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ABSTRACT
Objective: This paper explores the key conditions for cultivating conifer seedlings in vertical farms with fully controlled microclimates, aiming to improve the quality of planting stock for comprehensive reforestation programs. The primary goal of the study is to analyze how light parameters, mineral nutrition, and the physical properties of the substrate influence the growth and development of conifer seedlings in an advanced vertical farming system.
Methods: A review of current scientific findings was conducted regarding the impact of spectral light composition provided by LED lamps, which allow for precise control of wavelength and intensity. The role of plant photoreceptors—particularly phytochromes and cryptochromes—in regulating photomorphogenesis and dormancy induction was examined. The stages of conifer seedling ontogenesis and the effects of macro- (nitrogen, phosphorus, potassium) and microelements (boron, copper, zinc, and others) on the plant life cycle were studied in depth. Special attention was given to the influence of photoperiod and daily light duration on seedling growth and adaptation.
Results: The findings indicate that an optimized combination of red, blue, and green light spectra, along with a 16-hour photoperiod alternating with darkness, promotes maximum root development, biomass accumulation, and increased seedling resilience. A well-balanced supply of macro- and micronutrients ensures robust plant nutrition, enhances stress resistance, and supports successful rooting after transplantation. Vertical farming systems enable year-round production of container-grown seedlings while minimizing the impact of adverse climate conditions and pest pressure.
Conclusion: Controlled-environment vertical farming offers an effective alternative to conventional seedling production methods, improving the quality of planting material and supporting sustainable reforestation efforts. This is especially relevant for harsh-climate regions such as Kemerovo Oblast and may serve as a model for the advancement of forest management both in Russia and globally.
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1. INTRODUCTION
1.1. Research Problem
The cultivation of high-quality forest planting stock is of critical importance for successful reforestation initiatives. Today, the need to adopt innovative methods for producing robust seedlings is particularly relevant (Sagynbayeva et al. 2023). Vertical farming presents a viable alternative to traditional greenhouse cultivation, offering the ability to rapidly grow high-quality containerized seedlings within a short time frame. The growing diversity of vertical farming systems each year suggests their increasing significance within the broader framework of sustainable agricultural technologies.
One of the most effective strategies for environmental conservation is the rational and responsible use of natural resources (Miroshnik et al. 2025). This approach acknowledges the inherent limitations of ecosystems and promotes a balanced interaction with the environment. While Russia possesses vast forest resources, their potential remains underutilized. In this regard, it is important to draw lessons from countries with advanced forest management systems. Finland serves as a leading example, having developed and successfully implemented forest policies for several decades. Among the technologies adopted in Finnish forestry is vertical farming, which is actively used for growing planting material (Islakayeva 2019).
According to FAO data from 2016, Russia accounts for approximately 20% of the world's forests, whereas Finland contains less than 1%. Nevertheless, the forest cover in Finland is substantially higher—75% compared to Russia’s 46.5% in 2018. Forest cover is a key national indicator of forest health and is closely tied to various ecological factors (Soboleva et al. 2020).
It is important to note that comparing the total volume of timber resources in Russia and Finland in absolute terms is not meaningful due to the stark difference in land area. A more accurate measure of forest productivity is the growing stock per unit area. In 2018, this indicator was 103.4 m³/ha in Russia, while Finland’s figure was slightly higher at 108.4 m³/ha. Although these numbers are relatively close, Finland continues to show annual growth in total forest stock, whereas Russia has experienced a decline.
The forest industry in Russia is one of the key sectors of the national economy and plays a vital role in regional socio-economic development (Matveev and Timashchuk 2019). This industry includes logging, sawmilling, wood processing, pulp and paper production, and the manufacture of wood-based products (Soboleva et al. 2020).
Despite Russia’s vast forested territory, the forest industry faces numerous challenges. These include low efficiency in forest resource utilization, uneven distribution of forests across regions, illegal logging, and limited adoption of modern technologies.
Forests cover more than half of Kemerovo Oblast. Herbaceous vegetation in the region consists mainly of steppe grasslands, meadows, and peat bogs. Forests in Kuzbass belong to forest-steppe, taiga, and Southern Siberian mountain-forest zones. Within the forest-steppe zone, they are located in the Western Siberian sub-taiga and forest-steppe region; within the taiga zone, in the Western Siberian southern taiga lowland region; and within the mountain-forest zone, in the Altai-Sayan mountain-taiga region. Moss and lichen vegetation in the region includes high-mountain tundra and moss-dominated wetlands.
To ensure the sustainable use of forest resources and to improve the ecological situation in Kemerovo Oblast, extensive reforestation activities are being carried out (Otto et al. 2020). In 2022, reforestation efforts in the region covered a total of 11,921.65 hectares, including 2,185.84 hectares of artificial reforestation (seedling planting), of which 1,815.84 hectares were carried out by forest leaseholders. Natural regeneration accounted for 9,512.01 hectares (7,940.62 hectares by leaseholders), while combined reforestation methods were applied to 223.8 hectares—all conducted by leaseholders. In 2021, compensatory reforestation and afforestation were carried out on 1,792.36 hectares. In the same year, silvicultural maintenance was performed over an area of 16,369.88 hectares, including 5,353.5 hectares by leaseholders.
In 2022, a total of 566.1 hectares of afforestation was carried out on forest fund lands in Kemerovo Oblast, including 71.8 hectares of reforested land on reclaimed territories. The total cost of afforestation activities amounted to 98.76 million rubles. Additionally, forest leaseholders funded forest inventory work on 90.333 hectares of leased forest land (Industry of Kuzbass n.d.).
In recent years, forest ecosystems have faced increasing pressure from various stressors, including diseases, insect infestations, extreme weather conditions, climate-related factors, and mining operations (Firozjaei et al. 2021). In 2022, the total area affected by forest fires in Kemerovo Oblast increased by 66,208 hectares. Forest pest outbreaks were recorded over 21,440 hectares, and forest diseases affected 44,668 hectares, representing a 4% decrease compared to the previous year. The total area of damaged or dying forest stands due to pests and diseases on forest fund lands reached 28,250 hectares, including 625 hectares of completely dead stands (Territorial Office of Federal State Statistics Service for Kemerovo Region – Kuzbass n.d.).
Currently, seven permanent forest nurseries operate in Kemerovo Oblast, covering a total area of 90.38 hectares. In 2022, the total sown area amounted to 7.39 hectares, with 1,073.6 kilograms of seeds sown. By species, the distribution included: Scots pine (3.08 ha, 185.4 kg), spruce (3.24 ha, 258.2 kg), larch (0.62 ha, 50.0 kg), and Siberian cedar (0.45 ha, 580 kg). That year, nurseries produced approximately 16.98 million seedlings and saplings. The annual volume of forest reproductive material must continue to grow to meet future reforestation demands (Government of the Kemerovo Region – Kuzbass, 2011). However, traditional nurseries are limited by seasonal constraints and growing cycle durations (Zhigunov et al. 2019).
Reforestation is a vital tool for restoring degraded forest ecosystems and can lead to the formation of productive, healthy stands. This process supports the accumulation of biomass, particularly among dominant tree species, which play a crucial structural role in forest ecosystems (Gulin et al. 2019; Treschevskaya et al. 2017). Assessing the volume of these dominant trees is essential for analyzing the composition of uneven-aged stands and forecasting future forest dynamics, as stand structure development patterns are closely linked to the growth of dominant individuals (Sun et al. 2019).
Ensuring the ecological integrity and sustainable use of forest resources, improving the efficiency of the forest sector, and transitioning toward sustainable forest management are all necessary steps to guarantee ecological security not only in Russia but globally. As shown in Figure 1, growing coniferous seedlings for reforestation in vertical farms can significantly enhance reforestation performance in Russia and elsewhere (Kamitdinov 2019).
As of February 1, 2024, the total area of disturbed land in Kemerovo Oblast, including coal mining territories, was estimated at 130,000–150,000 hectares, of which only 24,000 hectares have been reclaimed. There is currently a shortage of high-quality container-grown planting stock for reforestation efforts in the region. Vertical farming, a relatively young and innovative direction in agriculture, presents a potential solution to this problem. The cultivation of Scots pine seedlings under fully controlled environmental conditions within vertical farms can help address the regional deficit of planting material.
The implementation of automated systems for irrigation, lighting, and nutrient delivery enables year-round production of conifer seedlings. This technology offers an efficient and scalable alternative to traditional greenhouse cultivation, significantly reducing the time required to produce high-quality planting stock (Bag et al. 2019).
Concurrently, Lanoue et al. highlighted that the connection between transpiration and carbon export can be more complicated than what has been presumed. They maintained that orange and green LEDs, not only the conventionally used red and blue LEDs, ought to be taken into account and experimented on in the design of lighting systems for the optimization of leaf performance in the cultivation of tomatoes in controlled environment systems.
For this research, experimental greenhouse LED units—KSDO1 and KSDO2—were used, which were domestically produced and designed for hydroponic systems. The LED fixtures tested had advanced semiconductor-based spectral LEDs as the basic source of light, with proprietary spectral tuning technology developed by the Kazakh company "LedSystemMedia." The company has the equipment needed to manufacture LED light devices for industrial use and has several patents in the area of LED lighting technology, including for the tested fixtures.

