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Abstract

Empirical data on the effect of plant density (PD) and length of the vegetative phase (DVP)
on plant growth, yield, and cannabinoid concentration of medicinal cannabis (Cannabis
sativa L.) are still scarce, leading to a lack of specific cultivation recommendations. We con-
ducted two greenhouse experiments to investigate the effect of PD in the range of 12-36
plants m™ (D-trial) and DVP in the range of 1—4 weeks (V-trial) on plant morphology, bio-
mass growth of individual plant organs, and CBD concentration of individual inflorescence
fractions. Empirical models for the relationships between the investigated plant traits and
PD/DVP were created using linear regression analysis preceded by a lack-of-fit test. An
increase in PD led to a linear decrease in inflorescence yield per plant (p = 0.02), whereas a
positive linear relationship was found for inflorescence yield (p= 0.0001) and CBD yield (p =
0.0002) per m?. Total area yields in the D-trial ranged from 119 to 247 g m™ from lowest to
highest PD. DVP showed a positive linear relationship with inflorescence yield on an individ-
ual plant (p=0.0001) and area basis (p < 0.0001) along with most other relevant agronomic
traits such as CBD production, plant size and lateral shoot length. Total area yields in the V-
trial ranged from 295 to 571 g m from lowest to highest DVP. The yield increase could be
linked to the increased inflorescence number per plant rather than inflorescence size. In
contrast to expectations, neither PD nor DVP had significant effects on the cannabinoid con-
centration gradient from upper to lower canopy layers. CBD concentrations in inflores-
cences from lower canopy layers were reduced by 23% in the V-trial and 46% in the D-trial.
However, with increasing PD, the proportion of higher-concentrated inflorescence fractions
from upper canopy layers increased from 46% to 68%, while an extension of DVP shifted
this proportion only marginally from 45% to 50%. In the context of standardized production,
we therefore advocate high-density production systems that increase the proportion of
desired inflorescence fractions from upper canopy layers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951

December 30, 2024 1/28


https://orcid.org/0009-0008-7240-4262
https://orcid.org/0000-0002-5206-5848
https://doi.org/10.1371/journal.pone.0315951
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0315951&domain=pdf&date_stamp=2024-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0315951&domain=pdf&date_stamp=2024-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0315951&domain=pdf&date_stamp=2024-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0315951&domain=pdf&date_stamp=2024-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0315951&domain=pdf&date_stamp=2024-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0315951&domain=pdf&date_stamp=2024-12-30
https://doi.org/10.1371/journal.pone.0315951
https://doi.org/10.1371/journal.pone.0315951
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

Competing interests: The authors have declared
that no competing interests exist.

1. Introduction

Cannabis sativa L. (cannabis) is a multifunctional crop whose harvested products are used in
various industries (e.g. food, pharmaceuticals, textiles, cosmetics, and others). Its potential use
for medicinal purposes has attracted particular interest in recent research endeavors and is
based on various groups of secondary metabolites, including cannabinoids, terpenes, flavo-
noids, and others. Especially cannabinoids have been studied for their therapeutic effects,
above all, the most prominent and most frequently encountered representatives A9-tetrahy-
drocannabinol (THC) and cannabidiol (CBD) [1]. In the plant, these chemical compounds are
present in their acid forms (THCA, CBDA) and are found in high concentrations primarily in
the glandular trichomes of female inflorescences [2]. However, they are also present in vegeta-
tive plant organs, albeit to a much lesser extent [2-4]. The production goal can typically be
divided into i) inflorescence biomass for the extraction of cannabinoids (and preparation of
pharmaceutical formulations), in which case the cannabinoid yield must be maximized, and ii)
inflorescences for direct consumption, in which case the standardized composition of the
chemical constituents is crucial. Indoor cultivation allows growers to control key environmen-
tal factors (e.g. light, temperature, nutrient- and water supply) to steer plant growth toward the
desired result and ensure batch-to-batch homogeneity [5]. As most commercially used geno-
types are short-day plants, another advantage of indoor production is that the transition from
vegetative to generative growth can be controlled at will by lowering the day length (typically
from 18 h to 12 h) using artificial lighting concepts.

Light utilization is of central importance for cannabis cultivation. It is a well-known princi-
ple that biomass accumulation is directly proportional to the amount of intercepted light.
Thus, it is crucial to maximize light interception through optimal leaf coverage of the cultiva-
tion area to achieve maximum yields [6]. At the same time, it is known, that a concentration
gradient of cannabinoids occurs within the plant, particularly in indoor cultivation under arti-
ficial lighting [7-9]. This follows the natural light gradient from the plant’s tip to the stem’s
base. Suitable canopy management is therefore required to find a balance between maximizing
light interception and light penetration into the lower canopy layers. Another consideration
for canopy management strategies concerns the microclimatic conditions (e.g. air movement,
temperature, humidity) within the canopy, as these affect the risk of fungal infestation [6, 10]
and cannabinoid concentrations [11]. Besides the choice of the cultivated genotype and associ-
ated plant morphology, growers can apply several pruning and training techniques or hor-
mone treatments to alter the canopy’s shape [4, 8, 12]. However, in this context, the two most
basic factors that growers need to decide on when planning their cultivation system are the
choice of planting density (PD) and the total length of the long-day period (vegetative growth).

PD generally influences both the biomass and morphology of individual plants. Morpho-
logical changes due to alterations in PD are closely linked to shade avoidance reactions of
plants as a response to the reduction in the red:far-red (R:FR) ratio in the deeper layers of the
stand [13, 14]. The R:FR ratio is known to be a major factor in triggering shade avoidance
symptoms, such as increased internode elongation, petiole elongation, and branching [6, 13,
15]. The impact of PD and R:FR ratio on plant height has been previously demonstrated and
discussed for cannabis [7, 16-18]. An increase in PD is accompanied by higher light intercep-
tion but less light penetration into the lower canopy layers, reducing the photosynthetic activ-
ity of the leaves in these layers [6, 10]. As a result, the total biomass of individual plants
typically decreases with increasing PD. However, in terms of area, this is compensated for by
the higher number of plants, so in general, a positive correlation between PD and the biomass
yield per unit area exists [14]. Only at very high PD, a saturation point is reached at which the
biomass yield per area remains constant, which is described as the law of constant final yield’
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[19]. However, it has been found that in most scientific publications analyzing the effect of PD
on plant growth, this saturation point was not reached [14]. For industrial hemp and various
production purposes under field conditions, multiple studies have shown that dry inflores-
cence yield and cannabinoid yield on an area basis continuously increased with PD, while
these traits decreased on a per-plant basis [17, 20-23]. So far, not many studies are available
that compare the effect of PD on medicinal cannabis in indoor cultivation systems. [7] com-
pared the growth and yield of drug-type cannabis in pot culture for a PD of 1 plant m ™ and 2
plants m . They confirmed the relationship for dry inflorescence yield, as opposed to the can-
nabinoid yield per m? which was not affected by the density treatments. The authors further
showed that the intra-plant variation of cannabinoid concentration of individual inflores-
cences increased with PD. This was mainly due to a reduced concentration of inflorescences in
lower canopy layers, while the inflorescences from the upper layers showed no differences [7].
It is assumed, however, that most indoor growers cultivate their plants at a PD of around or
above 15 plants m™ [6, 24]. Guided by these values, [25] compared different genotypes grown
under densities of 12 and 16 plants m™ and found that dry area inflorescence yield was not sig-
nificantly affected by PD, although yield per plant was lower in the higher PD. The same
results were found in a later study, where PDs of 16 and 20 plants m > were compared [26]. To
our knowledge, the only analysis of a wider range of PD for indoor cannabis cultivation con-
sists of a meta-analysis of PD between 10 and 20 plants m™ used in scientific publications. The
meta-analysis concluded, that PD was not a suitable predictor of final area yield [27]. In gen-
eral, there is still a lack of empirical data that can map the inflorescence and cannabinoid yield
over a wide range of PD being relevant to the production industry and from which quantifiable
relationships can be established. Furthermore, the role of PD on the uniformity of inflores-
cence quality needs to be further elucidated.

