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Abstract

:

Year-round cultivation under light emitting diodes (LEDs) has gained interest in boreal forest regions like Fenno-Scandinavia. This concept offers forest nurseries an option to increase seedling production normally restricted by the short vegetation period and the climate conditions. In contrast to some horticultural crops which can be cultivated entirely under LEDs without sunlight, forest seedlings need to be transplanted outdoors in the nursery at a very young age before being outplanted in the field. Juvenile plants are less efficient using absorbed light and dissipating excess energy making them prone to photoinhibition at conditions that usually do not harm mature plants. The outdoor transfer can cause stress in the seedlings due to high sunlight intensity and exposure to ultraviolet (UV) radiation not typically present in the spectra of LED lamps. This study tested possible treatments for mitigating light shock stress in seedlings of Picea abies (L.) Karst. and Pinus sylvestris L. transplanted from indoor cultivation under LEDs to outdoor sunlight exposure. Three sowings were carried out in 2014 (May and June) and 2015 (May) cultivating the seedlings during five weeks under LED lights only. Afterwards, higher light intensity or UV radiation treatments were applied during one week in order to adapt the seedlings to natural outdoor conditions. After transplanting a transition phase was introduced using shading cloths for one or three weeks as outdoor treatments for light shock mitigation. Chlorophyll fluorescence (ChlF) levels and CO2 assimilation rates were measured before transplanting and followed outdoors during 5 weeks. The ChlF results revealed stress symptoms in the photoreceptors during the first days after transplanting. After five weeks outdoors the ChlF levels had recovered and the light saturation points had shifted, allowing higher CO2 assimilation rates. By the end of the vegetation period the morphological attributes showed no major differences between treatments.
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1. Introduction


Cultivation of forest seedlings under light emitting diodes (LEDs) followed by transplanting to outdoor conditions is a technology receiving increasingly more attention [1,2,3,4,5,6]. Advantages compared to conventional artificial lighting such as lower thermal output, prolonged lamps life span and potential reduction in energy consumption [7,8,9] have been important factors for the growing interest in the technology. Moreover, LEDs allow for unprecedented levels of light intensity control and spectrum customization that can improve the quality of the plants [10].



In horticulture this technology has been used during many years for producing for example flowers and vegetables [11,12,13]. The concept is often based on the assumption that further growth after transplanting to a larger container is also conducted under artificial light without exposing the plants to intense direct sunlight. In contrast, the production of forest seedlings on a year-round basis requires a period of outdoor growth at the nursery before delivery and outplanting at the forest site. Moreover, only a part of the seedlings cultivated under artificial lights can be directly transferred outdoors when the weather conditions are favorable. The rest has to be cold stored, usually in carboard boxes, until the transplanting window opens again [14,15,16].



In Sweden for example, the transplanting window associated with the vegetation period is rather narrow, reaching from about May to August depending on the geographical location. For a cost efficient and environmentally friendly production, the initial cultivation can be done at a high container density. The seedlings can be transplanted afterwards into a larger container system and transferred for further growth outdoors [17,18]. This method reduces the cultivation area under artificial lights and the cold storage space. After storage, transplanting in the nursery or outplanting in the field can have additional challenges especially if a long transport period is added [19]. Field storage in carboard boxes can significantly reduce the frost hardening and increase the seedling mortality [20]. Recent studies in Finland showed that the safe duration depends on the weather conditions and recommended only three days in summer and about a week in spring and early autumn [21].



In any case, either directly after indoor cultivation or following a period of cold storage, transplanting seedlings grown indoors under LED lights to outdoor conditions introduces a potential risk for light shock stress upon sunlight exposure. Studies have mainly focused on adjusting the indoors conditions, such as light quality and intensity, for successful cultivation of forest seedlings under LEDs [22,23,24]. Hence, before adopting a new technology that allows production of forest seedlings on a year-round basis in the boreal region, light shock stress upon transplanting has to be investigated and cultivation protocols reducing the stress have to be developed.



Photosynthesis proceeds at an optimal rate in a narrow irradiance range compared to the range of solar radiation under natural conditions [25,26]. At low light intensity needles use most of the absorbed light for photosynthesis [27]. When seedlings are moved outdoors and exposed to full sunlight, the higher light intensity and the ultraviolet (UV) radiation can create a stress situation reducing the potential for photosynthesis. Additional factors such as drought, nutrient limitation or extremes temperature can increase the stress [28,29,30]. Failure to the adapt to excessive light may result in a sustained reduction in the efficiency of photosynthesis and a retardation in the CO2 uptake. This process of photoinhibition is one of the most important regulatory mechanisms in photosynthesis [31].



In general, plants are able to adapt to a wide range of light environments and have developed different protection mechanisms by which they can avoid or endure excessive energy and reduce photodamage as well as recover quicker from light-induced injuries [31]. However, the regulation of photosynthetic functions is not fully developed in young plants [32,33] making juvenile seedlings less efficient in the utilization of the absorbed light and more prone to photoinhibition by light intensities that usually do not harm mature plants [34,35].



External photoprotection mechanisms can include rapid responses such as changes in the needles angle to regulate the light interception. Biochemical adaptations such as the production of wax on the surface or changes in the chlorophyll content can be slower and relatively reversible responses that can change again if the conditions are further modified [36]. Morphological attributes such as needle size, needles distribution along the shoot, stomatal density and biomass allocation require more time [37] and are practically permanent regardless of further changes in the light conditions [38,39,40].



The environment in which a seedling grows determine their adaptation [37]. So called “shade” needles (developed under low light intensities) usually present higher concentrations of chlorophyll compared to “sun” needles (developed under high light intensities) since they need to absorb and process as much light as possible [41]. When exposed to direct sunlight, excessive irradiance can scorch “shade” needles and reduce their chlorophyll content [42]. Normally, shoots that have developed under low light intensities have less needles per area and these are mainly oriented at the sides of the shoot giving it a flat “umbrella” structure that allows more light interception at the top. In contrast, it has been observed that shoots growing under high light intensities have needles distributed in a more uniform orientation around the stem [40,43]. These adaptations seem to allow the seedling to disperse high radiant fluxes to the lower needles and avoid light saturation in the top [44].



Internal photoprotection mechanisms against high levels of Photosynthetically Active Radiation (PAR) and UV radiation consist mainly on repair and regeneration of important compounds [45]. Screening pigments and compounds absorbing UV light are mainly flavonoids and other phenolic compounds accumulated in the epidermis [31,46,47]. Under UV radiation stress, reactive oxygen species (ROS) are produced. These are chemically reactive substances containing oxygen, for example superoxide and hydrogen peroxide, that can cause damage to proteins, DNA and lipids [48]. When this happens, antioxidant enzymes are activated and initiated to scavenge the harmful radicals [28,49]. It has been observed that needles of conifer seedlings growing at ambient UV radiation contained significantly more phenolics compared to seedlings grown under UV exclusion screens [50,51].



Short-term exposure to UV light could contribute to the adaptation by forming protecting compounds in advance [52] and making the seedlings more tolerant when exposed to sunlight after outdoor transplanting [53]. However, it is important to determine the correct level of UV light to apply because excessive amounts could cause growth inhibition and cellular damage whereas insufficient amounts could produce only stress without delivering any benefits [49]. Since plant protective mechanisms against UV radiation and high PAR are partly overlapping [46], early exposure to higher light intensities could also prepare forest seedlings for outdoor conditions. If applied at the correct time, the treatment could as well influence the morphology and internal structure of the needles in an early stage, making them more adapted for direct sunlight exposure [45].