1.2. The Origins of Vertical Farming
The invention of agriculture dates back approximately 10,000 years and emerged independently in various parts of the world, including present-day Mexico, China, the Middle East, and Borneo. It spread rapidly across early civilizations, offering a more stable and productive way of life to those who adopted it. At that time, the global population is estimated to have been around one million. Over the millennia, agriculture evolved at an extraordinary pace, fundamentally reshaping the Earth's landscape and ecosystems (Panov et al. 2022).
The development of advanced irrigation systems, synthetic fertilizers, pesticides, herbicides, and a wide array of domesticated crops dramatically improved agricultural productivity and helped eliminate food scarcity as a major limiting factor for human population growth. As a direct result of this progress, the global population now exceeds seven billion, the majority of whom reside in densely populated urban and suburban areas (Koval and Protopopova 2021).
In the 1930s, Dr. William Gericke and his colleagues at the University of California, Davis, advanced the concept of hydroponics—an alternative agricultural method in which plants are cultivated without soil. Instead, plant roots are immersed in a nutrient-rich water solution, delivering all essential elements required for growth (Waldron 2018). This foundational work is considered a catalyst for the modern surge in hydroponic and aeroponic growing systems now widely used in technologically advanced greenhouse operations around the world (Escobar et al. 2020).
Over the past two decades, technological innovations such as high-efficiency LED grow lights, computerized control systems for nutrient dosing, pH regulation, temperature management, and oxygenation have propelled agriculture to an entirely new level (Kalkhajeh et al. 2021).
Vertical farming offers numerous advantages over traditional soil-based agriculture. Chief among these is the ability to maintain full control over environmental variables, enabling optimal survival, growth, and development of crops while maximizing yield per square meter. Unlike conventional farming, vertical farms are largely unaffected by unpredictable climate conditions such as floods or droughts (with the exception of extreme events like tornadoes or hurricanes). Most importantly, vertical farms can be established almost anywhere in the world, as they do not depend on arable soil.
Outdoor agriculture is inherently vulnerable to a wide range of biological threats, including viruses, bacteria, and insect pests such as locusts. These challenges often lead to substantial crop losses each year. Well-designed indoor cultivation systems can dramatically reduce—or even eliminate—such losses, all without the need for toxic chemical pesticides.
This is made possible through the use of physical containment structures, similar in principle to the positive-pressure environments used in hospitals to protect vulnerable patients. In the rare event of a contamination breach, vertical farm operators can sanitize and replant their systems within a matter of days or weeks. In contrast, open-field farmers must often wait until the following growing season to resume operations.
These characteristics position vertical farming as a promising and innovative foundation for the agricultural systems of the future (Turtulova 2022).
This research aims to identify and analyze the critical parameters, such as pH regulation, light spectrum optimization, and mineral nutrition, that are required for the successful year-round cultivation of conifer seedlings in vertical farming systems under fully controlled environmental conditions.
Vertical farms provide the opportunity to maintain an optimized microclimate year-round, facilitating continuous seedling production. As such, this technology represents an effective alternative to conventional greenhouse methods and holds strong potential for contributing to integrated reforestation efforts.