The length of the long-day period defines the duration of the vegetative growth phase
(DVP) and, consequently, the plant size. It is known that the DVP increases the plant height,
width, and number of nodes on the main stem and side shoots as well as the final inflorescence
yield per plant. Based on the growth curves of [28], it can be seen that cannabis plants enter a
linear growth phase after about 1-2 weeks under long-day conditions for height, lateral shoot,
and biomass growth. In addition to the genotype, the selected PD is a fundamental consider-
ation when selecting the DVP. As a rule of thumb, [6] suggested a density of 15 plants m> and
recommended a DVP of 10-15 days if the density is higher and a DVP of 15-30 days if the
selected density is lower. However, the effects of DVP on inflorescence area yield or cannabi-
noid production are still insufficiently described. Based on a meta-analysis, [29] attempted to
determine the optimal DVP concerning inflorescence yield and cannabinoid concentration
and came to the somewhat surprising conclusion that DVP is positively correlated with canna-
binoid concentration but negatively correlated with floral biomass [29]. So far, there is a lack
of peer-reviewed literature based on controlled experiments that could form the basis for spe-
cific recommendations on DVP.

This study aimed to quantify the influence of PD (12-36 plants m™2) and DVP (1-4 weeks)
on plant morphology, biomass allocation between plant organs and canopy layers as well as
dry inflorescence yield and cannabinoid yield for medicinal cannabis. At the same time, the
influence on the uniformity of the inflorescences in terms of size and cannabinoid concentra-
tion depending on their position in the canopy was investigated. The main hypotheses were: i)
DVP shows a linear relationship with plant biomass and yield traits on an area basis, whereas
dry inflorescence yield per square meter will saturate for the high PD of the tested range. ii)
PD and DVP both increase the intra-plant gradient of CBD concentration and inflorescence
size and negatively affect the homogeneity of yield components. Two greenhouse trials were
conducted to test the hypothesis separately for the factors of PD and DVP. The main objective
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was to derive empirical relationships with target plant traits, which can guide producers in
their cultivation management to reach their desired production goals.

2. Material and methods
2.1 Plant material

Two greenhouse trials were conducted at the Phytotechnikum of the University of Hohen-
heim. One trial was used to compare selected PD (D-trial), and the other was used to compare
different DVP and growth substrates (V-trial). The CBD-rich genotype "Kanada" (AI FAME,
Wald-Schonengrund, Switzerland) was used in both trials. This genotype is classified as che-
movar IIT (THC/CBD-ratio < 0.05) and has indica and sativa characteristics in equal measure.
In previous studies, this genotype reached CBD concentrations in the range of 6-10% in
greenhouse cultivation [4, 30]. The terpene profile of this genotype was previously described
by [9]. Planting material was obtained via vegetative propagation. Head cuttings of 10 cm
length were cut from 3-month-old mother plants, which were grown exclusively under long-
day conditions (18 h day length). Leaves of the cuttings were removed so that only one fully
developed leaf and the shoot tip remained. The cuttings were then dipped in 1% Rhizopon AA
(Hazerswoude-Rijndijk, Netherlands) and placed in rockwool cubes AO 36/40 (Grodan, Roer-
mond, Netherlands), which had previously been soaked overnight in 0.15% fertilizer solution
of Plant Aktiv type A (Hauert, Grossaffoltern, Germany). For rooting, the cuttings were placed
in a foil tent where the humidity was kept at ~90% with the help of pond nebulizers. For light-
ing, ceramic halide lamps CHD Agro 400 (DH Licht GmbH, Wiilfrath, Germany) were used,
which were adjusted so that the incoming photosynthetically active radiation in the tent was
~100 pmol m™ s™'. The day length was set to 18 h. The rooting period for both trials was 14
days.

At the beginning of the experiments, the rooted cuttings were planted in 3-liter pots filled
with the substrate used for the respective experiment and soaked in water overnight. A peat-
perlite mixture was used as the standard substrate in both experiments. The V-trial used a
coconut wood fiber mixture as a second substrate. The mixtures were generously provided by
Klasmann-Deilmann (Geeste, Germany). A detailed overview of the composition and proper-
ties of the substrates used can be found in the supplementary material (S1 Table). Slow-release
fertilizer with the following composition (the same for both substrates) was used for fertiliza-
tion: 0.5 g L™ Top Substra (Compo Expert, Miinster, Germany), 0.67 g L"' Osmocote Bloom
2-3M, 1.33 g L' Osmocote Exact Hi-End 3-4M and 2.33 g L' Osmocote Exact Hi-End 5-6M
(ICL, Tel Aviv, Israel). The composition and concentration were calculated based on the
growth curves for biomass growth and nutrient contents from [28]. Before planting, the water-
saturated pots were weighed to determine the pot weight at full container capacity. Irrigation
during the trials was done using drip irrigation with one dripper per pot and 36 mL min ™' flow
rate. Interval and volume were adjusted to keep the water content in the substrate between 60-
90% of the maximum container capacity. The plant weight was estimated based on the growth
curves of [28] and taken into account when measuring the pot weight.

During the vegetative phases, the plants grew under natural light with supplementary light-
ing from CHD Agro 400 lamps to keep the day length at 18 h. For flower induction, the trials
were moved to a darkroom where the day length could be reduced to 12 h. The only light
source here was the CHD Agro 400 lamps. Non-destructive measurements were collected
weekly during the trial period. Destructive measurements were taken separately for each trial
(section 2.2 & 2.3). In both trials, temperature and air humidity were monitored using Tinytag
Plus 2 data loggers (Gemini Data Loggers Ltd., Chichester, West Sussex, UK) and a logging
interval of 20 min. Incoming photosynthetic active radiation during the vegetative growth
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phases was recorded using PAR/LE line sensors (SOLEMS S.A., Palaiseau, France) with a log-
ging interval of 5 min.