Regarding light shock stress when directly transplanting seedlings cultivated indoors under LEDs to outdoor conditions, two main aspects can be highlighted according to what has been stated:




	
Lack of protective mechanisms against UV radiation since this is almost absent during the indoor cultivation phase. This could imply that plants need to accumulate UV absorbing compounds in order to cope with UV exposure outdoors [50,54,55].



	
Lack of protective mechanisms against high light intensity. Light intensity levels during indoor cultivation are usually much lower than intensity levels outdoors. Hence, seedlings could be exposed to higher light intensity during parts of the indoor cultivation and perhaps also need to be transferred to outdoor conditions through an adaptation phase under shade cloths [56,57,58].








This study is to our knowledge one of the few within this field of forest research and will hopefully be instrumental for continuous research for future introduction of new cost efficient and environmentally friendly year-round cultivation regimes of forest seedlings. Given the climate limitation it is of importance that this study will be followed by additional research that will open the possibility to produce forest seedlings on a year-round basis in the boreal region.



The objective of this study was to identify cultivation protocols for Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst) seedlings based on different light spectra, intensity and duration to reduce the risk of poor quality due to light shock stress when transplanting from indoor cultivation under LED lights to outdoor sunlight exposure. In addition, included in the objective is to estimate the energy consumption for the different treatments during the indoor cultivation.




2. Materials and Methods


2.1. Plant Material


The seeds of Norway spruce (Picea abies (L.) Karst) had a provenance of Vitebsk, Belarus (lat. 55.2°; long. 30.2°) with a germination energy of 96.5% measured after 7 days and a germination rate after 21 days of 99.0%. The seeds of Scots pine (Pinus sylvestris L.) came from the Gotthardsberg seed orchard in Sweden (lat. 58.4°; long. 16.6°) and had the same germination energy and germination rate corresponding to 99.8%.



Three separate sowings were carried out (5th May 2014, 17th June 2014 and 25th May 2015). For each species, four mini-plug trays (QP D 576 QuickPot®, Herkuplast-Kubern; Ering, Germany) with high container density were directly sown every time (tray size: 310 × 530 mm; density: 3500 seedlings per m2; 576 cells per tray; volume per cell: 3.5 cm3). In order to facilitate transplanting, the mini-plugs were filled with a stabilized peat containing a binding agent (Preforma PP01, Jiffy International AS; Kristiansand, Norway).




2.2. Indoor Cultivation


The cultivation was done in an indoor growth room facility with a controlled environment. The seedlings were maintained in this room for a total of six weeks from the time of sowing until the time of outdoor transplanting. This time corresponded to:




	
One week for germination,



	
Four weeks of vegetative growth,



	
One week for indoor treatments.








During the first week, the ambient temperature was set to 20 ± 2 °C with an air relative humidity (RH) of 80 ± 10% in order to promote germination. The RH was reduced to 60 ± 10% for the following five weeks corresponding to the vegetative growth phase. The irrigation was done by flooding the substrate in the trays until saturation twice a week. The trays were rotated one position clockwise at the time of irrigation to maintain similar growing conditions.



The indoor cultivation was done solely under artificial lights using LED grow lamps (B100-AP67, Valoya OY; Helsinki, Finland) with a continuous spectra within the PAR region (400–700 nm) [25]. Throughout the first five weeks, the photosynthetic photon flux density (PPFD) at substrate level was adjusted to 100 ± 10 μmol·m−2·s−1 with a 16 h photoperiod. This roughly corresponds to a daily integrated PPFD of 5.8 mol·m−2·d−1 also known as daily light integral (DLI) [59]. The spectra and intensity of the lamps was measured at the beginning and at the end of each trial using a JAZ spectroradiometer (Ocean Optics; Largo FL, USA) to assure an even distribution over the entire growing area.



2.2.1. Indoor Treatments


During the 6th week of indoor growth without sunlight, trays of each species were randomly assigned to different treatment and placed in a separate area within the same growth room facility which was maintained at the same environmental conditions. The trays assigned to the control group remained under the same regime of 16 h photoperiod at a light intensity of 100 ± 10 μmol·m−2·s−1 (see Figure 1, “LED-control”).



Based on recommendations for medium-light crops [60,61] and previous trials [24], the high light intensity treatment was adjusted to 300 ± 10 μmol·m−2·s−1 with a 16 h photoperiod (see Figure 1, “LED—High intensity”) producing a DLI of about 17 mol·m−2·d−1.



Although studies regarding the effects of UV light on conifer species have been made [50,52,62], few data were found on recommended UV exposure for indoor cultivation of forest seedlings. For this reason, two treatment durations of UV light exposure were chosen equivalent to 30 or 60 min. Ultraviolet A (UVA) radiation, defined as a part of the UV radiation within 315–400 nm [63], was applied simultaneously with the photosynthetic light. The UV instantaneous photon flux density (UV-PFD) was of 87 μmol·m−2·s−1 (see Figure 1, “UVA”) corresponding to a daily integrated UV photon flux (UV-DI) of 0.16 mol·m−2·d−1 for the 30 min treatment (UVA 30 min) and 0.31 mol·m−2·d−1 for the 60 min treatment (UVA 60 min).



After evaluating the outdoor conditions during the two sowings of 2014, it was observed that the measured natural UV light intensity had a median of 96.6 μmol·m−2·s−1 and corresponded well with the artificial UVA light intensity provided by the lamps. However, the median amount of natural UVA light integrated throughout the day was equivalent to 1.9 mol·m−2·d−1 which is more than 5 times higher than the indoor treatment. Therefore, during the sowing of 2015, only one UVA treatment was applied indoors and the duration of the exposure was increased to 240 min (UVA 240 min) delivering a UV-DI of 1.25 mol·m−2·d−1 making the indoor exposure level closer to the outdoor levels.




2.2.2. Light Sources


The LED grow lamps used for regular cultivation and for the “high intensity” treatment contained 11% blue (400–499 nm), 15% green (500–599 nm), 54% red (600–699 nm) and 17% far-red (700–799 nm) spectral photon irradiance (Figure 1). The blue/green ratio (B/G) of 1.1 was calculated using a band of ±35 nm around the peak wavelengths for blue light (centered at 455 nm) and green light (centered at 535 nm) [64]. The red/far-red ratio (R/FR) of 2.8 was calculated considering a band of ±20 nm around the peak wavelengths for red light (centered at 660 nm) and far-red light (centered at 730 nm) in accordance to [65].



The UV-LED luminaries used were developed by the same manufacturer (B100-UV, Valoya OY; Helsinki, Finland) with a peak irradiance at 389 nm. The spectrum contained 80% UV light (300–399 nm) and 14% blue light (400–499 nm). The rest was near infrared light (IR-A), mainly registered as heat.



Figure 1 contains a detailed description of the spectral characteristics of the light sources used in the trials including values for the Yield Photon Flux (YPF) and the Phytochrome Photostationary State (PSS) calculated according to [66], as well as electrical measurements done using a Fluke 45 True RMS multi-meter (Fluke Corporation; Everett WA, USA) as described in [24].





2.3. Outdoor Cultivation


After 6 weeks of indoor cultivation, including light intensity and UVA treatments, 120 seedlings from each treatment and species were randomly selected and transplanted into multi-pot containers (Hiko V93, BCC AB; Landskrona, Sweden) of bigger dimensions (tray size: 352 × 216 mm; density: 526 seedlings per m2; 40 cells per tray; volume per cell: 93 cm3) filled with peat substrate (Närkes miljöproduktion AB, Sweden). Three trays with 40 seedlings each were transplanted per treatment and species for every sowing.