2. LITERATURE REVIEW
2.1. Conditions for Cultivating Conifer Seedlings in Vertical Farms
The growing of seedlings in greenhouse conditions offers a significant advantage by shielding young plants from harmful climatic and meteorological conditions that typically affect open-field nurseries. However, even in controlled environments like plastic-covered greenhouses or modern greenhouse complexes, growers often face the challenge of maintaining a uniform microclimate and achieving optimal light conditions. In addition, a common issue in seedling production is the wide variation in seedling height—found both within individual trays and across the overall greenhouse operation (Wildeman 2020).
While there is a series of agronomic practices that can improve the physical and chemical properties of the substrate and, at the same time, improve the supply of nutrients and water, it is extremely difficult to significantly raise soil and air temperatures in outdoor conditions. In standard greenhouse conditions, the height variation of conifer seedlings can reach 20–25%, which negatively affects uniformity and quality.
Conversely, vertical farming systems provide complete control of all the environmental parameters required for the optimal growth and development of conifer seedlings. The systems allow for precise control of temperature, humidity, light spectra, and nutrient delivery, thereby minimizing variability and improving seedling uniformity (Calvo et al. 2018).

2.2.  Substrate as a Key Component in the Growth and Development of Coniferous Species
In response to the formation or loosening of compressed peat, it is crucial to maintain its natural structure and mechanical composition. This facilitates a more accurate prediction of plant growth and, therefore, the development of efficient nutrient and irrigation systems (Halbert-Howard et al. 2020).
Differences in growth environments, such as the difference between open-field and greenhouse conditions, require different plant species to attain specific proportions of air-filled to water-filled pore spaces in the growing medium. General guidelines suggest that for successful production of container-grown coniferous seedlings in outdoor environments, air porosity should be about 25–35% of the total porosity, while in greenhouse conditions, it should range from 45–50%.
Experience from national and foreign producers of peat-based growing media shows that substrates are not formulated for every individual species but for functional groups of crops. Usually, 4–5 such groups are distinguished, with differences in formulation according to intended use—e.g., for sowing, cuttings, or container production. Substrates are also amended with additives stabilizing their properties. Perlite, vermiculite, pumice, sand, and clay are common components. Finishing ingredients can include wetting agents, transitional and lowland fractions of peat, mineral fertilizers, wood fiber, and mixes of milled and block peat. Group-wise formulation strategies provide an effective means of satisfying plant requirements according to common physiological characteristics.
Peat is usually divided into two categories based on its harvesting method: milled and block (or sod). Block peat with 55–65% air-dried moisture content has a bulk density of around 20% less than that of milled peat. Milled peat usually has a smaller texture than block peat from the same bog, so bulk density—closely related to the mechanical structure of peat—is an important indicator of the distribution of pore volume in peat-based substrates. Bulk density, expressed in kilograms per cubic meter (kg/m³), has a direct influence on the substrate's total pore volume.
Moisture content is another determining parameter. Russian standard GOST R 52067–2003 for peat substrates stipulates that the moisture of peat should be within 50–60% by weight. Peat self-heating and a considerable rise in ammonia concentration—up to toxic concentrations of 60–90 kg or more per 100 tons natural-moisture peat—may be caused by storage at less than 50% moisture. In contrast, a content of more than 60% moisture decreases self-heating and retards ammonia formation. Excessively moist peat is also inappropriate for substrate manufacture, as it is hard to mix evenly with lime, stabilizing agents, and fertilizers.
Nutrient cycling is inextricably connected with soil conditions, which play a central role in enabling plant nutrition and growth. The yearly acquisition of nutrients by one-year-old tree seedlings in nurseries depends on the particular species. Scots pine (Pinus sylvestris L.), an oligotrophic species, has relatively low nutrient requirements that vary in relation to both developmental stage and phenological phase. Compacted peat significantly influences the availability of macronutrients to conifer seedlings.
Porosity of the substrate depends on several variables: particle size distribution, composition of materials, the level of compaction in containers, and aging processes. Coarser substrates are usually characterized by greater air porosity but by less water retention. As particle size increases, it enlarges the air-filled pore space and decreases moisture-holding capacity (Degtyareva 2021).
For example, substrates composed of sphagnum peat and having particles of 0.8-6.0 mm are appropriate for annual crops. Below 0.8 mm particle size, micro-pores prevail, and water retention becomes excessive. With larger particles, there are more macro-pores, but particles over 6.0 mm decrease the water retention capacity of the substrate. Physical-mechanical characteristics of substrate ingredients also affect porosity. Certain materials, such as sphagnum peat and vermiculite, compress when subjected to pressure, whereas others—perlite and bark, for example—maintain their volume. Perlite, specifically, holds much less water than other ingredients and thus is well-suited to enhance air porosity of substrate mixes.
These distinctions are vital for the choice of components to provide an optimal substrate structure. An equal blending of materials with complementary characteristics promotes both air exchange and moisture retention—primary conditions for healthy root growth. Therefore, physical-mechanical properties are paramount for creating high-quality growing media that satisfy plant physiological requirements.
Substrate porosity can be altered over time by peat decomposition, irrigation frequency, gravity, and root penetration into air spaces. Most nursery operators neglect the significance of air-filled pores, which is the essential space for root growth. As roots grow into these larger pores, the overall air porosity declines, likely at the expense of plant health from decreased oxygen levels. Sufficient porosity supports healthy plant growth, survival, and productivity.
Continued monitoring of substrate composition, in combination with methods that facilitate the maintenance of porosity, is essential for successful seedling production. An improved understanding of these mechanisms can help producers avoid common issues associated with oxygen deficiency and root congestion.