2.2 Effect of altered planting density (D-trial)

In this trial, four PDs were compared (12, 16, 24, and 36 plants m ). The trial was set up as a
randomized complete block design, on three greenhouse tables measuring 2.5 x 1 m?, with the
four densities randomly arranged on each table (S1 Fig). The greenhouse tables were aligned
one behind the other from the west to the east side of the greenhouse compartment, resulting
in a continuous experimental area of 7.5 m>. They were divided into four plots for the arrange-
ment of the densities per table. The plot length corresponded to the complete table width (1
m). The plot size was 0.75 m” for the PD of 12 and 16 plants m™ and 0.5 m* for the densities of
24 and 36 plants m ™ (Fig 1). In each plot, the plants were arranged in three rows (parallel to
the table width), with three plants per row at the density of 12 plants m, four plants per row
for the densities of 16 and 24 plants m, and six plants per row at the density of 36 plants m™.
The planting distance was chosen to achieve the desired PD per m” and to maintain half the
planting distance between the border plants and the plot border on each side. All non-destruc-
tive measurements were taken exclusively on the center plants per plot, meaning that all plants
from the two border rows, as well as the first and last plants of the middle row, were excluded.
Therefore, the number of center plants differed between the PD treatments. Plants were kept
for three weeks under long-day conditions before initiation of flowering. The only destructive
measurement was performed on all center plants per plot at the end of the trial at the final har-
vest 56 days after flower induction. To minimize movement of center plants, the first plants in
each row were used to determine the daily water requirement. Average irradiation during the
vegetative phase was 174 + 87.7 umol m™*s™' at an average temperature of 23.8 + 3.78°C and a
relative humidity of 55.2 + 21% (mean + standard deviation of logged values). During the gen-
erative phase, irradiation increased with plant height from 157 umol ms™ at initial plant
height at the beginning of flowering to 450 umol m™ s when the plants had reached their

|12 plants m-2 | |36 plants m2]| |24 plants m2| | 16 plants m-2 |
g
® 0
. . 16.67 cm O O . .
. ‘ 25cm 25cm
33.33cm
o0 0 ® O ® O
£l ® O
©e 0
CceoO & o o
o0 o |02 % sos o] @i
e ) *>>e ©
)

[ | |

Fig 1. Setup on a greenhouse table for the four densities tested in the density trial, exemplary for replicate 1. The black
rectangle represents the table. The colored circles show the positions of the plants. Black circles show the center plants that
were used for measurements.

https://doi.org/10.1371/journal.pone.0315951.9001
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Duration of vegetative phase

[weeks]

3
4

final height. The average temperature in the dark room was 26.0 + 4.1°C and the relative
humidity was 64.7 + 22.3%.

2.3 Effect of altered length of vegetative growth (V-trial)

This trial compared four levels of DVP (1, 2, 3, and 4 weeks). The trial was a split-plot design
with three replicates, each corresponding to a 2 x 2.5 m” greenhouse table. The greenhouse
tables were aligned one behind the other from the west to the east side of the greenhouse com-
partment, resulting in a continuous trial area of 15 m”. Each replicate consisted of four contig-
uous main plots, each containing 16 plants (four rows and four columns) of the same DVP in
a PD of 17 plants m™ The sub-plot factors in this trial were the two substrates used and the
five harvest dates (0, 20, 35, 49, and 61 days after flower induction). Harvest date 0 days after
flower induction refers to the end of the vegetative phase for all treatments. The substrate was
introduced as an additional factor to consider the possible effects of the specific properties of
the substrate in combination with the constant pot size and the concentration of the slow-
release fertilizer for all tested DVPs. Therefore, peat and coco mixtures were selected, which
are commonly used as substrate mixtures in the cannabis industry. At harvest dates 0 and 49
days after flower induction, a single plant per substrate-main plot combination was harvested.
On the other three dates, two plants per substrate and main plot were harvested resulting in a
total of eight plants per substrate and 16 plants per main plot. Treatment combinations were
allocated to plants in each main plot according to a Graeco-Latin square design using harvest
date as one factor with four levels (20, 35, 61, and 0/49 days after flower induction) and the
combination of plant number and substrate as the second factor (Fig 2).

One of the two plants per plot and substrate earmarked for the final harvest was designated
as the scoring plant for the weekly non-destructive measurements (B-plant) and daily weighing
for determination of water content, but was also included in the final destructive measurement
at the final harvest. During the vegetative phase, the average irradiation was 208 + 52.7 pmol
m* s, at an average temperature of 24.1 + 3.6°C and a relative humidity of 42.7 + 22.7%.
When the experiment was moved to the dark room with only artificial lighting, care was taken
to ensure that each plot was illuminated by exactly one CHD Agro 400 lamp, which was
mounted centrally above the plot surface. The distance from the lamp to the top of the canopy
was set separately to 90 cm for each plot at the beginning of flowering and was readjusted after

Harvest No. Substrate
1 A =Peat plant 1
2 B = Peat plant 2
3 C = Coco plant 1
4 D = Coco plant 2
5

Block 1

Block 2 Block 3

Fig 2. Experimental design for the trial to test the effects of the duration of the vegetative phase (V-trial).

https://doi.org/10.1371/journal.pone.0315951.g002
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three weeks into flowering when height growth terminated. This ensured that the average irra-
diance at the top of the canopy was ~400 umol m™s™* for all treatments during the flowering
phase. For further details regarding the trial setup, we refer to [31].

2.4 Data collection

2.4.1 Light and non-destructive measurements. The non-destructive measurements
comprised the measurement of height from the stem base to the plant tip (tip of the apical mer-
istem on the main stem) as well as the number of nodes on the main stem and the cumulative
length of lateral shoots. For this purpose, measurements were taken from the shoot base on the
main stem to the apical meristem of each lateral shoot. In addition, the relative interception of
the canopy of incoming light within the photosynthetic active range (400-700 nm) was mea-
sured in both trials using an Accupar LP-80 ceptometer (Decagon devices, Hopkins Pullmann
Court, USA) as the ratio of light intensity within canopy at pot height (I,,) to intensity of
incoming light (I,). The term light interception will be further used to describe the measure-
ment of the intercepted photosynthetic active radiation. I,, was measured at pot height between
rows. Plot-specific average values (D-trial: n = 2; V-trial: n = 3) were calculated and used for
statistical analysis. Measurements were taken as part of the weekly non-destructive measure-
ments in the D-trial and only once in the V-trial at the end of the vegetative phase, before the
first harvest. In the V-trial, I, represents the plot-specific average value (n = 3) of light intensity
at the top of the canopy, measured above each row. In the D-trial, a single value of I,, for the
whole cultivation area was calculated as the mean value of a 20 x 20 x 20 cm® grid measure-
ment at 16 cm above table height in the empty darkroom (without plants) using a FLA-
ME-S-XR1-ES point spectrometer (Ocean Optics Germany GmbH, Ostfildern, Germany). In
addition, the R:FR ratio at mid-canopy height and pot height was determined in the D trial.
For this purpose, the value of the R:FR ratio was recorded at ten evenly distributed points per
plot between the rows of plants at mid-canopy height and pot height using the FLA-
ME-S-XR1-ES point spectrometer. The mean value was then calculated so that one value for
R:FR ratio at mid-canopy height and one at pot height were used per plot for the subsequent
statistical analysis. The measurements of the R:FR ratio were conducted once at 35 days after
flower induction.

2.4.2 Gas exchange measurements. The maximum photosynthetic rate (A,,,) was mea-
sured with a portable gas exchange fluorescence system GFS-3000 (Walz, Effeltrich, Germany)
in the D-trial. The measurements were carried out on the foremost center plant in each density
plot. For each plant, the uppermost fully developed leaf on the main stem and the uppermost
leaf on the main stem of the lower half of the plant were measured. To do this, the plant height
was first determined and the first leaf directly below the half mark was selected. The standard
3010-S measuring head with a 4 cm®-cuvette was used for the measurements and light was pro-
vided using a 3056-FL LED array/PAM fluorometer. The settings in the cuvette during the
measurements were 2000 umol m™ 5™ for the light intensity, 400 + 1 ppm for the CO, concen-
trations, 30 = 0.5°C for the leaf temperature, and 50 + 1% for the relative humidity. The air
flow rate was set to 750 pmol min™'. Each leaf was acclimatized in the cuvette for 15 minutes
before the reading was recorded.

