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Abstract: Hemp (Cannabis sativa L.), renowned for its applications in environmental, industrial,
and medicinal fields, is critically evaluated in this comprehensive review focusing on the impacts
of chemical and organic fertilizers on its cultivation. As hemp re-emerges as a crop of economic
significance, the choice between chemical and organic fertilization methods plays a crucial role in
determining not only yield but also the quality and sustainability of production. This article examines
the botanical characteristics of hemp, optimal growth conditions, and the essential biochemical
processes for its cultivation. A detailed comparative analysis is provided, revealing that chemical
fertilizers, while increasing yield by up to 20% compared to organic options, may compromise the
concentration of key phytochemicals such as cannabidiol by approximately 10%, highlighting a trade-
off between yield and product quality. The review presents quantitative assessments of nitrogen (N),
phosphorus (P), and potassium (K) from both fertilizer types, noting that K significantly influences
the synthesis of terpenes and cannabinoids, making it the most impactful element in the context of
medicinal and aromatic hemp varieties. Optimal rates and timing of application for these nutrients
ﬁr;eé::tf:; are discussed, with a focus on maximizing efficiency during the flowering stage, where nutrient
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hemp crops [4]. Furthermore, the industrialization of hemp production presents logisti-
cal hurdles, particularly in developing infrastructure for processing and distribution [5].
Establishing efficient supply chains for hemp-derived products requires investments in
processing facilities, transportation networks, and market development initiatives [6].

Collaborative efforts between government agencies, industry stakeholders, and re-
search institutions are essential to address these challenges and unlock the full potential of
hemp as a sustainable industrial crop [7]. In addition to regulatory and logistical challenges,
hemp cultivation also faces agronomic obstacles related to soil fertility, pest management,
and climate adaptation [8]. Implementing sustainable agricultural practices such as crop ro-
tation, integrated pest management, and soil conservation measures is crucial to optimizing
yields and minimizing environmental impacts [9]. Research into hemp genetics and breed-
ing programs aimed at developing cultivars tailored to specific agroecological conditions
can enhance resilience and productivity [10]. Moreover, the socio-economic implications of
hemp cultivation must be carefully considered to ensure equitable distribution of benefits
across communities [11]. Smallholder farmers and rural communities stand to benefit from
the economic opportunities offered by hemp production, but adequate support mechanisms
and capacity-building initiatives are needed to empower local stakeholders [12]. Inclusive
policies that prioritize sustainable development, social equity, and cultural preservation
can foster a thriving hemp industry that benefits society as a whole [13].

The growing demand for sustainable alternatives to traditional commodities presents
a unique opportunity for hemp to emerge as a cornerstone of the bio-based economy [14].
By leveraging its diverse applications and environmental advantages, hemp has the po-
tential to revolutionize industries ranging from textiles and construction to healthcare
and renewable energy [15]. However, realizing this potential requires coordinated efforts
to overcome regulatory, logistical, agronomic, and socio-economic barriers to hemp cul-
tivation and utilization [16]. The industrial significance of hemp extends far beyond its
traditional associations with fiber production and medicinal use [17]. As a versatile and
sustainable crop, hemp offers a multitude of economic, environmental, and social bene-
fits that warrant attention from researchers, policymakers, and entrepreneurs alike. By
addressing the challenges and seizing the opportunities presented [18]. Furthermore, the
global shift towards sustainability and environmental stewardship underscores the impor-
tance of incorporating hemp into sustainable development agendas [19,20]. By integrating
hemp cultivation into agroforestry systems, carbon sequestration initiatives, and waste
valorization strategies, we can harness its potential to mitigate climate change, promote
biodiversity, and foster resilience in the face of environmental challenges [21]. Embracing
hemp as a catalyst for sustainable development offers a pathway towards achieving the
United Nations Sustainable Development Goals (SDGs) and building a more inclusive,
regenerative, and prosperous future for all [22]. Through hemp cultivation, we can pave
the way for a more resilient, equitable, and sustainable future [23].

Moreover, the resurgence of interest in hemp cultivation presents an opportunity for
innovation and collaboration across diverse sectors [24]. As researchers explore novel
applications and processing techniques, partnerships between academia, industry, and
government can drive technological advancements and market expansion [25]. Investments
in research and development initiatives focused on improving hemp genetics, refining
extraction methods, and scaling up production capabilities can unlock new possibilities for
value-added products and market diversification [26]. By fostering a culture of innovation
and entrepreneurship, we can unleash the full potential of hemp as a sustainable solution
to global challenges, from climate change to economic inequality [27,28]. The manifold
application of the hemp is shown in Figure 1.
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Figure 1. The manifold applications of the hemp plant: virtually, each part of this plant can be used
in a specific industrial field [29].

This comprehensive review aims to assess hemp cultivation practices by comparing
the effectiveness and sustainability of chemical versus organic fertilization methods. The
study delves into the plant’s agronomy context to better understand its unique cultivation
requirements and potential under different nutrient regimes. The objectives include a
detailed examination of how various fertilization types (chemical and organic) impact
plant growth, yield, and quality, with a focus on identifying optimal practices for different
growth stages. Additionally, the review explores broader themes such as the technologies
used in organic cultivation, the environmental impacts of these practices, and the economic
challenges and opportunities facing hemp farmers. This investigation aims to offer in-
sights that can inform both current agricultural practices and future policy-making in the
hemp industry.

2. Methodology

A thorough literature search was conducted across multiple academic databases,
including Web of Knowledge, Scopus, ScienceDirect, Google Scholar, Web of Science
Core Collection by Clarivate Analytics, and ResearchGate, focusing on publications up to
2024. We employed a diverse set of keywords to capture various aspects relevant to the
cultivation of hemp and its response to different fertilization methods. These keywords
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hemp cultivation”, helped in accurately retrieving pertinent records. All keywords were
consistently used across all selected databases to maximize search coverage and gather a
comprehensive collection of literature (Figure 2).
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Figure 2. Diagrammatic view of the organization of the paper.
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3. Biochemistry of Hemp

Cannabis plants produce unique specialized metabolites called cannabinoids, which
consist of polyketide and monoterpene substructures (Figure 3). Hitherto, more than
100 cannabinoids have been isolated from marijuana and hemp, and their chemical and
pharmacological properties have been intensively investigated [30]. Among these metabo-
lites, A9—tetrahydrocannabinol (THC), identified as the psychoactive cannabinoid [31],
has engaged considerable attention because this cannabinoid has valuable therapeutic
potentials, including analgesic, anticonvulsant, antiemetic, and appetite-stimulating prop-
erties [32]. It is reported that in recent years, cannabidiol (CBD), an isomer of THC with
a distinct molecular structure, has garnered significant attention as a potent antiseizure
medication for treating intractable childhood epilepsy [33]. Notably, CBD is recognized for
its ability to mitigate the adverse psychotropic effects of THC. This recognition has led to
the approval of Nabiximols (Sativex®), an oral spray derived from cannabis containing THC
and CBD in a 1:1 (w/w) ratio, in Canada and several European countries for alleviating symp-
toms associated with multiple sclerosis, such as pain and spasms [34]. Furthermore, the
U.S. Food and Drug Administration (FDA) has recently approved Epidiolex®, a CBD-based
medication, for treating rare and severe childhood epilepsy disorders such as Dravet and
Lennox—Gastaut syndromes [35]. Recent research has suggested that structural differences
in cannabinoids, like A°-THC and CBD, and variations in alkyl chain structures may signif-
icantly impact their pharmacological effects [36]. For instance, A’-tetrahydrocannabivarin
(THCV), with a propyl side chain, acts as a receptor antagonist. Studies show cannabinoid
receptor antagonists can influence metabolic parameters linked to diseases like obesity and
diabetes, indicating potential therapeutic value for THCV [37]. This resurgence of interest
in plant cannabinoids underscores the importance of cannabinoid biochemistry in research,
particularly in biotechnological production. Initially stored as cannabinoid acids, such as
THCA and CBDA, cannabinoids undergo nonenzymatic decarboxylation into their active
forms during storage and consumption [38].