The transplanted seedlings were placed outside of the research forest nursery facilities of Dalarna University at Vassbo, Sweden (lat. 60.53°; long. 15.53°; alt. 130 m). To avoid drought stress after transplanting, automatic irrigation was done daily with approximately 7 L of water per m2 (14 trays correspond to 1 m2). Manual fertilization was done twice a week using a complete mineral nutrient solution (Wallco, Sweden) dissolved in water. The weekly nitrogen supply was 3 g·m−2 over the growing area until the end of the vegetation period.



In this study, the term “transplanting” comprised as well the immediate transfer after indoor cultivation to outdoor conditions in the nursery for extended growth during the rest of the vegetation period. This to differentiate it from the concept of “outplanting” which includes the transport before delivery to the field and the planting in the forest [19]. Table 1 shows a summary of the sowing and transplanting dates, as well as the time spent outdoors before the attributes assessment.



2.3.1. Outdoor Treatments


The outdoor treatments consisted of a transient phase using a shading cloth which could help reduce the stress and improve the acclimatization between the growth room facility and the outdoor conditions by reducing the solar irradiance during the first week(s) [58]. Unshaded control seedlings were placed directly under sunlight while the treated seedlings were placed under a climate screen SOLARO 3320 (AB Ludvig Svensson, Kinna, Sweden) 50 cm above the seedlings during one or three weeks. The climate screen reduced the light intensity by 30%. Regarding the spectral composition under the screen, tests showed no major differences compared to ambient sunlight [58].



A summary of the indoor and outdoor treatments studied in each sowing is shown in Table 2.




2.3.2. Solar Radiation and Ambient Temperature


The Photosynthetically Active Radiation (PAR) was measured every minute and logged in 15 min intervals using two quantum sensors SQ-110 (Apogee Instruments, Logan UT, USA) placed together with the trays at the same level as the substrate. One sensor was placed under the shading cloth and the other one outside the cloth. The ultraviolet (UV) radiation was measured likewise using two UV sensors SU-100 (Apogee Instruments, Logan UT, USA) with a spectral response between 250–400 nm. Finally, the ambient temperature was monitored using a weather station Vantage Pro2 (Davis Instruments, Hayward CA, USA).



Both years during which the study was carried out presented unusually high solar irradiance level in the region near the research station [67] compared to measurements for ambient temperatures and calculated PAR values reported by the Swedish Meteorological and Hydrological Institute (SMHI) [68,69]. The potential for light shock stress could therefore be considered high during both years. The data monitored at the nursery are presented in Figure 2 together with the historical range recorded by SMHI.





2.4. Seedling Measurements


At the end of the vegetation period after the outdoor cultivation, 60 seedlings per species were randomly selected from each sowing and measured to evaluate their growth development. The material attributes [70] measured were shoot height (mm) and stem diameter (mm), as well as the dry weight (g) (DW) of the shoot and roots. For the dry weights, the samples were dried in an oven for 24 h at 100 °C and then placed in a desiccator another 24 h before weighing the seedlings individually.



The seedling quality was evaluated based on their sturdiness calculated as the ratio of the shoot height to stem diameter (height:diameter ratio), and based on their shoot:root ratio [70] as an indicator of biomass balance between their photosynthetic and transpirational zone (shoot system) and their nutrient and water absorbing zone (root system) [71]. Irregularities in these ratios could evidence light stress damage on the shoot system which could affect the seedlings’ future performance in the field [70]. Figure 3 presents a graphical summary of the methodology followed in this study including the indoor treatments and the direct transplanting to outdoor conditions.



2.4.1. Chlorophyll Fluorescence


Chlorophyll fluorescence (ChlF) can measure the efficiency of the Photosystem II (PSII) which is in of charge of the light depending reactions in photosynthesis [72]. When the amount of light absorbed exceeds the amount of energy that the plant can utilize, the efficiency of PSII is reduced resulting in a delay of photosynthesis that affects the CO2 uptake [73]. Measuring ChlF is a straightforward method for detecting evidence of photodamage and evaluating seedling stress caused by excessive absorbed light energy [73]. ChlF has been suggested as a good estimator for seedling stress and possible performance in the field [74].



For the third sowing (S3), 15 random seedlings per treatment and species were selected for measurements of ChlF levels before and after transplanting. The seedlings were individually identified and followed during 35 days with measurements starting the day before and after transplanting followed by weekly measurements (days: 0,1,7,14,21, and 35) to trace the acclimation process. The ChlF levels of the seedlings under the shading cloth were also measured the day after removing the protective screen (day 8) to evaluate the impact of the transition phase.



The maximum quantum yield of the PSII (Fv/Fm) was measured using a portable Chlorophyll Fluorometer FMS 2 (Hansatech Instruments, UK). This device measures the efficiency at which the light that PSII absorbed is available for photochemistry in a dark-adapted sample when all reaction centers are open. The procedure used was carried out as described by [75] with a dark-adaption time of one hour. The top part of the shoot of each seedling was placed under the measuring light to obtain the minimal level of fluorescence F0. Finally, a saturating flash of light was applied to measure the maximum level of fluorescence in the dark-adapted state Fm. The maximum quantum yield of the PSII in the dark adapted state was calculated according to [76] as:


Fv/Fm = (Fm − F0)/Fm



(1)








2.4.2. Photosynthetic Light-Response Curves


A lower photosynthesis and a reduction in the CO2 uptake are direct consequences of photodamage caused by excessive radiation [31]. In order to evaluate these possible effects, the net CO2 assimilation at different light intensities was recorded to generate the photosynthetic light-response curves. Three seedlings of each treatment and species in S3 were randomly selected and their photosynthetic light-response curves were measured the day before transplanting. After 5 weeks outdoors an additional set of three seedlings per treatment and species were randomly sampled and analyzed.



The response of the seedlings to different PPFD was measured using an open gas exchange system CIRAS-3 (PP-Systems, USA) with an attached PLC3 conifer cuvette (Part No. CRS302) and a LED unit (Part No. CRS305) as light source. The gas exchange system was programmed to automatically start from a high light intensity and decrease in intervals until reaching darkness as suggested in [77]. The PPFD was maintained for at least 5 min in order to allow the seedling to acclimate and the photosynthesis level to stabilize. The CO2 concentration in the cuvette was 390 µmol·mol−1 with constant air flow of 300 mol·s−1. The chamber temperature was regulated at 20 °C and a relative humidity of 60%. After the gas exchange measurement, each seedling was dried in an oven for 24 h to measure the needles dry mass.



The net CO2 uptake was calculated and expressed as function of the needles dry mass (µmol CO2·kg−1·s−1) instead of projected needle area following the example of [78]. Since the complete shoot system was introduced in the cuvette, this method was considered more appropriate compared to the projected needle area. Moreover, mass-based gas exchange rates have found to be more consistent with the relative growth rate [79,80].





2.5. Data Analysis


The data analysis was performed using the software R-version 3.6.1 [81] and the results are graphically presented using the R package ggplot2 [82] following when possible the RDI principle showing individual Raw data points, Descriptive statistics and Inferential statistics in one plot as suggested in [83,84]. The spectral analysis was done using the r4photobiology suite [85] and the corresponding methods for photobiology calculations in R [86].



All indoor treatments in this study were done using the same set of LED lamps in the same growing room facilities. The environmental conditions were constantly controlled and the tests were repeated via three sowings using the same settings for indoor temperature and humidity.