2.4.3 Destructive measurements. For all destructive measurements, the plants were cut
off at the base of the stem just above the substrate. The plant organs were then separated into
stems, leaves (without petiole), and inflorescences. The leaf area was determined immediately
using a LI-3100 Area Meter (LI-COR, Lincoln, NE, USA). Note that in the V-trial the leaf area
was only measured up to the onset of leaf senescence (this corresponds to the first three har-
vests). At the final harvest, the plants were divided into their upper and lower halves according
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to their height and all organs were separated according to which half of the plant they belonged
to. B-plants in the V-trial were only separated into vegetative and generative biomass. Leaf and
stem material was dried in a drying oven at 60°C for 48 h before the dry mass was determined.
Inflorescences were separated into a total of three fractions: apical inflorescences of the main
stem (MATI) and axillary inflorescences of lateral side shoots, each for the upper and lower half
of the plant. Note that by definition MAI does not occur in the lower half of the plant. The
number of inflorescences harvested was counted for each fraction. Inflorescence material was
air-dried in a dark tent at ~20°C and a humidity of 50-60% for 14 days before the dry mass
was determined. The average mass per inflorescence for each fraction could then be calculated
from the total yield per fraction divided by the number of inflorescences per fraction. By defi-
nition, the number of MATI was always one. Thus, the total yield of this fraction equals the aver-
age inflorescence mass.

2.4.4 Chemical analysis. For the chemical analysis, the inflorescences were ground using
a knife mill GRINDOMIX GM 200 (Retsch, Haan, Germany). The cannabinoid extraction was
performed according to the method of [32], with slight modifications. Two technical replicates
were analyzed per sample. For this purpose, 100 + 10 mg of the ground samples were weighed
into 100 mL volumetric flasks for each technical replicate. For the extraction, 100 mL of a
methanol 90%/Chloroform 10% mixture (v/v) was added and the volumetric flasks were
placed in an ultrasonic bath (40°C) for 30 min. After subsequent cooling to room temperature,
the solution was filtered through 0.45 um polytetrafluoroethylene syringe filters. The first 2
mL of the sample that passed through the filter was discarded before the solution was trans-
ferred to HPLC vials, which were stored at -20°C until injection into the HPLC. On the day of
extraction, the residual moisture was determined for each sample using a moisture analyzer
DBS 60-3 (Kern and Sohn GmbH, Balingen, Germany). The HPLC system used for cannabi-
noid analysis (1290 Infinity II LC System, Agilent, Santa Clara, CA, USA) was equipped with a
quaternary pump and an autosampler, which was cooled down to 4°C for the duration of the
sample runs. The detector was a diode array spectrophotometer and the detection wavelength
was 230 nm. The HPLC analysis followed the method described by [30]. The chromatographic
separation was performed on a Nucleosil 120-3 C8 column (125 mm X 4 mm i.d., 3.0 pm)
with a guard column EC 4/3 Nucleosil 120-3 C8 (Macherey-Nagel, Oensingen, Switzerland)
with HPLC-grade methanol (solvent A) and 0.1% acetic acid in HPLC-grade distilled H,O
(solvent B; Sigma-Aldrich, Saint Louis, MO, USA) at a constant flow rate of 0.7 mL min~" with
gradient elution mode. CBD and CBDA concentrations were calculated using analytical refer-
ence standards for CBD (C-045) and CBDA (C-144) (Sigma-Aldrich, Darmstadt, Germany).
The calculated concentrations were corrected for the measured residual moisture content. The
CBD concentrations presented correspond to the weighted sum of measured CBD and CBDA
concentrations. The CBDA concentration was therefore multiplied by the value 0.877 to obtain
the corresponding value as CBD equivalent, which was added to the measured CBD
concentration.

2.5 Statistical analysis

2.5.1 Logistic function. To describe the measured light interception over the cultivation
time in the D-trial as a function of the PD, the logistic growth function was used for repeated
data of each plot across time points #:

Lmaxij
+e,. (1)

tij

FI, =————
tij 1+ e—kij*(t—thalij)

where FI,;; is the fraction of light intercepted at time point ¢ of block 7 in density j. The term
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L,,..; describes the asymptotic maximum fraction of the intercepted light of the density j in
block i and t is the time point of measurement in weeks. The parameter k;; is the plot-specific
steepness of the curve and ay, 18 the plot-specific time point, when 50% of L, is reached
and ey; is the error of FI,;; with plot-specific variance.

The parameter estimates and their standard error were then forwarded to the second stage

and analyzed for significant differences between PD using the following model:
Vij:ﬂ+bi+6j+f;j (2)

where y, is the estimated parameter of the i-th block and the j-th density. The parameters b;

and ; are the fixed effects for the i-th block and the j-th density, respectively. The term fi; is the
residual error for the parameter estimate y, and has a variance that is proportional to the vari-

ance of the parameter estimate. In the case of a significant density factor, mean parameter esti-
mates for each density were calculated. Otherwise, a single mean parameter was estimated and
used to determine the final curves.

2.5.2 Regression analysis. Linear regression models for all measured plant traits from the
destructive and non-destructive measurements on PD and DVP were fitted. A lack-of-fit test
was performed beforehand for all models to confirm the linear relationship between the
regressor and response variable. If the lack-of-fit test resulted in significant deviations from
linearity, PD or DVP were treated as qualitative, and analysis was based on mean comparisons.
Otherwise, the variable was treated as quantitative. For most traits on a single-plant basis, the
regression was additionally fitted depending on different positions within the plant. This
involves, for both trials, the parameters of leaf and stem dry mass, dry yield, and CBD vyield,
separately for the upper and lower plant half. Likewise, CBD concentration and average inflo-
rescence mass for different inflorescence positions were analyzed this way. In the D-trial,

A naw SLA, and R:FR ratio were additionally analyzed, taking into account position effects.

For this purpose, the following model was used for the linear regressions in the D-trial:

Yiewm = 1+ b, + e+ (By + B)*dy, + Pia + € (3)

where ¥, is the observation of the i-th block and the I-th plot at the k-th position of the m-th
plant, b; is the fixed effect of the i-th block, and p and S, correspond to the common intercept
and common slope term on density d,,, at the k-th position of the m-th plant in I-th plot of
the i-th block, respectively. The term py is the fixed main effect of the k-th position and Sy the
position-specific slope. The term py, for the random effect of position k in the I-th plot of the i-
th block. The random error of ¥, is denoted by ej,,,. For position effects of the same plot
and plant, a first-order autoregressive variance-covariance structure with heterogeneous vari-
ance was assumed. For qualitative factor PD, (f, + f;)*d,,,, in (3) were replaced by 7,+(7p)s,,
for the n-th PD.