2.3. The Effect of pH on the Cultivation of Conifer Seedlings
As of yet, there is no globally agreed-upon ideal pH range for the cultivation of pine seedlings. In some instances, the "ideal" ranges provided by various sources do not even overlap. For example, U.S.-based recommendations commonly cite a minimum of pH 5.0–5.5, while guidelines from other parts of the world cap the upper limit at a pH of 5.0. Once the pH moves outside the ideal range for conifers, growth rates reduce and seedling vigor diminishes (Ahtikoski et al. 2018).
As shown in Fig. 2, germination of conifer seeds can take place over a pH range of 3.5 to 8.0; however, best seedling growth usually occurs near pH 5.0. Still other research indicates a preference for even more acidic conditions, with better germination and initial growth of pine seeds at pH 3.5–5.0. Healthy forest stands have been described on soils with very acidic pH levels of 3.0–3.5, although pine also grows on alkaline soils. These observations are supportive of the hypothesis that soil acidity can lead to the formation of localized ecotypes along latitudinal gradients.
There is a proven relationship between nursery soil pH and seedling performance. In trials in Poland with Scots pine (Pinus sylvestris L.), the most favourable growth was recorded at pH 4.4-4.6. Growth clearly decreased when pH rose from 5.5 to 6.5.
In certain instances, overall biomass accumulation—and by extension nutrient uptake—rose by as much as 20%. Several studies have indicated that seedling weight can rise with increasing soil acidity (i.e., lowering pH), contrary to the postulation that pine grows optimally at pH ranges of 5.2 to 6.6. In these studies, nitrogen (N), potassium (K), and phosphorus (P) additions were kept constant across all pH treatments, which implies that rising acidity (pH < 5.0) can enhance efficiency of nutrient uptake, especially nitrogen uptake by foliage weight (see Fig. 3).
Seed performance is usually improved in substrates with a pH of less than 5.0. In some tests, over 40% of the longleaf pine seedlings died when the pH of the container medium exceeded 6.0. Damping-off of loblolly pine was largely observed at pH levels greater than 6.0. In Pinus contorta Douglas ex Loudon, no mortality of seedlings was observed at pH 3.5; however, mortality rose to 20% at pH 6.1 due to damping-off. Simulated acid rain treatments on white pine showed a 17% higher emergence rate at pH 4.0 compared to pH 5.7. Overall, the risk of damping-off in container-grown pine is reduced when pH is maintained consistently below 5.0. A number of studies have also determined that the nitrogen concentration in conifer needles increases with declining soil pH. Both seedling biomass and nitrogen concentration are increased by enhanced nutrient-use efficiency. Explanations for the increased nitrogen uptake with more acidic soils include reduced competition from microbial populations in the soil, less leaching of nitrate, and reduced nematode activity. Collectively, these observations indicate that conifers tend to prefer slightly acidic substrates. The usual recommended pH range for most species is between 4.0 and 5.5, but the specific optimum may differ with species and stage of development.