The process of cannabinoid biosynthesis involves three main steps: polyketide for-
mation, prenylation, and oxidative cyclization, as depicted in Figure 2. Research on this
topic began around twenty-five years ago with the discovery of THCA synthase in young
C. sativa leaves [18]. While early studies progressed slowly, recent omics-based approaches
have rapidly advanced, nearly identifying all specialized enzymes in this pathway [39].
This progress has prompted further exploration of cannabinoid biotechnology [40]. This
review outlines the unique characteristics of these biosynthetic enzymes and discusses their
potential and challenges in biotechnological applications for producing active cannabinoid
metabolites [41]. Although all Cannabis sativa plants share commonalities, differences in
appearance, chemical composition, production methods, and usage are detailed in the
literature. The main characteristics that distinguish hemp from marijuana are shown in
Table 1 [42,43].

Table 1. The main characteristics that distinguish hemp from marijuana.

Characteristic Fiber Industrial Hemp Marijuana

Tall, nearly tree-like, with relatively thin leaf and fiber Shortened, bushier, with broa.demng leaves
Phenotype and numerous branches bearing abundant

stems that have fewer branches and blooms/buds L.

buds high in THC.

Psychoactivity No—whole plant; Yes—some concentrated extracts Yes.

Field crops with fully mechanized commercial giigzé?r?nﬁfésgf l?(fgfg;ifr?gzr
Production large-scale production. Whole populations with male & P

and female plants are used.

controlled lighting, humidity, and nutrition
conditions. Only female plants are grown.
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Table 1. Cont.
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Fiber Industrial Hemp
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Hempseed for hemp oil, hemp oil products: body care
and cosmetic products, industrial oil uses, source of feed
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additives, and medicines.

Herb parts include leaves, flowers, and bracts: essential
oil as a source of human food additives, medicines, and
nutritional supplements.

The psychoactive effect determines its use for
recreational purposes and its application as a
medicinal product.
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Figure 3. Structures of representative cannabinoids. Their generally accepted abbreviations are

presented in parentheses. Biosynthetic pathway of cannabinoids. The biosynthetic enzymes catalyz-

ing respective steps are as follows. I, tetraketide synthase and olivetolic acid cyclase; II, CsPT4, a
prenyltransferase; III, THCA synthase; IV, CBDA synthase; V, CBCA synthase [44].
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4. Hemp Agronomy
4.1. Hemp in Crop Rotations

Hemp fits best in a crop rotation with cereals or, preferably, a legume, as an oilseed crop,
but it can be grown as a fiber crop after any other crop [45]. Monoculture hemp ought to be
avoided for a variety of reasons, such as pathogen build-up, reduced fertility, and risks of
reduced quality. Hemp plants have been shown to reduce the quantity of a limited number
of nematode species and certain fungi in soils, and hemp may be grown without chemical
pesticides [46]. Hemp was found to suppress three infectious agents (Verticillium dahlia
and the root-knot nematodes, Meloidogyne Chitwood, and Meloidogyne hapla), suggesting
that incorporating hemp into a cycle of crops could improve soil health properties [47].
However, research into nematodes and plant pathogens is relatively limited at this point
compared to other crops, and the understanding of hemp’s suppressiveness may evolve as
additional research is conducted and published. Hemp grown at dense plant populations
can quickly cover the soil surface as plants can rapidly develop following emergence,
particularly fiber-yielding types, making it a strong competitor against weeds.

This is possibly among the most significant impacts of rotating hemp with other
crops [48]. The production of hemp is frequently followed by the planting of winter cereals,
and for this reason, harvesting must be completed as soon as possible, especially on heavy
soil that is high in clay content, since these become quickly unworkable with late summer
or fall rains. This is following some authors’ recommendations that early sowing times
and early harvests can be used to optimize fiber output to prevent unfavorable retting
(post-harvest fiber handling) and stem-drying conditions [49].

4.2. Seed Bed Preparation and Sowing

Traditionally, hemp has been planted in the same way as other break crops in terms
of soil preparation. Tillage techniques for hemp, especially on soils rich in clay, include
plowing at a 3040 cm depth in fall or winter. Final preparation is performed in the
spring as a shallow cultivation for creating a thin seedbed [50]. The most significant
consideration when growing hemp in a new area is determining the ideal planting date that
will enable optimum stand establishment and high yields of grain and/or fiber. For hemp,
sufficient moisture is crucial during key stages of crop development, such as germination
and emergence. Young, freshly germinated hemp plants are vulnerable to a variety of
biotic, physical, and environmental stresses. Therefore, hemp sowing time and seed layer
preparations are significant in terms of stand establishment.

It is also important to consider thinking about the expected weather forecast soon after
planting in case of low seedling vigor. This is particularly important when using traditional
tillage methods with direct seeding [51].

Seeding dates are mostly determined by climatic factors. Hemp germinates at tem-
peratures as low as 1-2 °C; however, it should not be planted early in the season. Sowing
should be delayed until the soil temperature reaches 10-12 °C to ensure the hemp’s quick
development, as this enhances its capacity to surpass weeds [52]. Most hemp types will
sprout in 3 to 5 days when sown in warm soils (>10 °C) with sufficient soil moisture. To en-
sure rapid germination and plant development, seeding dates are typically determined by
soil temperature and moisture accessibility, as well as the photoperiod, which determines
the duration of the vegetative process and, eventually, stalk and grain yield [50].

Plant spacing in hemp is determined by the type of hemp grown, such as fiber,
seed, or cannabinoids. In general, densely planted hemp encourages greater plant height
and restricts flowering. Hemp grown primarily for fiber is planted closely together to
promote stalk elongation while reducing branching and yielding longer and stronger fibers.
Particularly when it is produced for fiber or seed products, hemp is frequently planted
using seed drills with row spacing ranging from 7.6 to 17.8 cm. However, the recommended
seeding rates differ significantly, with the ideal sowing depth varying from 1.9 to 3.2 cm
depending on soil type, soil preparation, available water, and seeding date [53]. According
to another study, the spacing between hemp plants grown for fiber ranges from 20 to
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40 cm [44,54]. It was suggested that similar planting densities would be necessary for the
best hemp oil output for varieties produced for seed. Research has shown that 120 plants
per square meter with an interrow spacing of 0.5 m produced high yields of the stem, seed,
and inflorescence combined [53]. Another study suggested hemp seed drills for sowing
at depths of 2-3 cm and row spacing of 9-17 cm [45,55]. The quantity of seed for sowing
varies and ranges from 40 to 150 kg ha~! [56]. According to other authors, seeding rate
recommendations vary from 40 to 65 kg ha~! for fiber hemp to reach 200-300 plant m 2
and 20 kg ha~! for seed hemp [57,58].

4.3. Factors Influencing Growth, Development, and Yield of Hemp

The amount of light, nutrients, and water received, groundwater availability, pho-
toperiod, and day/night temperatures are crucial factors that influence the growth, de-
velopment, and yield of different hemp genotypes. Studies have revealed that variation
in environmental factors can affect the flowering time and sex characteristics, resulting
in changes in the cannabinoids and seed oil content, and composition, yield, biomass,
and fiber quality [59-61]. Flowering time influences biomass and seed yield. Moreover,
flowering is considered a reference growth stage for harvesting floral and fiber hemp [62].
In North Carolina, USA, researchers observed that bast fiber harvest should occur no
later than the initial appearance of male reproductive growth. For hurd-oriented fiber,
it is an arbitrary decision, but if a variety is prone to developing THC, then it may be
harvested by initial female reproductive growth (personal communication with farmers
and scientists). Hemp is a short-day plant sensitive to photoperiods. Studies report that
hemp requires a photoperiod of 12-14 daylight hours. For most hemp genotypes, a more
extended photoperiod (longer days and shorter nights or longer exposure to light) increases
plant height, delays flowering, and prolongs the vegetative stage, which is suitable for
fiber and biomass production. Meanwhile, a longer dark period causes early flowering
and restricted yield [63-65]. Previous research [66] reported that 11-12 h of photoperiod
are required to induce flowering in Thai hemp. The study [67] revealed that even a minor
change of 15 min in the photoperiod can affect floral initiation in some cultivars. In contrast,
some genotypes among tested hemp cultivars (15 cannabinoids and 12 fiber/grain) are less
affected by photoperiodicity [59].