The following model was used in the V-trial for traits measured at the final harvest in
dependence on position:

Yigim = K+ b, + 6]- + o+ (6p)jk + (B, + ﬂ,- + B+ ﬁjk)*lijklm + Py T €iitim (4)

where yjji,, is the observation of the i-th block of the j-th substrate at the k-th position of the
m-th plant in the /-th plot. The fixed main effects for the j-th substrate and the k-th position as
well as their corresponding interaction effects are denoted by ;, py, and (p)jx, respectively. The
terms b;, Y, pijir and e;,,, are analogously defined as in model (3). By, B;, By, and By are the
common, substrate, position, and substrate-by-position specific slopes DVP at the i-th block
of the j-th substrate at the k-th position of the I-th plot (Ijj,,,). Again, a first-order
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autoregressive variance-covariance structure with heterogeneous variances was fitted for the
position effects of the same plant. For position effects of the same plot, the structure is
extended by fitting an addition constant covariance. For qualitative factor duration (f, + f; +
Bi + Bj)*lju,, in (3) were replaced by 9, + (96),, + (3p),, + (9p),, for the o-th DVP.

For traits from the weekly non-destructive measurements, which were only measured once
per plant, models (3) & (4) were altered by replacing position with timepoint. Leaf area per
plant, No. of inflorescences per plant, the relative fractions of leaves, stems, and inflorescences
on total plant biomass, and area-based parameters (total biomass m™, LAI, yield m™%, CBD
yield m™?) were also estimated without position effect. Hence, model (3) was simplified to ana-
lyze these traits for the D-trial, and all effects involving position were dropped from the model.

In the V-trial, these traits were measured over several harvest time points. This was taken
into account in the statistical analysis. Hence, model (4) was adjusted by replacing the effects
for the position with the timepoint of harvest. As the timepoint of harvest was accounted for in
the row-column design of each plot, random row and column effects within plots were added
to the model. For CBD yield m™ and No. of inflorescences, all effects involving harvest were
dropped from the model, as these traits were only measured at the final harvest.

All results are presented for the latest time point of measurement, which coincides with the
timepoint of the final harvest for all plant traits, except leaf area per plant and LAI in the V-
trial. These were only measured until the third harvest, hence, results are presented for the
third harvest. In the V-trial, interaction effects were either not significant or interactions were
not relevant in the sense that the relative order of position and /or harvest changed depending
on substrate. We, therefore, presented means across substrates in all cases to simplify the pre-
sentation. For the D- and V-trial, the resulting F-test tables and results of lack-of-fit tests for
each analyzed plant trait are provided in the supplementary material (S2 and S3 Tables).

For all statistical models, a position-specific heterogeneous error variance was allowed if
this resulted in a better model fit. For the final analysis of each plant trait, all non-significant
effects were removed from the model. Normal distribution and variance homogeneity were
checked graphically using the residual plots. The analysis was conducted using proc nlin for
fitting of logistic function and proc mixed for the mixed models using the statistical software
SAS version 9.4 (The SAS Institute, Cary, NC, USA). The raw data from both the D-trial (S1
Data) and the V-trial (52 Data) are provided.

3. Results
3.1 Plant morphology

DVP led to clearly recognizable visual effects on the plants. As expected, the extension of DVP
was accompanied by taller plants, longer side shoots, and a larger number of main shoot nodes
and inflorescences. Leaf senescence was more advanced in plants with a longer DVP. The mor-
phological effects were less clear when comparing PD. Plants from higher densities tended to
be slightly taller and narrower (Fig 3).

The visual impressions are supported by linear regressions on the two test variables from
the D- and V-trial. The lack-of-fit test was not significant for any of the target variables leaf
area, plant height, cumulative lateral shoot length, number of nodes, and number of inflores-
cences in both trials. Therefore, the linear regression model is proposed as a suitable model (52
Table). In the V-trial, all slope terms for the respective target variables significantly differed
from zero and showed a positive correlation with the DVP (Table 1). Consequently, the plants
with a vegetative phase of four weeks had the highest maximum leaf area (4534 + 155 cm®
plant ™) at the third harvest. This was reduced by 77.4% in the shortest DVP. Likewise, plant
height (100.7 + 1.4 cm), accumulated lateral shoot length (496.8 + 36.5 cm), number of nodes
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Density [plants m~]

D-Trial

V-Trial

Duration of vegetative phase[weeks]

Fig 3. Exemplary plants at final harvest for the density trial (D-trial) trial of increasing duration of vegetative growth phase (V-trial). Scale = 15 cm.
https://doi.org/10.1371/journal.pone.0315951.g003
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Table 1. Estimated slopes of the linear regression of target traits as a function of plant density (D-Trial) and length of the vegetative phase (V-Trial).

Trial Leaf area Height Shoot length No. Nodes No. Inflorescences
[cm? plant™] [cm] [cm]
D -9.30 0.29* -0.42 -0.03 -0.16
[plants m?]
A 1134.56* 11.84* 108.11% 2.08* 28.60*
[weeks]

Leaf area refers to the measurement at the final harvest for D-trial and maximum value for V-trial as measured at the third harvest (35 days after flower induction).

Values marked with * indicate slope terms significantly different from zero at o. = 0.05.

https://doi.org/10.1371/journal.pone.0315951.t001

on the main shoot (24.8 £ 1.0), and number of inflorescences (143.0 + 18.6) were the highest
for plants with a DVP of four weeks and were reduced by 35%, 61.8%, 28.5%, and 55.8%,
respectively, in the shortest DVP (one week).

Note that for height and lateral shoot length, the interaction of substrate and slope term was
also significant, wherefore a separate slope term for each substrate was estimated. The values
(Table 1) represent the mean value for both substrates. According to the regression analysis,
only plant height was positively associated with PD in the D-trial. The tallest plants, with
82.25 + 1.57 cm, were found in the highest plant density of 36 plants m™%, while they were
10.4% smaller in the lowest density. The slope terms for lateral shoot length (p = 0.53), number
of nodes (p = 0.20), and number of inflorescences (p = 0.63) were not significantly different
from zero. Therefore, the mean values for these target variables were independent of plant den-
sity with estimated intercepts at 282.68 + 16.94 cm (shoot length), 17.62 + 0.65 (number of
nodes), and 77.81 + 8.89 (number of inflorescences). Similarly, for leaf area, no significant
effect of PD was found (p = 0.07). Hence, a common intercept of 1491.8 + 48.9 cm? plant™ for
all tested PD was estimated.

3.2 Biomass allocation between plant organs and plant section

The lack-of-fit test for the linear regression of leaf and stem dry matter, dry yield (dry matter
of inflorescences), and CBD yield in the dependence of upper and lower plant half indicated
that the linear model satisfactorily described the results for the D- and V-trial. In the D-trial,
the F-test for the specific slope term for the plant half was significant in all cases. Therefore,
separate regression lines were estimated for the upper and lower half of the plant. A positive
relationship with PD was estimated for leaf and stem mass of the upper half of the plant. How-
ever, in both cases, the estimated slopes were not significantly different from zero. In contrast,
this relationship was negative for the lower half of the plant with a slope of -0.046 g (p = 0.01)
and -0.013 g (p = 0.14) per additional plant m™ for leaf and stem mass, respectively (Fig 4).
Consequently, the ratio of upper to lower dry mass of leaves and stems shifted from 0.51 and
0.26, respectively, in the lowest PD to 0.85 and 0.42, respectively, in the highest PD. There was
also a significant negative correlation between dry and CBD vyield of the lower half of the plant
with PD with estimated slopes of -0.14 g (p = 0.003) and—0.0044 g (p = 0.005) per additional
plant m™, respectively. For the upper half of the plant, correlations with PD were also negative.
Still, the estimated slopes for dry (-0.02 g) and CBD yield (-0.0009 g) per additional plant m™
were not significantly different from zero. Consequently, the proportion of dry yield of the
lower half of the plant decreased from 53.8% to 32.3% from the lowest to the highest PD, and
the proportion of CBD yield also decreased from 44.5% to 21.1%.