2.4. The Effect of Light Spectrum Variation on the Growth of Conifer Species
Conifer tree species are known to have a strong sensitivity to changes in the light spectrum. Plant growth is affected by light through three main characteristics: quality, duration, and intensity. While various studies have suggested that certain species experience optimal germination at moderate light intensity, most conifers show the capacity to tolerate full sunlight for the early rooting stage. Perhaps this idea originates from the conventional horticultural practice of using shade frames over seedbeds in bareroot systems, which is mainly intended to control soil temperature as opposed to light intensity modulation.
The form of first- and second-year conifer seedlings is quite different. In nature, first-year growth is indeterminate: following seed germination and hypocotyl elongation, the apical meristem generates stem units that propel shoot elongation (Kusuma et al. 2020). Elongation halts when all stem units reach maturity and none are newly initiated. The apical bud is surrounded by a rosette of primary needles, typically without axillary secondary needles—or with very few—producing what is called a primary-needle seedling.
In the second growing season, stem units in the rosette of primary needles undergo elongation again (free growth) until bud break, which determines the beginning of fixed growth made up of structures preformed in the bud in the preceding season. In this time, the primary needles are substituted by secondary needles, and at the end of the season, a terminal bud with a whorl of lateral buds develops (Besschetnova and Kulkova 2019). Shoot growth becomes purely fixed by the third growing season.
Under optimal environmental conditions, primary-needle seedlings can continue to elongate after bud set. In the same growing season, such seedlings produce axillary secondary needles and a dormant terminal bud. It is hypothesized that pine seedlings with secondary needles are more tolerant of drought and frost, as well as having better root development after transplanting. However, when two-year-old secondary-needle seedlings are subjected to short-day photoperiod treatments early in the season, their survival and height growth are equal to or similar to those of untreated primary-needle seedlings after three-year field trials.
Light quality is one of the key regulatory factors throughout conifer ontogeny, affecting processes that include germination, photomorphogenesis, and flowering induction. Seedlings tend to grow in canopy shade during early development, where light quality is considerably lower. Green and far-red light (FRL) prevail beneath forest canopies since red and blue light are absorbed by the surrounding taller vegetation.
This filtering effect of light necessitates that woody seedlings acclimate to an environment of changed spectral light quality. For instance, shaded plants acclimate to low red:far-red (R:FR) ratios, which normally induces shoot elongation. On the contrary, stem elongation is inhibited by blue light (BL). Consequently, plants subjected to high BL and high R:FR ratios become shorter but with an enlarged leaf surface area, which can enhance photosynthetic efficiency.
Plants have a set of photoreceptors that react to light condition changes in the environment (Utelbayev et al. 2025). Plants are irradiated with radiation of different intensity and wavelength at the same time in natural light, resulting in interactive signaling among various photoreceptors (Shakleina et al. 2018). Some of the most researched photoreceptors are phytochromes, which perceive red (RL) and far-red (FRL) light. These receptors control various development processes, such as seed germination and hypocotyl elongation.
The other important photoreceptors are cryptochromes, which detect blue and ultraviolet (UV-A) light. Cryptochromes are essential for seedling development, de-etiolation, and circadian rhythm regulation. Photoreceptor systems are well characterized in Arabidopsis thaliana, which has five phytochromes (PHYA to PHYE) and two major cryptochromes (CRY1 and CRY2).
The application of artificial lighting for plant growth is still widening because of its potential to regulate photoperiods, evoke specific developmental responses, boost production intensity, and facilitate plant growth in areas with minimal or no exposure to natural sunlight. The most typical artificial light sources used are fluorescent lamps (FL), high-pressure sodium (HPS) lamps, incandescent bulbs, and metal-halide lamps (Dubrovina and Kiselev 2019).
LED lighting delivers very customizable light spectra based on plant requirements. It supplies specific ratios of photosynthetic photon flux density (PPFD) in the red, green, and blue wavelengths—roughly 600–700 nm, 500–600 nm, and 400–500 nm, respectively.
Observations of conifer seedlings in containers during the cold time of the year showed the formation and growth of apical buds, along with growth stoppage, which pointed to the beginning of dormancy (Matveev and Timashchuk 2019). Container-grown Scots pine (Pinus sylvestris) and Siberian spruce (Picea obovata) can achieve standard seedling height in only 2.5 months under greenhouse conditions with climate control and observance of proper lighting regimes—even in autumn and winter (Zalesov et al. 2020).
Together, these findings determine which parts of the spectrum of light could be most suitable for conifer seedling growth. With such knowledge about spectral characteristics, it is possible to improve the production of high-quality planting stock for reforestation using artificial light. These systems can also be successfully applied in the areas of plant biotechnology and indoor forestry initiatives.
A primary drawback associated with fluorescent and gas-discharge lamps is their significant emission of thermal radiation, challenges related to regulation, and a diminished operational lifespan resulting from frequent on-off cycling (Valletta et al. 2021).
LED lamps offer many advantages, including a long operating life, the ability to withstand frequent on-off cycling without degradation, and easy intensity modulation. Over the last decades, light-emitting diode (LED) technology has become a promising option for artificial lighting in greenhouse settings (Colantoni et al. 2018). Moreover, LEDs can be accurately tuned to emit narrow-band light at specific wavelengths, enabling careful control of both spectral quality and light intensity. As a result, LED lighting has become the leading technology used in modern vertical farming systems (Fedotov and Zhigunov 2019).
Various plant species perceive specific wavelengths of light differently, which results in different physiological and morphological responses (Fedotov and Zhigunov 2019). Blue light has been shown by various studies to be crucial for phototropism, photomorphogenesis, chlorophyll biosynthesis, and stomatal opening (Shavnin et al. 2021). The effect of blue light on plant growth varies with species.
Red and blue LEDs are widely applied in plant production systems since chlorophyll a and b have peak absorption at 430 nm and 663 nm, and at 453 nm and 642 nm, respectively. In general, light quality (spectral composition) has profound influences on plant morphology, which dictates the amount of radiation intercepted and used by the plant. The amount of light, on the other hand, mainly controls the photosynthetic rate and biomass gain. Seedling quality is an important measure to understand the effect of nursery culture practices on subsequent plant performance and survival under adverse field conditions. The use of high-quality planting stock plays a significant role in the achievement of reforestation goals and minimizing the spread of disease.

2.5. The Influence of Mineral Nutrition on the Growth of Conifer Seedlings
When cultivating conifer seedlings, several phenophases are distinguished:
I. Seed germination — from sowing to seedling emergence. 
II. Emergence of seedlings — seed coats rise above the substrate or soil on elongating hypocotyls and cotyledons (Böhme and Pinker 2018). 
III. Cotyledon unfolding — cotyledons shed seed coats and spread out. 
IV. Appearance of the embryonic shoot bud — a clearly distinguishable, brightly colored swelling (ranging from white to dark red) forms between the cotyledons, later dividing into needle primordia.
V. Needle unfolding — developing needles acquire a yellowish-green or green color, reaching more than half the length of the cotyledons (Gof et al. 2019). 
VI. Growth of the epicotyl part of the stem — the forming epicotyl lifts the needles above the cotyledon attachment point; under especially favorable conditions, such as in a greenhouse, this phase can be subdivided into linear growth subphases: a) initiation, b) rapid growth, and c) slowdown.
VII. Transition of the plant into dormancy is divided into subphases: a) linear root system growth (seedling height growth stops, root growth intensifies); b) intensive root lignification (linear growth of all seedling organs ceases).
For normal growth and development, plants require a diverse nutrient supply that includes various elements. Approximately 20 elements are necessary for the complete life cycle of plants, without which they cannot thrive.
Nutrient elements are categorized into macronutrients and micronutrients. Macronutrients are those found in plants in relatively large amounts — from hundredths of a percent up to several percent — including carbon, oxygen, hydrogen, nitrogen, phosphorus, potassium, sulfur, magnesium, and iron. These elements are essential for plant growth and development; deficiencies can lead to serious problems.
Micronutrients occur in much smaller quantities — from hundred-thousandths to thousandths of a percent — and include boron, copper, zinc, molybdenum, manganese, cobalt, among others. Despite their small concentrations, they play crucial roles in vital plant processes, and their deficiencies may disrupt plant development.
Additionally, there are ultramicroelements present in even smaller amounts than micronutrients. These too are necessary for proper plant functioning, and their lack can severely affect plant vitality.
It is important to understand that each of these elements has a unique role in plant life and cannot be replaced by others. Therefore, to ensure healthy growth and development, plants must be provided with an adequate supply of all essential nutrients (Valletta et al. 2021).
Plants are an important link in the nitrogen cycle in nature. Nitrogen is absorbed by plants from the soil primarily in the form of nitrates and ammonium salts, which serve as the main sources of nutrition (Gruda 2019). Additionally, plants can uptake amino acids and amides containing nitrogen, which are used for protein synthesis.
Absorbed nitrogen is not directly used by plants; organic acids are required to convert nitrogen into amino acids. These amino acids are then utilized for protein synthesis, which is a crucial component for plant growth and vital functions.
Phosphorus also plays a significant role in plant life. It is essential not only for higher plants but also for simpler organisms, as it is involved in the metabolism of most biosynthetic substances. Phosphorus is absorbed by plants in two forms: organic phosphorus, formed through the decomposition of organic matter, and mineral phosphorus, derived from mineral compounds in the soil.
Thus, nitrogen and phosphorus are indispensable elements that ensure plant growth, development, and metabolic processes, which are critical for the existence of all living organisms.
Potassium is one of the most important macronutrients, playing a key role in photosynthesis. It influences sucrose synthesis, starch formation, stem rigidity, frost resistance, and enhances nitrogen uptake by plants. A deficiency in potassium impairs normal functioning and development of seedlings (Atzori et al. 2021).
Furthermore, potassium positively affects seedling growth and increases their resistance to lodging. However, excessive application of potassium fertilizers can lead to plant toxicity, so adherence to optimal dosages is necessary.
Conifer seedlings exhibit a certain degree of conservatism regarding nutrient uptake; therefore, it is recommended to apply fertilizers in small doses and multiple applications. This approach maximizes nutrient utilization and enhances plant resistance to diseases. The timing of fertilizer application is also important to achieve the best influence on growth processes.
In summary, potassium is an essential element for normal seedling development and increasing their resilience to adverse conditions. Observing optimal doses and timing of fertilizer applications contributes to healthy growth and development of planting material.
The essential nutrients required by conifer plants are presented in Table 1.