Descriptive statistics (mean and standard error) for the measured morphological attributes are presented for completeness in the Appendix A, Table A1 for Norway Spruce and Table A2 for Scots pine. The means for morphological attributes of the treatments together with individual data points are presented in order to illustrate the data distribution in the format suggested by [71].



For the case of the ChlF data the analysis was done separately for each species following the structure of a repeated measures ANOVA with methodology described by [87,88] to study the effects of the treatments within subjects. The R package nlme [89] was used to generate a mixed effect model with both a random intercept and a random slope for each treatment to explicitly model the changes in ChlF for individual seedlings over time.





3. Results


Chlorophyll fluorescence allows a better understanding of the seedling’s physiological status especially in the early days after transplanting before the PSII has adapted to the outdoor conditions. When analyzing the measurements of the individual seedlings of S3, there was a visible effect of the treatment within each seedling’s ChlF level in respect to time.



Control seedlings of Norway spruce had the highest drop in ChlF during the first seven days being considerably lower compared to the other three treatments (see Figure 4). After the shading cloth was removed, the ChlF levels of both the control and the seedlings under the shading cloth were similar. For Scots pine seedlings, the differences were not so pronounced but still noticeable. The control seedlings evidenced the highest stress in the PSII followed by the seedlings in the UVA-240 min treatment. The seedlings treated under high light intensity and under the shading cloth showed the lowest signs of stress. This was true until the shading cloth was removed on the eighth day and the ChlF level of the seedlings under that treatment dropped.



After 14 days of outdoor conditions, the changes in ChlF for individual seedlings over time was not significant anymore. By the end of the vegetation period the survival rate was nearly 100% in all treatments and even the most affected seedling had managed to recover and produce new needles adapted to the outdoor conditions.



The net CO2 assimilation rates also varied between the measurement times. The seedlings of Norway spruce showed very small variations between treatments before transplanting compared to the seedlings of Scots pine which showed a reduced photosynthesis rate for the seedlings treated under the high light intensity (Figure 5). This trend was reverted five weeks after transplanting when the seedlings of Scots pine showed no marked differences between treatments but Norway spruce seedlings presented noticeable variations.



For both species, the seedlings increased their assimilation rates on a dry-mass basis once they had adapted to natural light. The day before sunlight exposure, regardless of treatment, the light saturation point was at around 200 μmol·m−2·s−1 for Norway spruce seedlings and for Scots pine around 400 μmol·m−2·s−1. Five weeks after transplanting, the light saturation point had shifted to approximately 500 μmol m−2·s−1 for Norway spruce and was close to 1000 μmol·m−2·s−1 for Scots pine seedlings independently of the treatment (see red arrow in Figure 5).



The results of the gas exchange measurements shown in Figure 5 support the findings of the ChlF measurements (Figure 4). While the ChlF measures the direct stress on the photoreceptors in PSII, the photosynthetic light-response curves give a broader insight to the whole photosynthetic apparatus. The results of both the chlorophyll fluorescence and the CO2 assimilation rate showed an initial stress in the seedlings followed by an adaptation process to the outdoor light conditions.



At the end of the vegetation periods there were no noticeable differences in the morphological attributes between the treated and the control seedlings in any of the sowings for either of the species. There is neither a marked difference between the indoor and the outdoor treatments. In general, the seedlings of Norway spruce had a trend to be more elongated with respect to their stem diameter with average ratios around 75:1. Seedlings of Scots pine tended to be sturdier and the seedlings of S1 and S3 were close to 50:1 regarding their height:diameter ratio (Figure 6, presented in the format as suggested by [71]).



Regarding the seedlings’ biomass distribution between the shoot and the root (shoot:root ratio), there is no major difference between the species and treatments nor between the sowings as shown in Figure 7 (also presented in the format suggested by [71]). The general trend is towards a 4:1 ratio for Norway spruce and between 3:1 and 2:1 for Scots pine seedlings.



Finally, the energy consumption during the different indoor treatments are presented in Figure 8 showing a variation depending on the chosen treatment. The LED lamps in the control had a power consumption of 41 W for 16 h and 7 days. This amounts to 4.6 kWh per m2 of cultivation area. The high intensity treatment provided triple irradiance to the plants compared to the control with a power of 118 W, which is equal to 13.2 kWh per m2 of cultivation during the treatment phase.



Due to the higher energy of the photons produced and the lower efficiency of the chips, the UVA LED lamps had a considerably higher power requirement of 157 W. Treating the seedlings during 30 or 60 min daily during a week required 0.6 or 1.2 kWh per m2 of cultivation area respectively. When adopting a 4 h treatment as in S3 the energy consumption was 4.4 kWh per m2 of cultivation area. The seedlings assigned to the UVA treatments also required photosynthetic light during the treatment time and thus the energy required for the UVA lamps was added to the level of the control (see Figure 8).



The difference in energy consumption relative to the control level showed a direct relationship between the power of the lamps at the selected intensity and the amount of time they were used. Each hour of UVA lighting increased the energy consumption by roughly 24% compared to the control group. This means that adding 4 h of artificial UVA radiation almost doubled the energy consumption. Lastly, tripling the light intensity from 100 to 300 μmol·m−2·s−1 using the same LED lamps had a relative energy consumption of approximately 290% with respect to the control level.




4. Discussion


The successful acclimatization of forest seedlings cultivated solely under LED lights depends to a large extent on the differences between the indoor and outdoor conditions at the time of transplanting [28]. When the environment is drastically changed and the light intensity is significantly increased as in the case of an outdoor transplanting, it is likely that some photodamage will occur before the protective mechanisms are activated. If the damage is not severe, the seedling might recover and create new structures adapted to the new conditions. However, the ability of acclimatizing pre-existing needles and the rate at which this happens differs among species [28].



In northern latitudes, the natural sunlight conditions change considerably throughout the year with particularly high levels during spring and summer. During the monitoring period of this study, the PAR reached levels above 2000 μmol·m−2·s−1 and the UV radiation above 180 μmol m−2·s−1 during some days. The daily proportion of UV to PAR light ranged between 5% to 16% and were similar under the shading clothes. The year 2014 had a particularly warm and dry summer [67] with conditions that caused a higher risk for light shock stress. However, once the seedlings were adapted to those conditions, they were able to benefit from the constant sunny weather. This resulted in larger and sturdier seedlings after the vegetation period of 2014 compared to 2015 when looking at S1 and S3 which both had more than 10 weeks of outdoor growth (see Figure 6).



In this study, the light shock stress during the first days after transplanting was evidenced with a considerable drop in the maximum quantum yield of the PSII (Fv/Fm) within seedlings of both species and all treatments. The levels drastically fell below the recommended values of around 0.81–0.83 for healthy and non-stressed plants when measured in a dark adapted state [75,90,91,92]. Untreated seedlings of both species presented lower ChlF levels and a more pronounced drop when comparing them to seedlings of other treatments with respect to time of measurement.



For Norway spruce, the shading cloth seemed to provide similar protection levels as the natural mechanisms developed by seedlings treated indoors with higher light intensities or UVA for 240 min. However, on the eighth day when the shading cloth was removed, the ChlF levels dropped to the levels of the control seedlings. For Scots pine seedlings there were also changes at the various measuring times, especially during the first days after transplanting. The control seedlings had the steepest decline in ChlF levels followed by the seedlings treated with 240 min of UVA. As with Norway spruce, once the shading cloth was removed and the seedlings were exposed to direct sunlight, the value for the ChlF dropped. This could indicate that the transient phase under the cloths was too short for the seedlings to adapt and emphasizes the need for an adaption phase indoors in order to promote the internal generation of photoprotective mechanisms in the cells [57,58].