In the V-trial, both leaf and stem dry matter were positively associated with increasing DVP
for both plant halves. All estimated slopes were significantly greater than zero, with the
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slope term was significantly different from zero.

https://doi.org/10.1371/journal.pone.0315951.9004

estimated slopes for the lower half of the plant being greater for leaf and stem dry mass than
for the upper half of the plant (Fig 5). Consequently, the proportion of leaf mass of the lower
half of the plant to the total leaf mass varied only minimally between 63.7% and 66.8% within
the tested DVP. Similarly, the lower stem dry mass proportion varied between 75.8% and
77.4%. The mean dry yields in the V-trial varied between 17.1 and 37.5 g and showed a signifi-
cant positive linear correlation with DVP (slope = 3.3 g week ). The F-test of the fitted linear
regression model was not significant for the position, so a common linear regression equation
was estimated for the upper and lower plant half. Similarly, a common linear regression equa-
tion was also estimated for CBD yield, showing a positive linear relationship with DVP

(slope = 0.24 g week ; Fig 5).

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024

13/28


https://doi.org/10.1371/journal.pone.0315951.g004
https://doi.org/10.1371/journal.pone.0315951

PLOS ONE

The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

prg

o

b2 12 2 1
— e A
= 10 [ } £ 10 }
S ‘ e
2 8- y=18+223x 2 g+ y=-053+3.06x
i p=0.0001 .~ £ p <00001 .-
- 67 } w6
[ Py
E } % = X
- =]
24 1 g :
> > ¥ oA
21 y=12+1.04x;p =0.03 T 27 AT
§---  y=-0.02+0.88x;p =0.0009
0 T T T T T G T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Duration of vegetative phase [weeks] Duration of vegetative phase [weeks]
20 —— fower 1.6 — lower
—&— upper —&— upper
18 T 1.4
ol 16_ ‘T._‘
w c 1.2+
£ 14 s
g 12+ o107
- 10 B 0.8
° | 2
> 8 2 0.6
2 @l
° b ]
O 0.4
4-
5 y =5.7 +3.3x; p <0.0001 0.2 y =0.14 + 0.24x; p = 0.0026
G T T T T T 00 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5

Duration of vegetative phase [weeks]

Duration of vegetative phase [weeks]

Fig 5. Scatter plots of the linear regression for the relationship between duration of vegetative phase and A) dry leaf matter, B) dry stem matter, C) dry yield,
and D) CBD yield in dependence on the position at upper and lower plant half. Point symbols indicate the mean values for the respective plant halves. Error
bars indicate the estimated standard error of the mean (n = 3). Dashed lines show the fitted linear regression models for each plant half. p-values indicate
wether the estimated slope term was significantly different from zero.
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In both the D-trial and the V-trial, there was a significant linear influence on the fraction of
the individual plant organs on the total plant dry mass. The inflorescences generally made up
the largest proportion of all plant organs. In the D-trial, the proportion of inflorescence mass
to total biomass decreased from 54.6% to 47.8% from lowest to highest PD. The estimated
slope of the linear regression was -0.3% per additional plant m™. In contrast, the stem propor-
tion increased by 0.2% per additional plant m™ (Fig 6A). The regression analysis for the leaf
proportion of the total biomass showed no significant influence of the PD, wherefore the
regression equation only consists of the estimated intercept of 28.2 + 1%. In the V-trial, the
proportion of inflorescence mass in the total mass decreased from 66.7% to 54.4% from short-
est to longest DVP. The estimated slope of the linear regression was -4.4% per week (Fig 6B).
A positive slope of 3.4% per week was found for the proportion of stem mass. The proportion
of stem mass increased from 12% to 22.4% from shortest to longest DVP. The leaf proportion
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only increased marginally from 21.3% to 23.2% from shortest to longest DVP. Although the
global F-test showed a significant influence of DVP depending on the harvest, the estimated
slope at the final harvest was not significantly different from zero.

3.3 Intra-plant gradient of CBD concentration and average inflorescence

mass

The linear regression for the relationship between CBD concentration and average inflores-
cence mass as a function of inflorescence fraction showed no influence of PD on these two
parameters. However, the effect of fraction was significant in both cases. The estimated inter-
cepts (Table 2) showed a gradient of CBD concentration from MAI (4.91%) > axillary inflores-
cence upper (4.16%) > axillary inflorescence lower (2.65%). The same order is shown for the

Table 2. Estimated intercepts of the regression analysis for CBD concentration and average inflorescence mass in
dependence on inflorescence fractions (intercept) in the D-trial.

Fraction

MAI
upper
lower

p-value
Density [D]
Fraction [F]

Interaction D x F

[%]
4.91+0.09
4.16 +0.08
2.65+0.10

0.44
<0.0001
0.21

CBD concentration

Avg. mass
(g inflorescence™]

1.47 +0.08
0.22 +0.02
0.07 +0.01

0.17
<0.0001
0.71

Inflorescence fractions were the main apical inflorescence of the main shoot (MAI) and axillary inflorescences of the

upper and lower plant half. Results are presented as estimated intercept + estimated standard error. The p-values

result from the global F-test for the fixed effects of plant density, inflorescence fraction, and their interaction.

https://doi.org/10.1371/journal.pone.0315951.t1002
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average inflorescence mass, which was highest for MAI (1.47 g inflorescence™") and lowest for
the axillary inflorescences of the lower half of the plant (0.07 g inflorescence ™).

A linear regression was also found for the relationship between DVP and average inflores-
cence mass. The average mass of MAI ranged from 2.16 g inflorescences to 3.66 g inflores-
cences. The estimated slope of the regression line was 0.43 g inflorescence™! week ' (Fig 7). The
intercepts for the axillary inflorescences of the upper and lower half of the plant were
0.33 + 0.08 g inflorescence™ and 0.23 + 0.03 g inflorescence ', respectively, while in both cases,
the estimated slope term was not significantly different from zero.

CBD concentrations achieved in the V-trial were generally higher than in the D-trial. In
contrast to the D-trial, the lack-of-fit test of the linear regression model was significant. Hence,
DVP was treated as a qualitative variable, and estimated means were compared using pairwise
comparisons (Table 3). The CBD concentrations of the MAI were not significantly different
from the axillary inflorescences of the upper plant half. The effect of vegetation length was con-
stant for the three inflorescence positions. The CBD concentrations of plants with a 3-week or
4-week vegetative phase did not differ significantly from each other but indicated higher con-
centrations with 6.6 + 0.30% (MAI), 7.0 + 0.36% (upper plant half), 5.25 £+ 0.30% (lower plant
half) than the plants with a one- or two-week vegetative phase, where CBD concentration was
reduced by 18.9%, 28.9%, and 24.4%, respectively.

