B2; (b) B1; (c) A; R/B ratio: (d) B2; (e) B1; (f) A and: fresh weight (g) B2; (h) B1; (i) A. 
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Figure 7. Comparison of spatial distributions on trays B2, B1, and A: (a) PPFD; (b) R/B ratio; (c) Shoot fresh weight. Pairwise comparisons in Table 2 indicate that the medians of B2 are significantly lower than those of B1 and A, whereas the differences between B1 and A are not statistically different. 
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Figure 8. Correlation between individual fresh weight and PPFD data in the pea growth experiment. Markers differentiate data points related to the cultivation trays: (◯) B2; (≤) B1; and (△) A. The dotted line represents the linear fit to all data points. Estimated parameters: slope = 0.005 ± 0.001, intercept = 1.145 ± 0.21. R2 = 0.31. 31% of the variations can be attributed to the local PPFD changes. 
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Figure 9. Row average of measurement data as defined in Figure 1. Dotted lines represent polynomial fit to the data points: (a) average PPFD by row number on trays: (≤) B1: R2 = 0.998; (△) A: R2 = 0.51. (b) Average shoot weight by row number on trays. (☐) B1: R2 = 0.92; and (△) A: R2 = 0.006. 
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Figure 10. The correlation between the row average fresh weight and the row average PPFD in the pea growth experiment was measured on cultivation trays B1 (☐) and A (△). Individual measurement points were grouped by rows. The dotted line represents the linear fit to all plotted data points. Estimated parameters: slope = 0.0056 ± 0.0014, intercept = 0.97 ± 0.36. R2 = 0.75. 
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Table 1. Photon irradiance parameters were measured for the trays A, B1, and B2. The unit of PPFD, B, G, R and FR is µmol m−2 s−1. FW: shoot fresh weight in grams. R/B denotes the ratio of red and blue photon irradiances. Uo is the overall uniformity defined as the quotient of the minimum and the average of the distribution. The p-value of the normality test is denoted by   p  .
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Tray

	
Parameter

	
PPFD

	
B

	
G

	
R

	
FR

	
R/B

	
FW






	
A

	
Minimum

	
234.90

	
59.12

	
22.55

	
152.98

	
45.92

	
2.42

	
0.55




	
Average

	
248.91

	
63.68

	
23.75

	
161.47

	
49.34

	
2.54

	
2.35




	
Maximum

	
269.37

	
69.06

	
25.32

	
175.30

	
51.90

	
2.65

	
4.55




	
Uo

	
0.94

	
0.93

	
0.95

	
0.95

	
0.93

	
0.96

	
0.23




	
Ud

	
0.87

	
0.86

	
0.89

	
0.87

	
0.88

	
0.91

	
0.12




	
   p   

	
0.009

	
0.002

	
0.076

	
0.013

	
0.138

	
0.715

	
0.12




	
B1

	
Minimum

	
98.62

	
25.98

	
11.01

	
61.63

	
17.28

	
2.22

	
0.23




	
Average

	
232.48

	
59.41

	
22.05

	
151.02

	
41.27

	
2.51

	
2.31




	
Maximum

	
390.93

	
101.33

	
34.22

	
257.55

	
69.00

	
2.78

	
5.67




	
Uo

	
0.42

	
0.44

	
0.50

	
0.41

	
0.42

	
0.89

	
0.10




	
Ud

	
0.24

	
0.25

	
0.31

	
0.23

	
0.26

	
0.85

	
0.04




	
   p   

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.001

	
0.04




	
B2

	
Minimum

	
33.23

	
8.83

	
3.70

	
20.70

	
6.26

	
2.01

	
0.22




	
Average

	
91.14

	
24.48

	
9.38

	
57.29

	
17.31

	
2.34

	
1.70




	
Maximum

	
278.72

	
71.61

	
25.65

	
181.46

	
54.90

	
2.61

	
4.33




	
Uo

	
0.36

	
0.36

	
0.39

	
0.36

	
0.36

	
0.86

	
0.13




	
Ud

	
0.12

	
0.12

	
0.14

	
0.11

	
0.11

	
0.77

	
0.05




	
   p   

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.175

	
0.05











 





Table 2. The p-values of the pairwise non-parametric hypothesis tests for the medians (Kruskal-Wallis test) and variances (Levene’s test). The boldface numbers indicate p-value < 0.05 corresponding to statistically significant differences between the medians or variances.
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Kruskal–Wallis Test (Medians)

	
Levene’s Test (Variances)




	
Parameter

	
Tray

	
A

	
B1

	
B2

	
A

	
B1

	
B2






	
PPFD

	
A

	
1.000

	
-

	
-

	
1.000

	
-

	
-




	
B1

	
0.107

	
1.000

	
-

	
0.000

	
1.000

	
-




	
B2

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
1.000




	
R/B

	
A

	
1.000

	
-

	
-

	
1.000

	
-

	
-




	
B1

	
0.335

	
1.000

	
-

	
0.000

	
1.000

	
-




	
B2

	
0.000

	
0.000

	
1.000

	
0.000

	
0.050

	
1.000




	
FW

	
A

	
1.000

	
-

	
-

	
1.000

	
-

	
-




	
B1

	
0.786

	
1.000

	
-

	
0.101

	
1.000

	
-




	
B2

	
0.000

	
0.000

	
1.000

	
0.015

	
0.000

	
1.000
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