As time passed, the seedlings recovered from the stress and were able to repair the damage and create new needles adapted to the outdoor conditions. When measuring the maximum photochemical efficiency of PSII in top needles after three weeks, no differences were found among species or treatments. After 35 days the values had almost reached normal levels again. This apparent dilution of the treatments effect over time is usually expected as the seedlings acclimate and produce new needles adapted to the outdoor conditions [28].



Before transplanting, the seedlings were adapted to indoor light conditions and reached their maximum photosynthesis level at much lower light intensity. The seedlings of Norway spruce had a similar light response curve regardless of the treatment. Seedlings of Scots pine treated under high intensity lights exhibited a lower CO2 assimilation rate per dry mass compared to the other treatments partly because they had developed relatively more biomass. This matches well the results of previous experiments under different LED intensities [24]. It also agrees with other studies that evaluated gas-exchange measurements in function of the dry-mass [93] because seedlings grown under insufficient light conditions often develop elongated and water saturated stems with a lower dry-mass [80,94].



The maximum net CO2 uptake before transplanting for Norway spruce seedlings was at around 200 μmol m−2·s−1 and around 400 μmol·m−2·s−1 for Scots pine seedlings regardless of the treatment. After 35 days outdoors, Norway spruce seedlings had a light saturation point at approximately 500 μmol·m−2·s−1 and Scots pine seedlings had a maximum CO2 uptake at about 1000 μmol m−2·s−1 independently of treatment. As a consequence, once they had adapted to natural light, seedlings of both species increased their CO2 assimilation rates on a dry-mass basis. In general, species adapted to high light environments like Scots pine develop higher rates for capturing available resources and grow faster than those adapted to low light environments [80].



The shape of the light-response curves for seedlings of both species changed when comparing the measurements before transplanting and after 35 days outdoors. The light compensation point, defined as the light intensity at which the respiration matches the photosynthesis [95], moved slightly to the right due to a change in the initial slope of the curve. The main evidence of an adaptation however was the shift of the light saturation points towards higher light intensities for both species. The light saturation point in the CO2 assimilation curve indicates the moment when light is no longer the limiting factor and after which increasing the PAR intensity does not result in a linear increase in photosynthesis and can even produce stress in the photoreceptors [96].



While chlorophyll fluorescence measurements can detect a reduction in the efficiency of PSII and a decline in photosynthesis that affects the CO2 uptake [31], gas exchange measurements of the net CO2 assimilation allow to assess the reduction in efficiency of the whole photosynthesis process [96]. The results of both the chlorophyll fluorescence measurements and the CO2 assimilation rates (see Figure 4 and Figure 5) could indicate an initial stress in the seedlings followed by a physiological adaptation to the outdoor light conditions [28].



At the end of the vegetation period the seedlings had similar morphological attributes regardless of the treatment. The seedlings of Norway spruce tended to have more elongated stems with height:diameter ratios around 75:1 for all sowings. In contrast, Scots pine seedlings showed the trend of becoming sturdier with lower ratios closer to 50:1. Regarding the biomass distribution, seedlings of Norway spruce presented a high shoot:root ratio of around 4:1. This result agrees with studies that have shown that seedlings adapted to low light allocate more biomass to stems and less to roots in order to capture more light [79,80]. In contrast seedlings of Scots pine allocated more biomass to the root system reaching shoot:root ratios for S1 and S2 of around 3:1 and of 2:1 for S3. Assigning more resources to the root zone combined with a higher light tolerance can contribute to a faster establishment in the field [19,70].



The seedlings of Scots pine in this study adapted rapidly to the outdoor conditions and showed only slight visual signs of stress from the light shock. In contrast, the seedlings of Norway spruce were more affected by the change in conditions and possibly suffered photodamage showing some dry needles and visual signs of discoloration just a couple of days after transplanting. These differences can be explained by the natural adaptation of each species: Norway spruce is considered a shade-tolerant tree that naturally develops under the canopy of sheltered woods under low light conditions [97]. In contrast Scots pine is considered a pioneer species adapted to high light intensities that establishes well under full sunshine in clear sites and after forest fires [98,99].



This fundamental genetic differences between the species play a very important roll in the seedling’s success and the selection of light shock mitigation methods during cultivation. Although the results of this study suggest that the seedlings of both species managed to cope with the light shock stress and adapt to the outdoor conditions, additional studies within this field are required and of great importance. Future research should focus on possible treatments to mitigate the combined effects of other factors such as high temperature and drought stress together with sunlight exposure.



Finally, the energy consumption is an important factor to be considered in the outline of future cultivation protocols of a year-round production concept. Increasing the light intensity will increase the energy consumption proportionally. In this study, going from 100 to 300 μmol·m−2·s−1 for the treatment roughly triplicated the electricity per m2 needed during the last week. In comparison, every hour of UVA treatment requires 1.2 kWh per m2 of cultivation area. Taking this into account, it requires 46% more electricity per m2 of cultivation area to increase the PAR intensity to 300 μmol m−2·s−1 during the last week than to treat the seedlings with UVA light during 4 h each day.



Even if at first it could seem more energy efficient, the use of UVA treatments also implies the acquisition of additional UV-LED lamps instead of just increasing the intensity of the existing growing LED lamps. Moreover, UV-LED chips are not so commonly used and are not as developed as the LED chips for other wavelengths, resulting in lower efficiencies, higher production costs and much shorter lifetimes [100]. The UV luminaires used in this study had approximately four times more energy consumption per photon output when measured directly underneath the luminaire compared to the LED grow lamps. This is due to the lower efficiency of UV-LEDs chips and the fact that UV photons have higher energy wavelengths.



Mitigating transplant stress, light shock is specifically a topic of crucial importance for tree nurseries in the boreal climate region planning to adopt a year-round cultivation concept under LED lamps. If this concept is to be successfully implemented, it is necessary to find growth protocols that help the seedlings bridge the transition to sunlight exposure with less stress. The application of outdoor treatments such as shading cloths and climate screens in commercial nurseries imply more equipment, increased costs as well as extra labor. Therefore, the development of an indoor method that can be applied directly in the growth room facility to effectively mitigate the effects of the outdoor light shock is preferable.




5. Conclusions


	
The main objective of the study, which was to identify successful protocols for light shock mitigation, was not reached. The applied treatments did not significantly improve the adaptation of the tree seedlings cultivated only under LED lights when transplanted to outdoor conditions. Nevertheless, there was a tendency that some preconditioning could reduce the light shock during the first days of transplanting, especially the high light intensity and the shading cloth treatments. Therefore, there is a need for additional studies with a broader approach of treatments that could mitigate the light shock stress.



	
Both the spectral characteristics as well as the light intensity in the growth room facilities differ considerably from the natural outdoor conditions as seen in Figure 1. Further studies on the topic should focus on finding indoor treatments that adjust gradually the light intensity and spectrum including UV-light to levels that are closer to the outdoor conditions.



	
Regardless of whether the seedlings had been treated or not, the chlorophyll fluorescence levels revealed signs of light shock stress and damage of the PSII after transplanting to direct sunlight. The most affected seedlings were those in the control group, especially Norway spruce, with a significant decrease in their maximum quantum yield of the PSII.



	
Gas exchange measurements showed the acclimation of the seedlings from a more comprehensive perspective (not only the photoreceptor but the whole photosynthetic apparatus) and revealed a change in the light saturation points of the photosynthetic light-response curves of seedlings of both species after 35 days outdoors. This shift towards higher PPFD evidence an adaptation of the photosynthetic apparatus that allows the seedlings to cope with elevated light intensities and sustain higher CO2 uptake and faster growth in outdoor conditions.