An aeroponic study [68] with 25-day-old seedlings exposed to ten different LED light
spectra and a photoperiod of 16 h indicated that the light spectrum of red, blue, and green in
the ratio of 7:2:1 increased all the tested cannabinoids (CBD, delta 9-tetrahydrocannabinolic
acid [THCA] and cannabidiolic acid [CBDA]). The magnitude of changes in cannabinoids
varied with different spectra and light treatments. Contrasting findings about photope-
riod sensitivity, insensitivity, and diverse responses to varied light spectrums in different
genotypes require further research. The temperature for the optimum development of
hemp varies with genotypes and their origin. For instance, 30 °C is the maximum car-
dinal temperature (T Max) for six hemp varieties with different origins such as Poland,
Netherlands, Italy, France, and Ukraine [69]. Previous research [70] noted that wild hemp
from three agroclimatic regions of Pakistan grew suitably in a mild, humid climate at
16-27 °C. Seasonal changes in daily mean temperature can affect seed production and
quality, biomass accumulation, and seed oil [57]. Identifying cultivars with local adaptation
is an important strategy to improve hemp’s vegetative and flowering performance [58].
Hemp cultivation is challenging in tropical and subtropical regions compared to those in
high latitudes due to high temperature, humidity, and greater pest pressure. Moreover,
longer dark periods in these areas cause early season transition from vegetative to the flow-
ering stage, limiting stem elongation and biomass accumulation and adversely affecting
the successful commercial cultivation of hemp [71].

Hemp is commonly reported as a low-water use crop [72]. This claim needs further
evaluation in warmer regions relative to the more northerly latitudes where hemp is grown.
Yet, even in the high latitude region, water deficit stress is considered a main factor limiting
hemp biomass yield [73]. A common reference crop for hemp water requirements is cotton
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(Gossypium hirsutum L.). In the southern U.S. (latitudes south of 37° N) hemp does best
where annual rainfall (plus irrigation) is 750 mm or more. Early claims of drought tolerance
and low water requirement for all hemp types (cannabinoid, grain, and especially fiber)
in Texas, USA appear unfounded. Some Texas production regions and the Southwestern
U.S., where precipitation is less than 500 mm annually and evaporative demand is higher,
require substantial irrigation to achieve good yields. Cotton farmers in this region who grow
fiber hemp report that hemp requires about 20% more irrigation than cotton for optimal
economic yield. Little to no hemp is grown in the Southwestern U.S. and much of the lower
Western U.S. without supplemental irrigation (personal communication with farmers).

Hemp requires high soil water during the initial stage of root establishment. Af-
ter that, a well-developed root system may allow hemp to withstand moderately drier
conditions [74,75]. Several studies have been conducted to understand the water require-
ments of hemp in different agroclimatic zones. For instance, studies conducted in Europe
revealed that hemp needs 500-700 mm of water for growth and development. Mean-
while, in the vegetative stage, a minimum of 250-300 mm of water is needed for optimum
growth [76,77]. 1t is reported in [78] that 250 mm of water was required for monoecious
early fiber genotypes and 450 mm for dioecious late genotypes grown in a semi-arid
Mediterranean environment (Southern Italy). Another study conducted in Southern Italy
over two years with diverse genotypes showed that the replenishment of 66% of the water
lost through evapotranspiration is required for excellent hemp production. Furthermore,
the water requirement of hemp (435 mm) is higher than soybean and sunflower, but lower
than sorghum [79]. However, these studies were conducted at northerly latitudes at mild
temperatures where evapotranspiration is lower than southern latitudes. However, the
amount of water required for hemp cultivation depends on the agroclimatic region, geno-
type, soil characteristics, weather conditions, and evapotranspiration. Hemp is susceptible
to waterlogging. Thus, well-drained loam soils rich in organic matter are best suited for
hemp cultivation [80]. Sandy loam soil, followed by clay loam soil, was reported to be
suitable for hemp cultivation. Heavy clay soil and sandy soil are not well suited. The
optimal soil pH for hemp cultivation is 6.0-7.5. Preferably, the optimal soil for hemp should
have good drainage and adequate water-holding capacity, good aeration, and residual
nutrients. These conditions are best met in sandy loam soil [81].

Interaction of hemp cultivars with the environment in response or adaptation to abiotic
stress factors may be more important than cultivar traits associated with high yield [82].
Changes in environmental factors can adversely affect yields. Several abiotic stress factors
affect hemp cultivation, particularly, high temperatures, drought, salinity, flood, or excess
soil moisture. However, limited studies have been conducted to understand the effect of
abiotic stress factors on hemp and its cultivation.

4.4. Water Deficit Stress

A field investigation to understand the interaction of hemp genotype and the envi-
ronment was carried out at Fort Collins and Yellow Jacket, Colorado, USA [83]. Thirteen
cultivars from a diverse set of germplasm from breeding programs (European project Multi
Hemp) across Europe and Asia were used to study the environmental effects, and genotype
and environment interactions (GEI) [83]. Two irrigation treatments were applied in Fort
Collins (limited irrigation [147 mm] and fully irrigated [398 mm]) and a single sprinkler
irrigation treatment (fully irrigated; 203 mm) was applied in Yellow Jacket. The yield in
Fort Collins was 1123 kg ha~! under full irrigation, but lower under limited irrigation
(404 kg ha™!). Total plant biomass (2482 kg ha~!), plant height (135 cm), basal stem diam-
eter (5.77 mm), and stand establishment (14%) were reduced under limited irrigation. A
lower CBD content (1.43%) and a slightly higher cannabichromene (CBC) content (0.0052%)
were detected in plants under limited irrigation. Notably, genotypic differences were found
between treatments in both locations. Overall results imply the strong interaction between
genotype and environment. At the same time, a study performed in Southern Italy using
high-throughput techniques (Ground Penetrating Radar [GPR] and Sentinel-2 multispectral
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satellite [S2-MSI]) reported that hemp can draw soil moisture in the absence of precipitation
and/or irrigation. The results show that the water deficit stress resistance of hemp, how-
ever, depends on crop vigor [83]. Previous research [84] compared controlled environment
versus in-field screening to identify the traits responsible for drought tolerance in hemp.
Twelve diverse genotypes were grown in a growth chamber. The magnitude of water
deficit stress was calculated by measuring the net transpiration rate (NTR) and the frac-
tion of transpirable soil water (FTSW). Three experiments were conducted with different
objectives such as (1) understanding the transpiration rate (TR) response to soil drying,
(2) the sensitivity of TR to high vapor pressure deficit (VPD), and (3) field evaluation of the
expression of traits related to CBD. The range of threshold of FTSW across genotypes was
0.16 to 0.81. Five cultivars closed stomata when the FTSW threshold was reduced to 0.55
and four cultivars reduced transpiration only when VPD increased (>2.5 kPa). However,
other genotypes showed transpiration-limiting traits when VPD increased to a range of
1.5-2.5 kPa. Cultivar Ha3ze showed a quick response to drought by reducing TR and
showed a higher CBD as well.