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 16/28


https://doi.org/10.1371/journal.pone.0315951.g007
https://doi.org/10.1371/journal.pone.0315951

PLOS ONE

The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

Table 3. Mean CBD concentration (%) for duration of vegetative phase (DVP) and inflorescence fraction.

DVP [weeks]

1
2
3
4

CBD concentration [%]

MAI upper lower
5.11 + 0.30°4 4.66 + 0.36™ 3.91 +0.30°®
5.54 + 0.30°4 53 +0.36°* 4.03 +0.30°®
6.73 + 0.30°" 7.28 + 0.36™* 5.32 +0.30°®
6.48 + 0.30°" 6.72 + 0.36™" 5.18 +0.30°®

Inflorescence fractions were the main apical inflorescence of the main shoot (MAI) and axillary inflorescences of the upper and lower plant half. Results are presented as

mean values * estimated standard error (n = 3). Means within the same column bearing at least one identical lowercase letter did not differ significantly from each other

at o = 0.05 between different DVPs. Means within the same row bearing at least one identical capital letter did not differ significantly from each other at o = 0.05

between inflorescence fractions.

https://doi.org/10.1371/journal.pone.0315951.t003

3.4 Photosynthesis and light interception

For the D-trial, additional linear regressions were estimated for A ., specific leaf area (SLA),
and R:FR ratio as a function of position in the canopy. A, showed no significant slope in the
measurements on the uppermost leaves for increasing PD. In contrast, A,,,x measured on
leaves of the lower half of the plant was negatively correlated with PD (Fig 8). The estimated
slope of the fitted linear regression equation was -0.24 umol m™s™' per additional plant m™.
The SLA of the leaves of the lower half of the plant was positively correlated with PD and
increased by 1.9 cm?® g! per additional plant m™. The slope for the leaves of the upper half of
the plant was not significant (p = 0.58). The R:FR ratio decreased significantly with PD both at
mid-canopy height from 1.9 to 0.9 and at pot height below the canopy from 1.3 to 0.5. The esti-
mated slopes were of similar magnitude with values of -0.038 for mid-canopy height and
-0.027 at pot height (Fig 8).

In the D-trial, light interception over time was modeled by adjusting the logistic functions.
The analysis of the curve parameters revealed a significant influence of PD on L4y, thais and k.
Accordingly, the highest maximum light interception of 93% was obtained at the highest PD
of 36 plants m >, while it was only 74% at the lowest density of 12 plants m™ (Fig 8). At this
plant density, it took 2.71 weeks until half of the maximum light interception was reached,
which corresponded approximately to the end of the vegetative phase (3 weeks). In compari-
son, the light interception at planting densities of 16, 24, and 36 plants m™ at the same time
point was 68%, 80%, and 87%. The pairwise comparisons of the curve parameters between the
tested PD are shown in Table 4.

In the V-trial, there was a significant lack-of-fit for the linear regression model. Hence,
DVP was considered a qualitative variable. DVP showed significant effects on light intercep-
tion. The maximum light interception reached a similarly high percentage (93.1 + 1.4%) as in
the highest PD in the D-trial for the plots of plants with a DVP of four weeks (Table 4). In
comparison, the fraction of intercepted light decreased significantly by 5.8%, 44.1%, and 78.4%
for plants with 3-week, 2-week, and 1-week DVP, respectively.

3.5 Area-based plant traits

A non-significant lack-of-fit test was found for LAI as well as total plant biomass and yield
parameters on an area basis. Linear regression was accepted as a suitable model for these
parameters in both D- and V-trials. In the V-trial, parameters on an area basis showed a posi-
tive correlation with DVP (Fig 9), following the results on a plant basis (Fig 5). The regression
models showed an increase of 213.5 g m™* week ' for plant biomass, 1.9 m* m™ week ™" for LAI,
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https://doi.org/10.1371/journal.pone.0315951.9008

97.6 gm™ week ' for dry inflorescence yield, and 7.3 g m™ week " for CBD yield. The dry
inflorescence yields achieved ranged from 295.36 g m™ to 570.66 g m > and the CBD yields
ranged from 13.56 g m™ to 34.66 g m™.
In the D-trial, the correlation of the area-related parameters with PD was also positive, in
contrast to the results on an individual plant basis. The estimated increase in plant biomass
was 11.6 g per additional plant m™%, while the estimated mean values of the tested PD increased
from 218 to 518 g m™ from lowest to highest PD. LAI ranged from 1.8-5 m> m > from lowest
to highest PD, with an estimated slope of 0.13 m® m™* per additional plant m™. The dry yield
increased by 4.8 g m™ per additional plant m™ and the CBD yield by 0.19 g m™ per additional
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Table 4. Estimated mean values for light interception.

Density [plants m™]

12
16
24
36

p-value

D-trial V-trial
Parameter

Linax thalf k DVP [weeks] light intercepted [%]
0.74 + 0.03° 2.71 +0.14° 1.78 +0.28° 1 20.1 +1.44
0.89 +0.01° 2.09 +0.09° 1.29+0.1° 2 52.0 + 1.4
0.89 +0.01° 1.42 £0.21° 1.46 £ 0.21° 3 87.7 +1.4°
0.93 + 0.01° -0.14 + 0.86° 0.67 + 0.14° 4 93.1 + 1.4°

0.005 0.007 0.03 <.0001

Results are presented as mean values * estimated standard error (n = 3). Means within the same trial bearing at least one identical lowercase letter did not differ

significantly at o = 0.05 within the same column.

https://doi.org/10.1371/journal.pone.0315951.t1004

plant m™ (Fig 10). The dry yields (119.2-247.08 g m*) and CBD vyields (4.34-9.39 g m ™)
achieved in the D-trial were substantially lower than in the V-trial.

4. Discussion

To our knowledge, this is the first study to use regression analysis to analyze yield parameters
of medicinal cannabis over a wide range of PDs. Similarly, we provide the first empirical evi-
dence to derive correlations between DVP and final yield data.

Our results show that the biomass production per plant of all plant organs decreased line-
arly with increasing PD (Fig 4), which was compensated by an increasing number of plants per
square meter. Consequently, LAI, total plant biomass, inflorescence, and cannabinoid yields
per m” linearly increased with PD (Fig 10). In contrast to the hypothesis, no saturation of area
yields of cannabinoids and inflorescences was observed in response to increased PD within the
tested ranges. The reduction in the biomass of individual plants in response to increasing PD
could be attributed to the decrease of biomass in the lower canopy layers. Conversely, this
meant a shift in biomass allocation to upper canopy layers, especially for inflorescences, with
increased PD. The extension of DVP was generally associated with increased plant size and
related growth parameters (Table 1). Consequently, a positive linear correlation was found for
the inflorescence and cannabinoid yield on a single plant and area basis with DVP, following
the hypothesis. In contrast, DVP had only a marginal effect on the biomass partitioning of
plant organs between the upper and lower plant half (Fig 5). In general, the harvest index
decreased both with increasing PD and DVP in favor of the stem fraction (Fig 6). Contrary to
expectations, no significant change in the intra-plant cannabinoid concentration gradient
from plant top to bottom was observed for PD or DVP. However, the CBD concentrations of
plants with longer DVP (> 2 weeks) were generally increased, regardless of the inflorescence
position within the plant (Table 3). Likewise, the size of the MAI was positively associated with
DVP, while PD did not show significant effects on cannabinoid concentration or inflorescence
size of different positions (Table 2). We interpret these results mainly as an argument for high-
density production that maximizes area yields and, at the same time, promotes the proportion
of higher concentrated inflorescence fractions from the upper canopy layers in the total yield.