	
At the end of the vegetation period, seedlings from all treatments were able to withstand and recover from the light shock stress. The morphological attributes showed no differences between the treatments within each sowing (height:diameter and shoot:root ratio). Nevertheless, since seedlings of all treatments were affected, it is difficult to predict the full development potential if the light shock stress had been avoided.



	
The properties of the indoor treatments (light intensity level or duration of the UV exposure) had a major impact on the energy consumption. Therefore, these factors should be further analyzed in future studies to continue developing the concept of year-round cultivation of forest seedlings in the boreal climate region.
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Table A1. Material attributes of Norway spruce seedlings after one vegetation period.






Table A1. Material attributes of Norway spruce seedlings after one vegetation period.





	
Norway Spruce

	

	
Sowing 1 (2014-05-05)

	
Sowing 2 (2014-06-17)

	
Sowing 3 (2015-05-25)




	

	

	
Indoor Treatments

	

	

	

	

	

	
Indoor Treatments

	

	

	

	

	

	
Indoor Treatments

	

	

	




	
Attribute

	
Outdoor Treatments

	
Control

	
High Intensity

	
UVA 30 min

	
UVA 60 min

	
Control

	
High Intensity

	
UVA 30 min

	
UVA 60 min

	
Control

	
High Intensity

	
UVA 240 min






	
Shoot height (mm)

	
No shading cloth (control)

	
75.4

	
(3.7)

	
82.6

	
(4.0)

	
63.4

	
(3.0)

	
75.2

	
(2.7)

	
40.8

	
(1.5)

	
40.0

	
(1.2)

	
41.4

	
(2.5)

	
45.8

	
(0.7)

	
61.1

	
(2.5)

	
62.1

	
(1.5)

	
64.9

	
(2.0)




	

	
Shading cloth-1 week

	
90.6

	
(2.3)

	
87.2

	
(4.5)

	
89.0

	
(3.0)

	
92.8

	
(3.8)

	
45.6

	
(2.1)

	
45.0

	
(1.9)

	
45.6

	
(0.5)

	
41.6

	
(1.0)

	
61.3

	
(1.4)

	

	

	

	




	

	
Shading cloth-3 weeks

	
94.0

	
(2.2)

	
94.6

	
(4.7)

	
86.2

	
(4.0)

	
90.4

	
(2.3)

	
44.6

	
(1.2)

	
42.4

	
(1.7)

	
45.8

	
(2.2)

	
45.8

	
(1.8)

	

	

	

	

	

	




	
Stem diameter (mm)

	
No shading cloth (control)

	
0.94

	
(0.05)

	
1.06

	
(0.09)

	
0.88

	
(0.07)

	
0.98

	
(0.04)

	
0.48

	
(0.02)

	
0.54

	
(0.02)

	
0.56

	
(0.05)

	
0.52

	
(0.04)

	
0.88

	
(0.03)

	
0.92

	
(0.02)

	
0.92

	
(0.02)




	

	
Shading cloth-1 week

	
1.18

	
(0.06)

	
1.14

	
(0.06)

	
1.12

	
(0.05)

	
1.26

	
(0.07)

	
0.58

	
(0.04)

	
0.54

	
(0.02)

	
0.54

	
(0.05)

	
0.70

	
(0.03)

	
0.89

	
(0.03)

	

	

	

	




	

	
Shading cloth-3 weeks

	
1.14

	
(0.12)

	
1.08

	
(0.04)

	
1.08

	
(0.04)

	
1.12

	
(0.05)

	
0.64

	
(0.05)

	
0.58

	
(0.04)

	
0.60

	
(0.03)

	
0.60

	
(0.03)

	

	

	

	

	

	




	
Height: diameter

	
No shading cloth (control)

	
81.0

	
(5.2)

	
79.0

	
(3.4)

	
73.0

	
(3.2)

	
77.1

	
(3.9)

	
85.2

	
(2.1)

	
74.6

	
(3.5)

	
76.1

	
(6.9)

	
89.8

	
(6.3)

	
69.3

	
(2.4)

	
67.9

	
(1.6)

	
70.7

	
(2.0)




	

	
Shading cloth-1 week

	
77.3

	
(2.8)

	
76.8

	
(3.5)

	
79.9

	
(3.3)

	
74.1

	
(2.4)

	
80.1

	
(7.1)

	
83.7

	
(3.9)

	
87.3

	
(7.7)

	
59.9

	
(2.9)

	
69.3

	
(2.0)

	

	

	

	




	

	
Shading cloth-3 weeks

	
85.8

	
(7.9)

	
87.5

	
(2.1)

	
79.9

	
(2.6)

	
81.5

	
(4.7)

	
71.3

	
(5.2)

	
74.6

	
(6.3)

	
77.7

	
(7.3)

	
77.7

	
(6.5)

	

	

	

	

	

	




	
Shoot DW (g)

	
No shading cloth (control)

	
0.163

	
(0.015)

	
0.172

	
(0.064)

	
0.099

	
(0.031)

	
0.144

	
(0.023)

	
0.030

	
(0.007)

	
0.028

	
(0.003)

	
0.031

	
(0.006)

	
0.032

	
(0.003)

	
0.113

	
(0.034)

	
0.121

	
(0.021)

	
0.127

	
(0.022)




	

	
Shading cloth-1 week

	
0.207

	
(0.019)

	
0.201

	
(0.013)

	
0.217

	
(0.044)

	
0.235

	
(0.059)

	
0.039

	
(0.008)

	
0.037

	
(0.005)

	
0.037

	
(0.004)

	
0.033

	
(0.004)

	
0.112

	
(0.026)

	

	

	

	




	

	
Shading cloth-3 weeks

	
0.260

	
(0.014)

	
0.219

	
(0.017)

	
0.219

	
(0.033)

	
0.227

	
(0.039)

	
0.040

	
(0.002)

	
0.033

	
(0.006)

	
0.034

	
(0.002)

	
0.033

	
(0.005)

	

	

	

	

	

	




	
Root DW (g)

	
No shading cloth (control)

	
0.037

	
(0.003)

	
0.038

	
(0.006)

	
0.027

	
(0.006)

	
0.036

	
(0.002)

	
0.007

	
(0.001)

	
0.008

	
(0.001)

	
0.009

	
(0.001)

	
0.009

	
(0.001)

	
0.031

	
(0.002)

	
0.039

	
(0.002)

	
0.039

	
(0.003)




	

	
Shading cloth-1 week

	
0.057

	
(0.008)

	
0.053

	
(0.008)

	
0.054

	
(0.003)

	
0.053

	
(0.006)

	
0.010

	
(0.001)

	
0.011

	
(0.001)

	
0.010

	
(0.001)

	
0.009

	
(0.001)

	
0.036

	
(0.004)

	

	

	

	




	

	
Shading cloth-3 weeks

	
0.072

	
(0.008)

	
0.058

	
(0.011)

	
0.048

	
(0.005)

	
0.056

	
(0.003)

	
0.011

	
(0.001)

	
0.008

	
(0.001)

	
0.008

	
(0.001)

	
0.008

	
(0.001)

	

	

	

	

	

	




	
Shoot: root

	
No shading cloth (control)

	
4.69

	
(0.78)

	
4.60

	
(0.34)

	
4.12

	
(0.51)

	
4.01

	
(0.16)