4.5. Heat Stress

Abiotic stress triggered by changes in day and night temperatures is equally crucial to
the effect of drought on hemp production. Previous research [76] performed a two-year
field suitability assessment of six hemp varieties with different origins, sexual types, and
maturity to monitor the dual-purpose production (seed and stem) capabilities. During
the grain-filling stage, a daily maximum temperature above 30 °C reduced seed quality
(seed weight, oil content, protein content, crude fiber, and ash). The previous study [70]
conducted four experiments to understand the effect of temperature (45-50 °C) in different
sowing times, and drought on different cannabinoids using a local hemp variety. Exposure
of plants to high temperatures for 7 days significantly reduced CBGA and CBG, however,
CBDA, THCA, CBD, and THC did not change. Again, in this study, yield per unit area of
production is not shown. It is reported [49] that a field experiment in Potsdam, Germany
used two multipurpose industrial cultivars during drought-prone and high-temperature
seasons (early May to the end of October). During the experimental period, the maximum
solar radiation was 1200 ] m~2 s ~1, the temperature was 35 °C, and the precipitation was
16 mm (56 mm was the total precipitation during the entire growth period). Both cultivars
adjusted to the harsh temperature and dry conditions, but the response magnitude differed
between them. In both cultivars, leaf area, plant density, leaf area index, and photosynthesis
were reduced with the early onset of senescence as the season progressed.

4.6. Salinity Stress

Limited information is available on the impact of flooding and salinity on hemp.
Previous research [85,86] studied the effect of five stress factors on cannabinoids of three
chemotype III hemp cultivars (CBD dominant with less than 0.3% THC). The flooding was
induced by increasing the soil volumetric water content to field capacity (0.35-0.4 m3 m~3)
using trickle irrigation. This was repeated two to three times per week throughout the
sampling period (a total of four samplings with one-week intervals, September to Oc-
tober 2019) to maintain a soil volumetric water content > 0.32 m® m—3. There were no
significant changes in cannabinoids and the CBD/THC ratio after exposure to flooding.
These researchers explained that flooding was induced by increasing the soil volumetric
water content to field capacity. However, achieving field capacity cannot be considered
as flooding and this study was conducted in well-drained Ontario soil. As discussed,
well-drained soils are best for hemp cultivation. These factors may be the reason for the
nonsignificant effect on cannabinoids and the CBD/THC ratio in this study. Studies on the
effect of salinity on seed germination and seedling growth/physiology were conducted
in China using seeds of two fiber hemp cultivars [86,87]. Neutral salt (NaCl, Nay;SOy)
and alkaline salt (Na;CO3, NaHCO3) produced several salinity levels up to 300 mM. The
germination rate decreased linearly with increasing salt concentration. Higher Na,COs
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had a more adverse effect on germination. Seed germination and length of radicles and
hypocotyls increased at a low concentration of neutral salt. Hemp seedlings were more
sensitive to NayCOj; than to NaCl stress. Previous research [88] used four genotypes to
study the effect of salinity up to 200 mM on seed germination and root morphology (root
length and fresh weight). Additionally studied were the oxidative stress indices (hydrogen
peroxide (H,O;) and lipid peroxidation) and the enzymatic antioxidant quenching system
(activities of superoxide dismutase [SOD], catalase [CAT], guaiacol peroxidase [GPOD],
ascorbate peroxidase [APOD] and glutathione reductase [GR]). Seed germination percent-
age, root length, and fresh weight decreased linearly with increasing salinity levels. At the
same time, oxidative stress indices and antioxidant enzyme activity increased in roots with
distinct genotypic variation.

5. Growth Conditions for the Cultivation of Hemp

Hemp, originating in the Central and South Asian regions over 5000 years ago, in-
cluding areas like China, India, Iran, and Pakistan, has now spread globally, particularly
thriving in moderate climates [89]. It grows best in temperatures ranging from 13 to 22 °C
and adapts well to various soil types, preferring deep, well-aerated soil with a pH of around
6 and good moisture retention [90]. However, it is susceptible to soil compaction and flood-
ing, which can lead to lodging during heavy rain. To ensure consistent seed germination, a
finely prepared seedbed is necessary, with conventional methods being preferred. Seed
depth is crucial, with depths over 2 inches potentially affecting uniformity [91]. While
“no-till systems” can work, they may result in uneven emergence depending on the season.
Adequate nutrient supply is vital, as hemp depletes soil nutrients at harvest [92]. Hemp
cultivation primarily focuses on bast fiber production, with factors like plant density, irriga-
tion, and weather significantly influencing yield and quality, especially in Mediterranean
semi-arid areas [93]. Challenges such as low plant density, lodging, and fungal infections
can decrease fiber quality and yield. Stem growth and diameter are heavily influenced by
plant density and weather conditions [94]. Hemp thrives in mild climates with a humid
atmosphere and 25-30 inches of rainfall annually [95]. Ensuring adequate soil moisture is
crucial for seed germination and the growth of young plants. During the vegetative growth
phase, hemp responds positively to high daytime temperatures, ideally ranging from 28
to 30 °C in regions such as the Northern US, China, and Europe. This temperature range
supports rapid growth and increases water needs [96]. However, it is important to note
that in hotter regions where temperatures can reach around 40 °C, hemp may not perform
as well compared to other crops that are better adapted to such extreme conditions. Hemp
can tolerate brief periods of lower temperatures, down to —0.5 °C, for 4 to 5 days after the
development of the third pair of leaves [97].

6. Fertilization of Hemp

Fertility studies on hemp in the United States were initiated during World War 1I,
primarily aimed at determining the most effective fertilization rates to enhance fiber hemp
production [98]. This was crucial as hemp fibers were extensively used domestically for the
production of ropes and textiles [99]. However, it is acknowledged that each production
system has its specific requirements for nutrient application and management [100]. For
instance, the methods used for fertility in raised-bed plasticulture with soluble fertilizer
applied via drip irrigation would differ significantly from those used in row-crop produc-
tion [101]. This differentiation is further compounded by the introduction of newer hemp
cultivars, each with their unique characteristics [102]. Research, such as that conducted
by previous research [103], has indicated differences in nitrogen requirements between
fiber, grain, and dual-crop cultivars, as well as disparities between fiber and dual-purpose
hemp varieties [104]. Additionally, numerous studies have highlighted cultivar differences
and interactions with environmental factors for each type of hemp. Despite these advance-
ments, the lack of consistent seed certification programs in the United States has resulted in
inefficiencies regarding the identification and purity of hemp cultivars [105].
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7. Chemical Fertilizers
7.1. Sources of Chemical Fertilizers Used for Hemp Production

Whether small-scale or industrial, hemp cultivation relies on specific chemical fertiliz-
ers to boost plant growth and yield [106]. While the choice of fertilizer may vary, some are
universally preferred for their effectiveness. For instance, Ammonium Nitrate (NHsNO3)
stimulates robust vegetative growth, while Urea (CO(NH;),) is known for its high nitrogen
content, promoting vigorous growth during the vegetative stage [107]. Superphosphate
(Ca(HPOy);) enhances root development, flowering, and seed formation, crucial for over-
all crop productivity. Potassium Chloride (KCl) aids water uptake, photosynthesis, and
disease resistance [108]. Magnesium Sulfate (MgSO,4) promotes chlorophyll synthesis
and nutrient uptake, while Calcium Nitrate (Ca (NOj3);) supports cell wall formation and
structural integrity [109]. Monoammonium Phosphate (NH4H;PO4) supports early root
development, flowering, and seed production. Micronutrient blends address deficiencies
for optimal plant performance [110]. Chemical fertilizers play a vital role in cannabis culti-
vation, providing essential nutrients for growth, flowering, and seed production, essential
for optimizing yields and quality while maintaining sustainable practices.