2.6. Hardening of Conifer Seedlings
Seedlings grown under greenhouse conditions generally reach forest restoration standards faster; however, meeting these standards does not always guarantee successful adaptation to forest environments (Soboleva et al. 2020).
Winter hardiness issues may not manifest during nursery cultivation and often only become apparent once seedlings are stored or transplanted. While it is relatively easy to grow a crop of seedlings to a specified height and quality, it is much more challenging to harden them so they can withstand stresses related to handling, storage, and outplanting. This is evidenced by several catastrophic losses caused by non-hardy species in recent years.
Dormancy can be defined as the inability of plant tissue to grow even under environmentally favorable conditions (Korovitsky et al. 2023). Dormancy pertains to specific meristematic tissues (buds, lateral meristems, or root tips), whereas winter hardiness relates to shoots or roots and, more importantly from a practical standpoint, often to the whole seedling. Most published literature focuses solely on bud dormancy, which is important, but nursery managers must deal with the entire seedling. There is some overlap between dormancy and winter hardiness; indeed, dormancy is a necessary condition for achieving a high level of winter hardiness. Although non-dormant tissues may harden to some extent, seedlings cannot achieve full winter hardiness if they are still growing. The highest level of winter hardiness is attained after the plant has passed through the dormancy period.
A critical stage in seedling development is the hardening process, which promotes resistance to cold and other adverse factors. Hardening usually begins once most seedlings (about 85–90%) reach the required height and develop buds.
Day length, or photoperiod, influences the growth of young plants and bud formation. It is important that as day length shortens, the intensity of sunlight remains consistent, as it plays a key role in normal plant development. According to Zhigunov's recommendations, the photoperiod for spruce and pine seedlings should be reduced to 10–12 hours in late July to early August. This reduction period should last from two to four weeks.
Limiting nitrogen fertilization slows plant development and is an effective method to transition seedlings from active growth to preparation for adverse conditions (Grossnickle et al. 2020).
With the onset of winter, plastic trays with young plants located in greenhouses or hardening areas are removed from metal racks and placed on gravel or agrotextile, which prevents weed growth. To help plants better survive the winter in trays, their edges are recommended to be protected using spunbond fabric, sand, or snow (Beacham et al. 2019).
During winter storage of young plants in greenhouses, it is crucial to monitor soil moisture levels. Since greenhouses with permanent plastic covers prevent snow from reaching the trays, temperature fluctuations and moisture deficiency may cause substrate drying. Therefore, after snowfall, plastic trays with seedlings should be covered with a layer of snow.

3. MATERIALS AND METHODS
The seedlings were raised under greenhouse conditions with LED lighting systems that controlled light spectra and photoperiod. The photo period was 16 hours of light and 8 hours of darkness. The photoperiod was shortened to 10–12 hours during the hardening period. LEDs with a wavelength in the red (640–660 nm), blue (430–460 nm), and far-red (720–740 nm) ranges were used. The ratio of red to far-red light was kept between 2.5 and 2.7 to mimic the forest canopy conditions.
The air temperature was kept at +22 to +25°C during the day and +18 to +20°C at night. Relative humidity was kept at 65–75%. During the hardening stage, the temperature was dropped to +10°C during the day and +2 to +5°C at night, and the humidity was set at around 70%.
Substrate pH was maintained between 4.0 and 5.0, which is optimum for Scots pine germination and initial growth. The pH was read daily with a digital pH meter. pH adjustments were made with ammonium sulfate and humic acids.
LED light with controlled spectra was applied to induce growth and development. Red light induced root biomass development and photosynthesis, and blue light induced needle formation and compact habit. The spectral composition of the light during the hardening phase mimicked the autumn shortening of day length. The light intensity was 200 µmol m⁻² s⁻¹ for Scots pine and 150 µmol m⁻² s⁻¹ for Siberian spruce.
Mineral nutrition was supplied through a drip irrigation system with soluble chelated fertilizers. Nutrition was equivalent to three development stages:
•	Phase I (0–2 weeks): N – 0.006%, P – 0.012%, K – 0.012%, Ca – 0.009%;
•	Phase II (2–8 weeks): N – 0.016%, P – 0.007%, K – 0.016%, with a higher Mg, S, and Fe content;
•	Phase III (8–12 weeks): nitrogen reduced to 0.006%, potassium raised to 0.016%, and prevalence of the nitrate form of nitrogen. Microelements, such as Fe, Zn, Mn, Cu, B, and Mo, were also provided in EDTA or DTPA forms. Fertilizer applications, based on substrate analyses, were done weekly.
Hardening started after seedlings had attained the standard height (not less than 12 cm) and developed a terminal bud. Within 4–6 weeks, the following conditions were used: photoperiod shortened to 10–12 hours, temperature dropped to a level of +10°C in the daytime and +2 to +5°C at night, and nitrogen content reduced to 50–100 ppm, with a switch to the nitrate form. After hardening, trays with seedlings were put on gravel beds, covered with agrotextile and snow for warmth. Substrate humidity was checked every 5 days.