	
4.41

	
(0.39)

	
3.45

	
(0.41)

	
3.33

	
(0.17)

	
3.67

	
(0.35)

	
3.68

	
(0.15)

	
3.15

	
(0.14)

	
3.36

	
(0.19)




	

	
Shading cloth-1 week

	
3.77

	
(0.35)

	
3.89

	
(0.29)

	
4.00

	
(0.18)

	
4.49

	
(0.20)

	
3.75

	
(0.21)

	
3.66

	
(0.50)

	
3.57

	
(0.27)

	
3.72

	
(0.48)

	
3.24

	
(0.16)

	

	

	

	




	

	
Shading cloth-3 weeks

	
3.82

	
(0.54)

	
4.24

	
(0.77)

	
4.76

	
(0.44)

	
4.12

	
(0.33)

	
3.84

	
(0.45)

	
4.23

	
(0.62)

	
4.92

	
(0.89)

	
3.90

	
(0.10)

	

	

	

	

	

	




	

	

	
Sample mean (SE), 12 weeks after transplanting, n = 5

	

	

	
Sample mean (SE), 6 weeks after transplanting, n = 5

	

	

	
Sample mean (SE), 14 weeks after transplanting, n = 15
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Table A2. Material attributes of Scots pine seedlings after one vegetation period.






Table A2. Material attributes of Scots pine seedlings after one vegetation period.





	
Scots Pine

	

	
Sowing 1 (2014-05-05)

	
Sowing 2 (2014-06-17)

	
Sowing 3 (2015-05-25)




	

	

	
Indoor Treatments

	

	

	

	

	

	
Indoor Treatments

	

	

	

	

	

	
Indoor Treatments

	

	

	




	
Attribute

	
Outdoor Treatments

	
Control

	
High Intensity

	
UVA 30 min

	
UVA 60 min

	
Control

	
High Intensity

	
UVA 30 min

	
UVA 60 min

	
Control

	
High Intensity

	
UVA 240 min






	
Shoot height (mm)

	
No shading cloth (control)

	
94.4

	
(5.1)

	
87.8

	
(4.6)

	
99.4

	
(5.1)

	
93.8

	
(3.7)

	
49.6

	
(2.1)

	
56.8

	
(2.5)

	
52.0

	
(1.7)

	
56.2

	
(2.6)

	
65.4

	
(1.7)

	
63.9

	
(1.5)

	
69.1

	
(1.4)




	

	
Shading cloth-1 week

	
91.8

	
(5.6)

	
88.8

	
(3.1)

	
89.2

	
(1.7)

	
104.2

	
(5.5)

	
51.0

	
(1.7)

	
52.6

	
(1.4)

	
53.6

	
(2.7)

	
57.2

	
(1.4)

	
66.3

	
(1.8)

	

	

	

	




	

	
Shading cloth-3 weeks

	
91.2

	
(7.1)

	
83.2

	
(4.9)

	
94.4

	
(5.5)

	
96.4

	
(3.6)

	
52.6

	
(3.1)

	
55.6

	
(3.5)

	
55.0

	
(3.6)

	
52.6

	
(2.5)

	

	

	

	

	

	




	
Stem diameter (mm)

	
No shading cloth (control)

	
1.70

	
(0.08)

	
1.80

	
(0.10)

	
1.66

	
(0.07)

	
1.62

	
(0.08)

	
0.64

	
(0.04)

	
0.70

	
(0.08)

	
0.52

	
(0.05)

	
0.66

	
(0.06)

	
1.25

	
(0.04)

	
1.26

	
(0.02)

	
1.30

	
(0.03)




	

	
Shading cloth-1 week

	
1.78

	
(0.12)

	
1.54

	
(0.09)

	
1.44

	
(0.05)

	
1.82

	
(0.06)

	
0.68

	
(0.05)

	
0.72

	
(0.04)

	
0.78

	
(0.02)

	
0.74

	
(0.07)

	
1.29

	
(0.03)

	

	

	

	




	

	
Shading cloth-3 weeks

	
1.76

	
(0.11)

	
1.64

	
(0.07)

	
1.66

	
(0.08)

	
1.66

	
(0.07)

	
0.88

	
(0.05)

	
0.72

	
(0.09)

	
0.80

	
(0.03)

	
0.90

	
(0.03)

	

	

	

	

	

	




	
Height: diameter

	
No shading cloth (control)

	
55.9

	
(3.2)

	
49.6

	
(4.4)

	
59.9

	
(1.9)

	
58.4

	
(3.3)

	
78.2

	
(3.3)

	
87.6

	
(15.0)

	
103.8

	
(11.2)

	
87.5

	
(7.9)

	
52.5

	
(1.6)

	
51.0

	
(1.3)

	
53.3

	
(1.2)




	

	
Shading cloth-1 week

	
52.2

	
(3.8)

	
58.2

	
(2.8)

	
62.2

	
(1.9)

	
57.6

	
(4.1)

	
76.5

	
(5.8)

	
73.9

	
(4.3)

	
69.0

	
(4.5)

	
80.0

	
(7.5)

	
51.7

	
(1.4)

	

	

	

	




	

	
Shading cloth-3 weeks

	
52.2

	
(3.8)

	
51.2

	
(4.0)

	
57.2

	
(3.3)

	
58.2

	
(1.4)

	
60.6

	
(5.4)

	
85.5

	
(18.2)

	
69.7

	
(6.8)

	
58.5

	
(2.0)

	

	

	

	

	

	




	
Shoot DW (g)

	
No shading cloth (control)

	
0.524

	
(0.026)

	
0.568

	
(0.064)

	
0.547

	
(0.031)

	
0.500

	
(0.023)

	
0.066

	
(0.007)

	
0.073

	
(0.003)

	
0.064

	
(0.006)

	
0.065

	
(0.003)

	
0.226

	
(0.034)

	
0.228

	
(0.021)

	
0.245

	
(0.022)




	

	
Shading cloth-1 week

	
0.581

	
(0.038)

	
0.518

	
(0.013)

	
0.473

	
(0.044)

	
0.634

	
(0.059)

	
0.072

	
(0.008)

	
0.072

	
(0.005)

	
0.076

	
(0.004)

	
0.069

	
(0.004)

	
0.230

	
(0.026)

	

	

	

	




	

	
Shading cloth-3 weeks

	
0.580

	
(0.071)

	
0.529

	
(0.017)

	
0.553

	
(0.033)

	
0.542

	
(0.039)

	
0.081

	
(0.002)

	
0.090

	
(0.006)

	
0.088

	
(0.002)

	
0.083

	
(0.005)

	

	

	

	

	

	




	
Root DW (g)

	
No shading cloth (control)

	
0.185

	
(0.030)

	
0.203

	
(0.030)

	
0.149

	
(0.015)

	
0.147

	
(0.015)

	
0.022

	
(0.003)

	
0.020

	
(0.004)

	
0.021

	
(0.003)

	
0.019

	
(0.004)

	
0.095

	
(0.006)

	
0.104

	
(0.005)

	
0.106

	
(0.006)




	

	
Shading cloth-1 week

	
0.184

	
(0.024)

	
0.162

	
(0.041)

	
0.121

	
(0.004)

	
0.176

	
(0.018)

	
0.018

	
(0.002)

	
0.023

	
(0.002)

	
0.020

	
(0.001)

	
0.020

	
(0.002)

	
0.107

	
(0.008)

	

	

	

	




	

	
Shading cloth-3 weeks

	
0.135

	
(0.020)

	
0.156

	
(0.024)

	
0.173

	
(0.012)