7.2. Effect of Nitrogen (N)

For fiber hemp varieties, biomass is crucial, while seed-yielding varieties focus on
grain and protein content [111]. Nitrogen (N) is particularly essential during the initial
month of hemp growth, with most field experiments applying it at sowing. Studies show
that about 79% of total N uptake occurs within the first month, with a daily uptake of
3-4 kg ha~! [112]. However, applying N after sowing or using a split method does not
increase stem yield compared to N distribution at sowing. While an increase in stem
biomass is noticed with N fertilization up to 120 kg N ha~!, further increases do not lead
to yield improvements [113]. Excessive N application can cause rapid stem elongation,
making hemp more prone to lodging, while insufficient N results in yield loss and excess
affects fiber quality [114]. Adjusting N fertilizer application based on initial soil fertility
is crucial, as hemp growth response to fertilizer N varies depending on soil nitrogen
levels [115]. Greenhouse-grown hemp for CBD showed N deficiency symptoms when
leaf tissue analysis indicated 1.62% N content, indicating the need for further research
on N application effects in field conditions for both seed and CBD hemp varieties [116].
Research indicates that higher levels of nitrogen (N) fertilization can lead to the production
of stems with weaker, coarser fiber or lower fiber content, as well as stems with diameters
exceeding the optimal range, resulting in decreased fiber strength [117]. Furthermore,
elevated N fertilization rates have been observed to increase the protein content in fiber,
which negatively affects fiber strength [118]. However, some studies suggest that excessive
N fertilization may not necessarily negatively impact fiber production beyond increasing
leaf growth, which could complicate crop processing [119]. The timing and method of N
application also vary in their effects on fiber hemp production, with certain studies showing
no significant effects while others demonstrate increased yields with specific application
methods [120].

Planting density is another critical factor for fiber hemp, with high-density planting
potentially enhancing the quality of bast fiber if self-thinning is minimized [121]. Never-
theless, research findings on the effects of planting density and N fertilization rates on
self-thinning and total yield have been inconsistent [122]. Further exploration is needed
to understand the interplay between excessive N fertilization, planting density, and the
timing of N application in hemp production systems [123]. Efficient nutrient manage-
ment is pivotal for maximizing plant productivity and minimizing environmental impacts,
underscoring the importance of research to determine the optimal nutrient quantities
and application timings for different hemp cultivars and environmental conditions across
various production regions [124]. The visual appearance of hemp under increasing N
supply is shown in Figure 4. The effect of nitrogen fertilizers on hemp growth properties is
summarized in Table 2.
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Figure 4. Visual appearance of the plants (top row), leaves (middle row), and roots (bottom row)
under increasing N supply. From left to right: 30, 80, 160, 240, 320 mg L1 N. Leaf images are of
the youngest, fully developed leaf on the main stem, taken 31 days after initiating the fertigation
treatments [125].
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Table 2. Effect of nitrogen fertilizers on hemp growth properties.

Fertilizer Growing Impact of N

Type Parameter Conditions Application Growing Media References
Ammonium nitrate Plant height, seed yield, seed . . .
(surface broadcast) protein content, biomass Field Increase Silty loam-type soil [126]
Liquid N by fertigation Photosynthetic pigments, . e
(80% N-NO5—, osmotic potential, total N and Growth chamber Increase Sc;ﬁfis‘fé gsgﬁrje?:lila 2 [127]
20% N-NH4*) N-NOj3, water use efficiency
Liquid N by fertigation . - . .
(80% N-NO5—, Nltr](\)/[grfna;llilezerflﬁiletr;i}g Ca, Growth chamber Decrease SOQIEE::’ [127]
20% N-NH;*) ’ p p
Urea (46% N) Fiber yield Field Increase NR [128]
Chlorophyll,
Liquid N-NO3; ™~ malond{ald(lehyde, N Greenhouse Increase Peat [129]
accumulation in the plant,
soluble protein
Lo _ Stem mass density,
Liquid N-NO3 root/shoot ratio Greenhouse Decrease Peat [129]
Antioxidant enzymes fﬁfﬁ’éﬂgg::z
Liquid N-NO3z~ (superoxide dismutase Greenhouse after Peat [129]
and peroxidase) 6.0 mmol N L-1
Soil spiked
Urea Lead accumulation in leaves Greenhouse Increase with lead in [128]
pots
Ca1c1urlr’lli;a;:tr:}1 onum Seed crude protein content Field Increase Loam to sandy [130]
Calc1um.ammomum Biomass .cellulose and Field Nor.151gmf1cant Loam to sandy [118]
nitrate hemicellulose increase
Ammonium phosphate Sex ratio Field Not affected NR [131]
Peters Professional . 1 Decrease after Pro-mix HP
20-20-20 (N-P-K) CBD, CBG yield (g plant™) Growth chamber 50mg L1 N mycorrhizae [132]

CBD, cannabidiol; CBG, cannabigerol; NR (not reported).
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7.3. Effect of Phosphorus (P)

Previous studies have noted that phosphorus (P) is crucial for the growth and devel-
opment of hemp, particularly in its early stages [133]. However, research on the specific
effects of phosphorus on hemp production remains limited. While phosphorus application
has been linked to increased plant height, its impact on hemp biomass and seed yields
appears to be inconsistent and minimal, yielding negligible effects [134]. Studies suggest
that hemp’s response to phosphorus may vary depending on growing conditions, with
phosphorus availability significantly affecting the elasticity and tensile strength of hemp
fibers [135]. Furthermore, phosphorus deficiency can disrupt nutrient uptake, leading
to symptoms like stunted growth and the reddish-purple discoloration of leaves due to
anthocyanin pigment formation [136].

During the vegetative and flowering stages, phosphorus is absorbed gradually, pri-
marily accumulating in the leaves [137]. By the end of the flowering stage, over 70% of
the phosphorus in the plant is typically found in the seeds. Similar to other crops, when
soil phosphorus levels are adequate, additional phosphorus fertilizer may not significantly
improve hemp yield [138]. However, studies have shown that additional phosphorus
can enhance yield under conditions of low initial soil fertility [139]. Varieties of hemp
intended for grain production may require higher phosphorus levels, as preliminary data
indicate phosphorus accumulation in hemp seeds [140]. While phosphorus fertilization can
affect hemp height and cellulose concentration, its effects on biomass, seed yield, protein
content, and oil content vary across studies and hemp cultivars. Further research is needed
to understand phosphorus requirements in hemp cultivation and their implications for
different varieties and environmental conditions [141].

A phosphorus deficiency (Figure 5) tends to be more common after plants start mak-
ing buds in the flowering stage. Cannabis plants tend to love phosphorus in the flower-
ing /budding stage, and it is unlikely for a cannabis plant to receive too much phosphorus
using standard nutrients formulated for a flowering plant like cannabis. Nearly all flower-
ing nutrients will come with an abundance of phosphorus for the plants. So, if there is a
cannabis phosphorus deficiency while using standard cannabis nutrients, this is related
to a root pH problem. The effect of phosphorus fertilizers on hemp growth properties is
summarized in Table 3.

Figure 5. The progression of a cannabis phosphorus deficiency (https://www.growweedeasy.com/
cannabis-plant-problems/phosphorus-deficiency, accessed on 14 January 2024).
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Table 3. Effect of phosphorus fertilizers on hemp growth properties.

. Recommended Dosage
Property P Effect Explanation (kg P,0s/ha) Reference

Root development Enhancement Enhanced root systems support better water and nutrient uptake. 20-50 [142]

Energy storage and transfer Increased efficiency Phosphorus plays a.key role in the process of energy transfer within 20-50 [143]
plants, helping convert nutrients into usable energy.

Flowering and seed production Potential improvement Adequate phosphorus can improve Fhe quality and quantity of flowering, 50-100 [133]

subsequently affecting seed production.

Disease resistance Improved resistance Phosphorus can help enhance the plant’s rgsmtance to various diseases, 20-50 [138]
particularly root rot and other soil-borne pathogens.

Overall plant health Overall improvement Sufficient phosphorus Contr}butes to .the gen?ral hea.llth and vigor of the 20-50 [140]

plant, potentially leading to higher yields.