4. RESULTS
Research and reproduction experience have demonstrated that young (1–2 years old) but large enough planting material is prospective for forest reconstruction, since it takes root well and more successfully withstands suppression on the part of herbaceous vegetation. Seedlings cultivated in greenhouses respond to these demands. When growing in open field conditions, the fluctuation of seedling height can be 25–30%. However, in vertical farms, height fluctuation does not exceed 5–10%, which suggests a high level of uniformity and technology efficiency.
According to calculations, the influence of the physical properties of the substrate on plant growth is distributed as follows: 32%—air regime, 29%—water regime, 22%—substrate temperature, and 9%—substrate structure. Growing plants in containers favors the development of conifers due to greater temperature differentials and better supply of nutrients and water, which requires enhanced aeration. In addition, it is necessary to urgently replace carbon dioxide released during respiration with oxygen from the air.
An increase in the bulk density of the substrate has consequences on the nutrient content in Scots pine seedlings, causing a reduction in nitrogen, phosphorus, potassium, and sulfur concentrations, especially in shoots and roots. High volumetric substrate densities ranging from 0.308 to 0.342 g·cm³ (dry bulk density 0.123–1.137 g·cm³) caused visible reductions in the height of seedlings, dry matter, and the length of the fine roots, which are defined by diameters below 0.05 mm. Impaired nutrient uptake due to high substrate density may be responsible for the noted worsening of the biometric traits examined in these seedlings. The optimal bulk density for the culture of Scots pine is between 0.258 and 0.292 g·cm³.
Red light (RL) stimulated needle biomass 2.6-fold, while blue light (BL) caused a 2.1-fold increase in needle weight compared with white fluorescent light (WFL), which was used as the control. Also, BL induced elongation of the hypocotyl, while plants under RL had shorter but larger morphological features. Moreover, root mass under RL was 3.8 times higher than under WFL and 2.7 times higher compared to the other experimental conditions (see Fig. 5). RL induced intensive development of the root system and increased the number of first- and second-order lateral roots. Experiments have shown that a photo period of under 13 hours acts as a cue for the seedlings to start preparing for winter. A 16:8 light:dark cycle creates conditions favorable for growth. A short photo period, on the other hand, induces dormancy, with a critical length being between 12 and 13 hours. Scots pine achieves optimal conditions for photosynthesis and growth at an illumination level of 200 µmol m⁻² s⁻¹, while Siberian fir seedlings require about 150 µmol m⁻² s⁻¹.
Plant morphology is affected by the red to far-red light ratio (R:FR). For conifer seedlings, a ratio of 2.5–2.7 is optimal and closely resembles natural conditions. The seedling form is influenced by the combination of red and blue light.
Nutrition enhancement using organic fertilizers is supported by a steady supply of nitrogen in the form of ammonium and nitrate, especially in boreal conditions where high soil acidity and low temperatures inhibit the nitrogen mineralization process. Further, it has been seen that plant nutrition regulation based on organic nitrogen has the potential to alleviate environmental risks, such as nitrogen leaching, while also promoting nitrogen uptake efficiency and supporting plant nutrition and growth. During the hardening period, there is a progression towards nitrate nitrogen along with a decrease in overall nitrogen and a gradual drop in temperature (Sheridan et al. 2019).
A critical phase in conifer seedling cultivation, defining their post-transplant survival and resistance to abiotic stress, is timely preparation for dormancy. One of the main physiological change triggers is the reduction of ambient temperature. Temperature decrease stimulates tissue lignification (woody hardening of the shoots), initiates cell differentiation processes, and inhibits vegetative growth, enabling the plant to reassign resources to the formation of terminal and lateral buds necessary for spring regrowth. The reduction of nighttime temperature is especially important. This process consists of two phases: I—temperatures somewhat below optimal, and II—temperatures somewhat above 0°C, particularly at night. Such conditions stimulate cold tolerance and mechanical damage resistance. The efficiency of hardening (lignification and frost resistance increase) is optimized by strictly adhering to temperature regimes during both phases. From a practical production perspective, however, gradual lowering of temperatures in vertical farms, simulating natural autumn cooling in outdoor conditions, can be warranted. This decreases energy consumption and facilitates natural seedling adaptation (Grossnickle et al. 2020).
In addition to temperature stimulation, there are changes in mineral nutrition, for example, the application of combined forms of nitrogen (amide NH₂, ammonium NH₄⁺, and nitrate NO₃⁻) for providing intense growth and accumulation of biomass. But during hardening, the complete transfer to nitrate nitrogen slows down metabolic processes and prepares plants for dormancy. The reason is that nitrate nitrogen is not a stimulator of growth like ammonium or amide forms but provides sufficient nitrogen nutrition. Experiments showed that both lack and surplus of mineral nutrients have a harmful influence on plant resistance to low temperatures. The application of fertilizers with lowered nitrogen content (50–100 ppm) to conifer seedlings promotes the reduction of frost damage risk (Sheridan et al. 2019). Vertical farms with controlled environments allow for the year-round production of conifer seedlings with standardized quality, particularly in areas with limited growing seasons.