	
0.176

	
(0.009)

	
0.020

	
(0.003)

	
0.029

	
(0.004)

	
0.022

	
(0.003)

	
0.017

	
(0.002)

	

	

	

	

	

	




	
Shoot: root

	
No shading cloth (control)

	
3.20

	
(0.65)

	
2.95

	
(0.32)

	
3.76

	
(0.31)

	
3.51

	
(0.41)

	
3.13

	
(0.43)

	
4.03

	
(0.57)

	
3.14

	
(0.16)

	
4.03

	
(0.69)

	
2.44

	
(0.11)

	
2.22

	
(0.08)

	
2.35

	
(0.07)




	

	
Shading cloth-1 week

	
3.35

	
(0.42)

	
3.87

	
(0.80)

	
3.87

	
(0.20)

	
3.72

	
(0.36)

	
4.14

	
(0.51)

	
3.32

	
(0.48)

	
3.79

	
(0.30)

	
3.50

	
(0.17)

	
2.26

	
(0.13)

	

	

	

	




	

	
Shading cloth-3 weeks

	
4.39

	
(0.18)

	
3.58

	
(0.39)

	
3.23

	
(0.22)

	
3.06

	
(0.26)

	
4.28

	
(0.42)

	
3.27

	
(0.25)

	
4.10

	
(0.41)

	
4.99

	
(0.48)

	

	

	

	

	

	




	

	

	
Sample mean (SE), 12 weeks after transplanting, n = 5

	

	

	
Sample mean (SE), 6 weeks after transplanting, n = 5

	

	

	
Sample mean (SE), 14 weeks after transplanting, n = 15
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Figure 1. Spectral characteristics of the light sources used, that is LED lamps at base level for indoor control cultivation (100 μmol·m−2·s−1), LED lamps for high intensity treatment (300 μmol· m−2·s−1) and LED lamp for ultraviolet A (UVA) treatment. The figure shows the Photon Flux Density (PFD), waveband distribution, Photosynthetically Active Radiation (PAR) and electrical characteristics when measured 25 cm directly below the lamps. 
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Figure 2. Solar irradiance (PAR) together with ambient temperature during the vegetation periods of 2014 and 2015 at the research station in Vassbo, Sweden (lat. 60.53°; long. 15.53°). The lines for the corresponding years indicate the maximum daily values of instantaneous photon flux density for photosynthetic radiation (PPFD) expressed in μmol·m−2·s−1 and ambient temperature in °C. The grey bands show the range of historical values reported by the Swedish Meteorological and Hydrological Institute (SMHI) [68,69]. 
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Figure 3. Summary of indoor and outdoor treatments applied in this study. Indoor cultivation was done in a growth room facility under artificial lights and completely deprived from solar radiation. The outdoor cultivation phase followed immediately after transplanting from indoor treatments at the research facilities. For the purpose of reference and consistency, the color symbols next to the treatments correspond to the symbols used in the figures of the Results Section. 
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Figure 4. Chlorophyll fluorescence (Fv/Fm) after transplanting outdoors for seedlings of Norway spruce and Scots pine cultivated indoors under LED lights. The same individual seedlings were repeatedly measured during the first 35 days of natural light exposure. An extra measurement was done only on the shading cloth treatment to measure the effect of removing the cloth on the 8th day (red square). The data points represent the mean (n = 15) for each treatment at that measuring time and the error bars represent the standard error of the sample mean. 
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Figure 5. Average light-response curves for seedlings of Norway spruce and Scots pine cultivated indoors under LED lights. The net CO2 assimilation was calculated relative to seedling’s needles dry mass as a function of the light intensity. The vertical dashed lines show the shift in the light saturation point after adapting to outdoor conditions. The error bars represent the standard error of the sample mean (n = 3). 
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Figure 6. Average sturdiness evaluated in function of the height:diameter ratio after the first vegetation period for seedlings of Norway Spruce (left) and Scots pine (right). Each panel row shows the results for one individual sowing with colored shapes representing the mean of each treatment in ordered pairs (x = stem diameter (mm), y = shoot height (mm)) and smaller points show the individual seedling measurements. Lines mark the different height:diameter ratios (100:1, 75:1, 50:1). For Sowing 1 and Sowing 2 the UVA treatments (30 and 60 min) were different from Sowing 3 which only included the UVA 240 min treatment as explained in the Materials and Methods Section. 






Figure 6. Average sturdiness evaluated in function of the height:diameter ratio after the first vegetation period for seedlings of Norway Spruce (left) and Scots pine (right). Each panel row shows the results for one individual sowing with colored shapes representing the mean of each treatment in ordered pairs (x = stem diameter (mm), y = shoot height (mm)) and smaller points show the individual seedling measurements. Lines mark the different height:diameter ratios (100:1, 75:1, 50:1). For Sowing 1 and Sowing 2 the UVA treatments (30 and 60 min) were different from Sowing 3 which only included the UVA 240 min treatment as explained in the Materials and Methods Section.



[image: Forests 11 00354 g006]







[image: Forests 11 00354 g007 550] 





Figure 7. Average biomass distribution evaluated in function of the shoot:root ratio after the first vegetation period for seedlings of Norway Spruce (left) and Scots pine (right). Each panel row shows the results for one individual sowing with colored shapes representing the mean of each treatment in ordered pairs (x = shoot DW (g), y = root DW (g)) and smaller points show the individual seedling measurements. Solid lines mark the different shoot:root ratios (5:1, 3:1, 2:1). For Sowing 1 and Sowing 2 the UVA treatments (30 min and 60 min) were different from Sowing 3 which only included the UVA 240 min treatment as explained in the Materials and Methods Section. 






Figure 7. Average biomass distribution evaluated in function of the shoot:root ratio after the first vegetation period for seedlings of Norway Spruce (left) and Scots pine (right). Each panel row shows the results for one individual sowing with colored shapes representing the mean of each treatment in ordered pairs (x = shoot DW (g), y = root DW (g)) and smaller points show the individual seedling measurements. Solid lines mark the different shoot:root ratios (5:1, 3:1, 2:1). For Sowing 1 and Sowing 2 the UVA treatments (30 min and 60 min) were different from Sowing 3 which only included the UVA 240 min treatment as explained in the Materials and Methods Section.
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Figure 8. Electric energy consumption by the lamps during the indoor treatment. The figure shows the energy consumption in each treatment for 7 days expressed as kWh per m2 of cultivation area. 
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Table 1. Summary of important dates by sowing.
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	Sowing
	Transplanting

Outdoors
	Attributes

Assessment
	Time

Outdoors





	Sowing 1 (S1)
	2014-05-05
	2014-06-17
	2014-09-08
	12 weeks



	Sowing 2 (S2)
	2014-06-17
	2014-07-31
	2014-09-08
	6 weeks



	Sowing 3 (S3)
	2015-05-25
	2015-07-07
	2015-10-12
	14 weeks
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Table 2. Treatments summary by sowing.






Table 2. Treatments summary by sowing.





	
Outdoor Treatments

	
Indoor Treatments




	

	
Control

	
High

Intensity

	
UVA

30 min

	
UVA

60 min

	
UVA

240 min






	
No shading cloth (Control)

	
S1, S2, S3

	
S1, S2, S3

	
S1, S2

	
S1, S2

	
S3




	
Shading cloth-1 week

	
S1, S2, S3

	
S1, S2

	
S1, S2

	
S1, S2

	




	
Shading cloth-3 weeks

	
S1, S2

	
S1, S2

	
S1, S2

	
S1, S2
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