Nutrient uptake efficiency Improvement Phosphorus. improves the pl'ant s a}:nhty to uPtake otl'ler essential 20-50 [141]
nutrients from the soil, particularly micronutrients.

Stress tolerance Increased tolerance Phosphorus can enhance the plant’s ability to. V\f1thstand abiotic stresses 20-50 [144]

such as drought and salinity.
Photosynthetic efficiency Enhancement Phosphorus is involved in the synthesis of ATP during photosynthesis, 20-50 [145]

which may increase the overall efficiency of this process.
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7.4. Effect of Potassium (K)

Potassium (K) is a key nutrient for hemp cultivation, although its specific effects have
been less extensively studied compared to nitrogen (N) and phosphorus (P) [146]. Research
indicates that K may not significantly affect hemp biomass and seed yield, but it remains
essential for the plant’s growth and development [147]. As hemp matures, its demand for
K increases, particularly during fiber development stages, emphasizing its role in ensuring
fiber quality. However, determining optimal K fertilization rates for hemp production
is still a subject of ongoing research, with some trials suggesting a recommendation of
175 kg K ha—! [148]. Despite its importance, the impact of K fertilization on seed and CBD
yields in hemp varieties under field conditions remains largely unexplored. Previous
studies have shown varied responses to K fertilization, with some reporting slight increases
in stem or hurd yield, especially in adverse weather conditions [149]. Nevertheless, further
research is needed to fully understand the effects of K fertilization on hemp production
and to develop tailored fertilization practices for maximizing both the yield and quality
of hemp crops [150]. The visual appearance of the leaves of medical cannabis cultivar,
developed on plants receiving increasing K supply is shown in Figure 6. The effect of
potassium fertilizers on hemp growth properties is summarized in Table 4.

K concentration (mg L)

Figure 6. The visual appearance of leaves of cannabis developed on plants receiving increasing K
supply. From left to right: 15, 60, 100, 175, and 240 ppm K. Images of the youngest fully developed
leaf on the main stem, taken 26 days after the initiation of the fertigation regime [151].
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Table 4. Effect of potassium fertilizers on hemp growth properties.
K Rate Application Time of Growing Culture
Property K Effect (kg K,O/ha) Application Media Reference

Stem strength Enhancement 80-120 Pre-planting Soil-based [152]
Disease resistance Improvement 80-120 At planting Soil-based [147]
Water efficiency Increases 80-120 Pre-planting Soil-based [153]
Nutrient uptake Improvement 80-120 At p.l anting and Soil and. [154]

mid-season hydroponic

Split application at .

Yield and quality Increase 100-150 planting and Soil-based a.nd [155]

. hydroponic

flowering
Photosynthesis Improvement 80-120 At planting Soil-based [151]
Root development Enhancement 80-120 Pre-planting Soil-based [148]
Stress tolerance Increases 80-120 Pre-planting Soil-based [149]
Fiber quality Improvement 80-120 Pre-planting Soil-based [149]
Seed oil content Enhancement 100-150 At p.l anting and Soil-based [151]
mid-season

7.5. N, P, K Timing Application for Hemp

Effective fertilization of hemp requires not only the right amounts of nitrogen (N),
phosphorus (P), and potassium (K) but also the precise timing of these applications to
maximize crop health and productivity [100]. Understanding the specific growth stages of
hemp and the nutrient uptake at each phase is critical for optimizing the timing of fertilizer
applications [102].

Nitrogen is vital for the early growth stages of hemp, promoting vigorous vegetative
growth and the development of a robust plant structure. The optimal timing for nitrogen
application is during the initial 6 to 8 weeks post-planting when hemp plants are rapidly
expanding their leaf and stem mass [125]. This early application helps establish a strong
foundation for subsequent flowering and seed formation stages. It is important to balance
nitrogen levels to avoid excessive vegetative growth at the expense of flowering, which is
crucial for hemp varieties cultivated for their seeds or CBD content [121].

Phosphorus plays a critical role in root development and the overall energy transfer
within the hemp plant, which is essential for the health and growth of the plant throughout
its lifecycle. The most beneficial time to apply phosphorus is right at planting or just before,
to ensure that the developing roots can access it. This early-stage application supports a
strong root system which is essential for efficient water and nutrient uptake throughout
the plant’s growth cycle [134,135]. Additional phosphorus may also be applied during the
flowering stage to support the development of seeds [137].

Potassium is crucial for the overall resilience of the plant, aiding in water regulation,
disease resistance, and the synthesis of proteins and starches. For hemp, potassium should
be applied before the onset of flowering and again as the plants enter the seed production
or cannabinoid synthesis phase [151]. This ensures that hemp has sufficient potassium to
support these critical processes, which directly impact yield quality and quantity, especially
in plants cultivated for CBD production [147,151].

Together, these strategic applications of N, P, and K not only enhance the growth
and productivity of hemp but also contribute to a more sustainable cultivation practice by
reducing the likelihood of nutrient runoff and ensuring that the plants receive nutrients
at times when they are most effective. This approach, tailored to the specific needs and
growth stages of hemp, is essential for maximizing both the yield and the quality of the
harvested product [104].

7.6. Effect of Other Nutrients

Previous studies have underscored the importance of magnesium (Mg) in hemp farm-
ing, as its deficiency can lead to leaf discoloration and stunted growth [156]. Additionally,
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hemp may suffer from deficiencies in micronutrients like copper (Cu), manganese (Mn),
and boron (B), potentially weakening the plant’s stems [107]. To address these deficiencies,
supplementing with micronutrients alongside sufficient phosphorus (P) and potassium (K)
fertilization has been proposed to improve fiber and seed hemp yield and quality, especially
when s0il P and K levels are adequate [157]. However, further research is required to
fully grasp how micronutrient supplementation impacts cannabinoid composition across
different hemp cultivars [158].

Research on Romanian hemp grain varieties has revealed high concentrations of
calcium (Ca), magnesium (Mg), and potassium (K), with P and K supplementation result-
ing in increased calcium levels in seeds [159]. While fiber hemp generally requires less
calcium compared to grain hemp, opinions vary regarding hemp’s overall nutrient require-
ments [160]. Calcium uptake typically increases during the vegetative phase, primarily
accumulating in hemp fiber, hurd, and leaves [161]. Similarly, magnesium application
during planting has been found to boost seed and hurd yield, albeit potentially reducing
fiber content. Conversely, sulfur (S) supplementation has yielded mixed results, with
minimal effects observed in grain and dual-purpose hemp strains despite existing soil
deficiencies [162]. Although certain nutrient deficiencies may not immediately impede
hemp growth, prolonged shortages in boron (B) and copper (Cu) have been associated with
significantly reduced biomass [163]. Nonetheless, the precise impact of nutrient deficits on
phytochemical concentrations requires further investigation, particularly across various
growth stages and hemp varieties [164].

7.7. Organic Fertilizers

While chemical fertilizers have traditionally been relied upon to provide plants with
essential nutrients like nitrogen and phosphorus, concerns over soil and water pollution
have spurred a growing interest in organic alternatives, particularly animal manures [165].
These organic fertilizers, rich in organic matter, offer a valuable source of nutrients such as
nitrogen, phosphorus, and potassium [166]. However, a complete transition away from
chemical fertilizers in agriculture is not immediately feasible, as agricultural sustainability
hinges on maintaining adequate income and food security [167]. Instead, a balanced ap-
proach that integrates renewable, natural materials with organic sources, while judiciously
utilizing chemical fertilizers, is essential for preserving soil fertility, enhancing biological
activity and improving soil structure [168]. Numerous studies have explored the combined
application of organic and chemical fertilizers across various crops, showing promising
results, particularly in increasing oil yield [169]. For instance, combining cow manure
with nitrogen application has proven effective in boosting both oil yield and content in
sunflower cultivation [170]. Likewise, incorporating organic fertilizers like vermicompost
with nitrogen supplementation has demonstrated significant potential in increasing seed
yield and oil content in rapeseed [171]. However, the impact of nitrogen fertilization on
oil content may vary depending on the plant species. While it may decrease oil content
in juniper, it can enhance oil yield in medicinal plants like thyme [172]. This underscores
the importance of tailored fertilizer strategies customized to the specific requirements and
growth characteristics of each crop [173].