5. DISCUSSION
The results of this study corroborate previously published findings that the use of vertical cultivation technologies for conifer seedlings under controlled conditions ensures high-quality planting material as well as improved resistance to abiotic stresses. One of the key factors is the optimization of the spectral composition of light, which significantly influences plant morphogenesis and physiology.
According to Fedotov and Zhigunov (2019) and Shavnin et al. (2021), an optimal red to far-red light ratio (R:FR = 2.5–2.7), mimicking conditions under a natural forest canopy, promotes the formation of a compact habitus, stimulates photosynthetic activity, and enhances lateral root development in conifer seedlings. These findings align with observations by Dubrovina and Kiselev (2019), who demonstrated the effects of specific spectral regions (red light [RL] and blue light [BL]) on needle mass, hypocotyl elongation, and root system development. It was found that red light increases needle biomass and stimulates root formation, whereas blue light contributes to the development of a more compact and mechanically robust aboveground part. Similar patterns were also described in a recent study by Utelbayev et al. (2025), confirming the possibility of precise morphogenetic regulation using LED light sources in controlled environments.
Grossnickle and MacDonald (2018) highlight the critical role of photoperiod and temperature signals in inducing dormancy in seedlings. The reduction of day length to 10–12 hours and lowering of night temperatures to +2 to +5 °C trigger physiological restructuring processes, including tissue lignification, bud formation, and accumulation of osmotically active substances. Our data confirm that nighttime temperatures have a more pronounced effect on the adaptation of Siberian fir and Scots pine, consistent with the phenomenological observations of Grossnickle and MacDonald (2018).
Nutritional regimes also significantly affect frost resistance and physiological status during the hardening phase. Balanced nitrogen nutrition predominated by amide and ammonium forms is used at early stages, while the dormancy phase favors nitrate nitrogen, which reduces vegetative activity and supports metabolic adjustments necessary for winter survival (Valletta et al. 2021; Sheridan et al. 2019). Specifically, Sheridan et al. (2019) notes that reducing nitrogen concentration to 50–100 ppm during hardening lowers the risk of frost damage by preventing excessive growth. Our experimental results support these findings.
Physical properties of the substrate, especially bulk density, also play a vital role in nutrient uptake and root development. Banach et al. (2020) demonstrated that increasing the bulk density of peat substrate to 0.308–0.342 g·cm³ decreases availability of N, P, K, and S, leading to reduced height and root mass. Conversely, a range of 0.258–0.292 g·cm³ is recognized as optimal for growing Scots pine seedlings in 120 cm³ containers. These values ensure sufficient porosity, aeration, and water retention capacity conducive to active nutrient assimilation.
Nutrition and lighting are closely linked with phenological development stages of seedlings. A clear sequence was observed: from seed germination and cotyledon unfolding to bud differentiation and entry into dormancy. At each stage, coordinated mineral nutrition with optimized macro- and micronutrient ratios is critical. Timely adjustment of nitrogen forms—from readily assimilable to more stable nitrate compounds (Valletta et al. 2021)—enhances the plants’ adaptive potential and stress resistance.
Particularly promising is the implementation of modern vertical farm technologies with fully controlled cultivation parameters, including spectral light composition and climate conditions. These innovations can significantly increase the yield of standardized seedlings per unit area and allow year-round production, which is especially relevant for regions with short growing seasons and pronounced seasonal variations (Domnina et al. 2018; Kozlova 2021). The use of LED lighting in such systems provides precise growth condition adjustments, substantially improving planting material quality and uniformity, reducing cultivation time, and lessening dependency on natural factors.
Furthermore, creating a favorable microclimate is crucial for successful seedling storage and transport during the autumn-winter period. Measures such as placing trays on gravel beds, mulching with snow, and protecting from weed growth are important (Beacham et al. 2019). Appropriate fertilizer dosing during this period, as noted by Atzori et al. (2021), reduces the risk of excessive growth, enhances resistance to mechanical damage, and ensures seedling viability until planting.
Overall, the results align fully with current scientific understanding and confirm the high efficiency of integrating spectral lighting, nutritional regimes, hardening, and microclimate control within vertical cultivation technologies for conifer seedlings.

6. CONCLUSION
The research carried out proved that the application of vertical farming technology to conifer seedlings in a completely controlled environment greatly enhances the quality of planting stock. The optimization of the spectral composition of illumination, substrate pH, physicochemical characteristics of the substrate, and mineral nutrition provides uniform growth, high survival rates, and increased stress resistance of seedlings. Hardening, implemented through controlled photoperiod and temperature regimens, induces adaptation mechanisms enhancing the winter hardiness of plants. Therefore, vertical farms are an efficient way of year-round cultivation of standardized seedlings, particularly in areas with short vegetation periods and high seasonality.
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Table 1: Optimal proportions of nutrients for growing conifer seedlings 
	Element
	Nutrient content, %

	
	Germination phase
	Rapid growth phase
	Lignification phase

	Macroelements (Kabanova and Danchenko 2019)

	Nitrogen (N)
	0,006
	0,016
	0,006

	Phosphorus (P)
	0,012
	0,007
	0,006

	Potassium (K)
	0,012
	0,016
	0,016

	Calcium (Ca)
	0,009
	0,007
	0,0010

	Magnesium (Mg)
	0,004
	0,005
	0,006

	Sulfur (S)
	0,005
	0,007
	0,007

	Microelements (Kabanova and Danchenko 2019)

	Iron (Fe)
	0,000600
	0,000500
	0,000600

	Manganese (Mn)
	0,000080
	0,000080
	0,000090

	Zinc (Zn)
	0,000032
	0,000032
	0,000034

	Copper (Cu)
	0,000015
	0,000016
	0,000016

	Boron (B)
	0,000003
	0,000003
	0,000003

	Molybdenum (Mo)
	0,000060
	0,000060
	0,000060

	Chlorine (Cl)
	0,000500
	0,000500
	0,000500
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Fig. 1: Scots pine seedlings for forest restoration
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Fig. 2: Effect of substrate acidity on germination of Scots pine seeds


Fig. 3: Dependence of Scots pine seedling biomass on soil pH
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Fig. 4: Spectral characteristics
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Fig. 5: Effect of red light (RL) on root system development in conifer seedlings
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