Optimal Rate of Organic Fertilizer during the Flowering Stage for Hemp

Fertilization is one of the most important factors for indoor cannabis production.
Overfertilization can lead to salt accumulation in the root zone, whereas under fertilization
can cause nutrient deficiency and lower yields [125]. The suggested fertilization rate for
hemp ranges from 50 to 200 kg N ha~! [126] which is similar to other high-yielding field
crops such as wheat [127]. It is difficult, however, to base fertilizer rates for cannabis on
suggestions for hemp or other crops because of the differences in species and growing
conditions [128]. Furthermore, it is common for nutrient requirements to vary based
on the growth stage in flowering plants. A recent evaluation of the effects of organic
fertilization during the vegetative stage for cannabis suggests that overfertilization during
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the vegetative stage may decrease both THC concentration in floral material and floral dry
weight on the harvest [129]. An optimal fertilizer rate of 389 mgL~! was proposed using
a liquid organic fertilizer (4.0 N-1.3 P-1.7 K) in two coir-based organic substrates. To our
knowledge, there is no research on the flowering-stage fertilizer rates for cannabis [130].

Appropriate choice of a growing substrate is also important for indoor cannabis
production. Substrates vary in physical and chemical properties; therefore, to ensure a
suitable root zone environment it is important for fertigation to be tailored to the growing
substrate [131,132]. Although there is scant research on growing substrates for cannabis, the
information we collected from the industry indicates that many North American cannabis
producers are using either coir- or peat-based substrates, or inert substrates such as stone
wool. Previous research evaluated two coir-based substrates for vegetative-stage cannabis
production. At the end of the vegetative stage, plants were transferred into a growth
chamber for the flowering stage under similar conditions to determine if treatment effects
carried forward to harvest. The substrates differed in CC by 11% but no differences in
growth, yield, or cannabinoid content were reported between the two. Vegetative-stage
cannabis may grow well in substrates within a certain range; however, there are no similar
evaluations for flowering-stage cannabis production [129-132].

7.8. Organic Cultivation Technologies

Organic farming, which prohibits synthetic chemicals, presents an appealing option
for hemp cultivation due to its lower reliance on such inputs compared to crops like corn
and soybeans [174]. Hemp's rapid growth and dense canopy naturally suppress weeds,
reducing the need for expensive herbicides and weed control measures [175]. This makes
hemp an excellent fit for organic production, where key factors include selecting the ap-
propriate cultivar, planting method, and strategies for fertilizer and pest management.
Integrating hemp into organic crop rotations encourages the development of beneficial
mycorrhizae, enhancing the plant’s ability to compete with weeds and supporting soil
biota [176]. Despite their vital role in soil health, earthworms, particularly Lumbricus ter-
restris, are not extensively studied in hemp agroecosystems [177]. Hemp’s ability to deter
harmful soil organisms like nematodes further underscores its value in crop rotation [178].
Organic hemp farming promotes biodiversity by providing habitats and food sources for
beneficial organisms such as pollinators and predatory insects [179]. This contributes to
ecosystem resilience and reduces the reliance on chemical interventions. Organic prac-
tices prioritize natural fertilizers, cover crops, and crop rotations to enhance soil health
and fertility, promoting the long-term sustainability of farms [180]. Strict adherence to
organic certification standards ensures that hemp products meet consumer demand for
environmentally friendly and socially responsible agricultural practices [181]. In contrast,
conventional cultivation relies on synthetic chemicals for crop management, highlighting
the distinct approaches and trade-offs between organic and conventional agriculture [182].
Organic farming prioritizes soil vitality and biodiversity, fostering beneficial soil life like
earthworms and mycorrhizae to enrich nutrient cycling and enhance soil structure [183]. It
employs methods like cover cropping and reduced tillage to minimize erosion and con-
serve water [184]. Conversely, chemical fertilizers in hemp farming offer precise and rapid
nutrient delivery tailored to crop needs, potentially resulting in faster growth and higher
yields [185]. However, their excessive use can lead to nutrient runoff, water pollution, and
soil degradation, impacting long-term soil health and microbial activity [186]. Furthermore,
organic hemp products are esteemed for their environmental and social responsibility,
appealing to sustainability-conscious consumers and commanding premium prices due
to organic certification [187]. Ultimately, the choice between organic and chemical fertil-
izers depends on environmental impact, product quality, market demand, and grower
preferences [132].

The comparative study on the effects of organic versus mineral (chemical) fertilizers
on hemp, specifically during the flowering stage, sheds light on several crucial aspects of
agricultural practices for medicinal cannabis (Figure 7). Previous research [188] focused on
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assessing the impact of these fertilizer types on biomass, cannabidiol (CBD) yield, and nutri-
ent use efficiency, under conditions of nutrient stress [189]. Organic fertilizers demonstrated
a lower acquisition and utilization efficiency compared to mineral fertilizers. Although the
yield of inflorescences was reduced under nutrient-stress conditions, there was a compen-
satory increase in CBD concentration in plants fertilized with fewer nutrients [190]. This
suggests that a reduction in fertilizer input does not necessarily decrease CBD yield, thanks
to increased cannabinoid concentration [191]. Interestingly, the study found that mineral
fertilizers, when applied at reduced concentrations, significantly increased the agronomic
nutrient use efficiency for N and K by 72%, compared to higher nutrient concentrations.
This indicates that mineral fertilizers might be more effective in terms of nutrient utilization
efficiency under controlled nutrient stress scenarios [192].

Furthermore, the results indicated that while organic fertilizers are considered more
environmentally friendly, they may require optimization in terms of nutrient bioavailability
and timing of application to match the effectiveness of mineral fertilizers. This study
underscores the necessity of fine-tuning fertilizer regimes to achieve optimal growth and
cannabinoid production in medicinal cannabis, highlighting the trade-offs and potentials of
both organic and mineral fertilizers under nutrient-limited conditions [193]. While chemical
fertilizers may offer higher efficiency and possibly more predictable results under certain
conditions, the choice between organic and chemical depends on various factors including
the specific crop needs, environmental considerations, cost, and the goals of the cultivation
operation. Each type of fertilizer has its advantages and potential drawbacks, and the best
choice often involves a balance of these factors alongside sustainable practices [194].

ORGANIC

FERTILIZER TYPE

MINERAL

Figure 7. Cannabis plants at the final harvest date (99 days after planting) for the three organic and
mineral fertilizer concentrations. Left: entire plants, right: defoliated plants [194]. Numbers are
fertilizer concentration (mg L.

8. Economic Issues and Perspectives for Industrial Hemp

The hemp industry is experiencing remarkable growth, with U.S. retail sales soaring
to at least USD 820 million in 2017, reflecting a 16% surge from the previous year [195]. This
upward trajectory has been consistent since 2012, with the CBD product market leading the
charge, followed closely by personal care products, food items, industrial applications, and
textiles [196]. Before the passage of the 2014 Farm Bill, restrictions on hemp production
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fueled a surge in hemp-related imports into the United States [17]. Imports exceeded
USD 78 million, nearly doubling from levels seen in 2013 and 2014. However, in recent
years, there has been a decline in imports, dropping to USD 67 million in 2017 [197]. It is
important to note that these figures underestimate total imports as they do not include
finished products such as clothing, construction materials, and hemp-based paper [198].
Currently, Canada serves as the primary supplier of hemp seeds, while China dominates
the market for raw and processed hemp fiber [199].

9. Chemical and Organic Fertilizer Effect on Implications for Global Hemp and
Economic Issues

The industrial hemp market has experienced exponential growth, projected to reach
USD 1.9 billion by 2022, with significant contributions from CBD products and industrial
applications such as textiles and personal care products [200]. This rapid expansion is influ-
enced by legislative milestones like the 2014 Farm Bill, which liberalized hemp cultivation,
shifting the industry from heavy reliance on imports to bolstering domestic production
capabilities [201]. Within this burgeoning framework, the strategic use of fertilizers—both
organic and chemical—becomes pivotal, influencing not only agricultural yields but also the
broader economic landscape and environmental sustainability of hemp production [202].
Organic fertilizers are championed for their environmental benefits, enhancing soil health,
and reducing chemical runoff, thus aligning with global shifts towards sustainable and
eco-friendly agricultural practices [203]. Their use in hemp cultivation can potentially
command premium market prices due to the growing consumer demand for organically
produced goods. However, the higher initial costs and longer periods required to realize
yield benefits from organic inputs pose economic challenges, particularly for small-scale
producers or those new to hemp cultivation [204].

Conversely, chemical fertilizers offer the advantage of immediate nutrient availability,
which can lead to enhanced plant growth and a quicker return on investment. This aspect
is crucial in regions competing in the global market, where efficiency and output volume
are often prioritized [205]. The predictability and cost-effectiveness of chemical fertilizers
can make them attractive, especially in large-scale operations aiming to capitalize on the
expanding hemp market rapidly [206]. Despite these benefits, the use of chemical fertilizers
raises concerns about long-term soil degradation and environmental harm, which could
potentially lead to regulatory repercussions and shifts in consumer preferences away from
non-organically produced hemp [207]. This dynamic necessitates a balanced approach to
fertilizer use, one that considers not only economic and production efficiencies but also
long-term sustainability and market perceptions [208].

For American hemp farmers, navigating these choices involves understanding the
complex interplay between market demands, regulatory environments, and agronomic
practices [209]. The economic viability of integrating hemp into crop rotations hinges
on effectively managing these factors to enhance both short- and long-term profitabil-
ity [210]. The evolving landscape of the hemp market, characterized by fluctuating prices,
regulatory challenges, and intense international competition, especially from established
producers like Canada and emerging players like Uruguay, demands strategic foresight
and adaptability [211].

The importance of targeted research and development cannot be overstated, as it
underpins the capacity to make informed decisions regarding fertilizer use and its implica-
tions for market competitiveness and environmental stewardship. Federal initiatives, such
as those enabled by the 2018 Farm Bill, which includes provisions for crop insurance and
research funding, are crucial in supporting hemp producers in this volatile market [212].
Exploring alternative market structures and vertically integrated production models may
also provide valuable risk management strategies, ensuring that U.S. hemp producers can
navigate both current challenges and future opportunities in the global arena [213]. This
comprehensive approach to understanding the implications of fertilizer use in hemp cultiva-
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tion reveals the intricate balance required between achieving immediate economic benefits
and ensuring long-term sustainability and competitiveness in the global market [214].

Moreover, as the global landscape for hemp continues to evolve, the strategic uti-
lization of both chemical and organic fertilizers must be adapted to meet the changing
regulatory standards and consumer expectations [215]. For instance, as environmental
awareness increases, the demand for sustainably grown products could shift market dy-
namics significantly, making organic practices more appealing despite their higher initial
costs and slower returns [202]. To capitalize on this trend, producers may need to inno-
vate in organic fertilization techniques to enhance efficiency and reduce costs, potentially
leveraging new technologies or bio-engineered solutions [208].

On the international stage, the competitiveness of hemp products is closely tied to the
perceived quality and sustainability of their production processes. Countries with strict
environmental regulations may favor imports of organically fertilized hemp, presenting an
opportunity for producers who prioritize green farming practices [210]. Conversely, regions
with less stringent standards may continue to see robust demand for products grown with
chemical fertilizers, highlighting the need for a diversified approach to cultivation strategies
to cater to various markets [212].

The introduction of advanced analytical tools and precision agriculture technologies
can also play a crucial role in optimizing fertilizer usage. These technologies allow farmers
to apply the exact amount of nutrients needed at the right time and place, minimizing
waste and environmental impact [206]. For organic producers, such innovations could
bridge the gap between the traditional inefficiencies associated with organic farming and
the need for competitive yields. For chemical fertilizer users, these tools can help mitigate
the adverse environmental effects associated with overfertilization, aligning more closely
with global sustainability goals [212].

Furthermore, the economic implications of fertilizer use in hemp cultivation extend
beyond the immediate agricultural sector to influence ancillary industries such as manu-
facturing, retail, and export [205]. The quality of hemp fiber and extracts, which is highly
dependent on cultivation practices, including fertilization, directly impacts the downstream
products” marketability and success. As such, the choice of fertilizer not only affects crop
yield but also the overall quality and consumer acceptance of hemp-derived products [211].

In conclusion, the decision between chemical and organic fertilizers in hemp pro-
duction involves a complex array of factors, including but not limited to cost, efficiency,
market demands, and environmental impact. As the industry matures, ongoing research
and stakeholder engagement will be essential in developing best practices that satisfy both
economic objectives and sustainability criteria [210]. This holistic approach will ensure
that the hemp industry remains robust and capable of adapting to future challenges and
opportunities in the global marketplace [207].

10. Conclusions and Future Perspectives

Hemp’s resurgence is not merely a trend, but a renaissance driven by its multifaceted
benefits, captivating attention across diverse spheres ranging from media to scientific
communities [216]. Its versatility, from industrial applications to health and wellness
products, underscores its potential to revolutionize various industries [217]. However, to
harness this potential effectively, it is imperative to acknowledge the unique cultivation
requirements of hemp. Unlike traditional crops, hemp possesses distinctive characteristics
that necessitate tailored cultivation approaches. Its robust nature and fast growth make it
a resilient crop, yet its sensitivity to environmental conditions demands careful manage-
ment [218]. The burgeoning hemp market has spurred a wave of innovation in cultivation
and fertilization techniques, prompting a revaluation of conventional agricultural practices.
Research indicates that organic fertilizers, such as compost and manure, play a pivotal role
in fostering soil health and enhancing nutrient absorption in hemp plants. In contrast, the
indiscriminate use of chemical fertilizers poses risks of soil degradation and environmental
contamination over time [219]. Thus, a paradigm shift towards a holistic cultivation strat-
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egy that integrates both organic and chemical fertilizers emerge as a pragmatic approach
for sustainable hemp cultivation. This hybrid approach not only promotes robust growth
and yield but also mitigates the environmental footprint by reducing chemical dependency
and enriching soil vitality [220]. By adopting such a balanced methodology, stakeholders
can uphold the principles of ecological sustainability while fostering economic prosperity
within the burgeoning hemp industry [221]. Moreover, unlocking the full potential of hemp
requires concerted efforts to expand its applications beyond traditional uses [222]. Recent
strides in genetic research and regulated production have facilitated the development of
specialized hemp cultivars tailored for specific purposes, from fiber and grain produc-
tion to cannabinoid extraction for medicinal and recreational purposes [223]. However,
achieving a harmonious balance between economic prosperity and ecological integrity
is paramount for the long-term viability of hemp cultivation [224]. Embracing a holistic
approach that melds traditional wisdom with contemporary scientific insights can pave
the way for sustainable agricultural practices that nurture both human prosperity and
planetary well-being [225]. In essence, hemp epitomizes the ethos of sustainable agriculture,
offering a beacon of hope for a future where prosperity is intricately intertwined with envi-
ronmental stewardship [226]. By embracing innovative cultivation methods and expanding
the horizons of hemp’s applications, we can forge a path towards a more resilient and
regenerative agricultural landscape, where hemp stands as a symbol of progress towards a
sustainable future.
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