4.1 Effect of PD

Our study joins a great body of research that has found a steady increase in LAI and, conse-
quently, total plant biomass per area in response to increasing PD as a result of the increased
light interception [14]. The linear increase in LAT is mainly linked to the increasing number of
plants, as the effect of PD on leaf area of individual plants was found to be non-significant
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https://doi.org/10.1371/journal.pone.0315951.9009

(Table 1). Similarly, the positive correlation of PD with the area yield of dry inflorescences and
CBD area yield continues the trend of prior studies that tested this relationship for lower den-
sities [7, 20, 21]. However, the results of previous studies for medicinal cannabis are inconclu-
sive in this context, as especially for the higher PD in indoor cultivation (12-20 m™) no
significant differences in inflorescence area yield were determined [25, 26]. Nevertheless, it is
worth noting that these studies each compared only a narrow range of plant densities using
pairwise mean comparisons (e.g. 12 and 16 plants m™®), in contrast to the regression analysis
applied in our study.

In greenhouse cultivation, especially in pot cultures with modern fertigation systems, inter-
plant competition for water and nutrients due to increased PD is of little importance compared
to light interception. Consequently, the reduction in plant biomass of individual plants as a
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typical response to increasing PD [7, 14] can be attributed to the reduced light transmission in
lower canopy layers. Additional gas exchange measurements confirm the reduced photosyn-
thetic activity in combination with higher SLA of the leaves of the lower half of the canopy (Fig
8), which represents a typical shading-induced response [13]. As a result, it could be shown
that the reduction in biomass is mainly due to the decrease in leaf and stem growth in the
lower half of the canopy, while PD had only a marginal effect on vegetative biomass growth in
the upper half. Similarly, the dry inflorescence and CBD yield of the lower half of the plant
decreased with PD. Nevertheless, the lack of saturation of agronomic yield parameters with
increasing PD shows that plant densities in the range of 24-36 plants m ™ have their justifica-
tion in indoor cultivation systems of medicinal cannabis. Cultivation under high PD allows
plants to be kept smaller and growth cycles to be shorter [6] while improving CBD yield. High

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 21/28


https://doi.org/10.1371/journal.pone.0315951.g010
https://doi.org/10.1371/journal.pone.0315951

PLOS ONE

The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

PD is, therefore, an attractive tool for the cultivation of medicinal cannabis for extraction
purposes.

However, there are several indicators to assume that a further increase in planting density
far beyond the tested range will not lead to further increases in yield per m*:

i) if one estimates the further course of the area yield based on the empirical relationships
found for the individual plant yield (Fig 4), one finds that the inflorescence yield per m?
reaches its maximum at a PD of 39 plants m™* and the CBD yield per m* at a PD of 42 plants
m? (S4 Table). However, it is questionable to what extent such an extrapolation is reasonable,
especially since it can be assumed that the strict linear relationship is no longer valid for higher
PD (> 24 plants m ™) but should better be described using an asymptotic model.

ii) the increase in biomass per m* was accompanied by an improvement in light intercep-
tion (Fig 8), which was maximized at the highest PD of 36 plants m™> (LAI ~ 5). According to
Beer’s law of light attenuation, any further increase in LAI will only lead to marginal increases
in light interception [14].

iii) the overall plant size achieved in the D-trial was at the lower end of the known range
from previous studies of the same genotype under similar growing conditions [8, 28, 30]. The
effect of PD is related to plant size, as larger plants with more leaf area reach the LAI for the
saturation point of light interception at lower densities.

In addition, there are other factors to consider that make a general recommendation
regarding PD difficult. For example, cannabis genotypes can differ significantly in their growth
behavior [33]. It is easy to imagine that a more fiber-like genotype, with a low branching ten-
dency, allows higher PD than a bushy genotype with a strong tendency for lateral shoot
growth. Producers should further consider the changes in microclimatic conditions at high
PD [10] and the associated increased risk of diseases. However, in the D-trial, no visual symp-
toms of abiotic or biotic stress factors were found in any of the PDs tested. Therefore, future
studies should investigate these factors in higher PD ranges.

A large part of the cultivation of medicinal cannabis is aimed at the direct commercializa-
tion of the inflorescences for medical applications. In addition to maximizing yield, the homo-
geneity of the chemical composition between the inflorescences from different positions
within the canopy is a top priority. The natural light gradient within the canopy from the
upper to lower layer is considered to be the main reason for the parallel gradient of cannabi-
noid concentration [7-9]. This gradient was also evident in the D- and V-trial results. Potential
antidotes to this gradient are suitable pruning methods that favor light penetration into lower
canopy layers [4, 8, 12]. Sub-canopy illumination has also been described as an effective tool
[34]. In a previous study, it was reported that higher PD enhanced the cannabinoid concentra-
tion gradient as the cannabinoid concentration decreased in lower layers [7]. Our regression
analysis could not confirm this effect, although the estimated mean values of the lower inflo-
rescences followed this trend (Table 2). Note that the overall CBD concentration in our study
was relatively low, and the expected effect size was correspondingly small, which could explain
the lack of statistical significance (a similar explanation can also be given for the average inflo-
rescence mass of the lower canopy layers). However, the increase in the concentration gradient
does not automatically indicate increased chemical variability in the whole canopy. Such a
conclusion ignores the proportional composition of the total yield from the individual inflo-
rescence fractions. In the D-trial, at a PD of 12 plants m 2, the proportion of low-concentration
inflorescences of the lower canopy layer was 53.8%, while this proportion was reduced to
32.3% for the highest density. Hence, increasing PD increases total yield and the proportion of
higher concentrated inflorescence fractions from upper canopy layers, where lighting condi-
tions can be better controlled. The MAI, in particular, is the fraction with the highest cannabi-
noid concentration, whose position in the canopy can be best controlled at the same time. By
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increasing the number of plants with increasing PD, the number of inflorescences of this frac-
tion can be increased relatively easily, without affecting its average mass (Table 2). In sum-
mary, we therefore argue that increasing PD contributes to an enhancement of spatial
chemical uniformity in indoor cultivation systems, as also previously stated in other studies [6,
35].

Morphological changes of the plant in response to altered PD are mainly due to the shade
avoidance reaction of the plant, which is primarily triggered by an altered R:FR ratio in the
crop and is perceived via the phytochrome apparatus of the plant [15]. The reduction of the R:
FR ratio in the lower canopy layers with increasing PD is evident in our results (Fig 8). The
increase in the SLA of the lower leaves shows the decreasing leaf thickness and is a typical
response to the altered R:FR ratio. Similarly, the increased plant height of the high PD can also
be attributed to the increasing internode elongation and confirms the results of previous stud-
ies for cannabis [7, 16]. Although lateral shoot length was not significantly affected by PD, the
biomass of the lower lateral shoots decreased with increasing PD, indicating decreasing shoot
thickness. This is the result of reduced assimilate production and restriction of secondary
growth and is in line with the results from fiber-type hemp [17, 18, 36]. In contrast, drastic
effects of light competition, such as impaired node formation and even reduced height growth,
as reported for fiber-hemp production [36, 37], are not to be expected for indoor cultivation of
medicinal cannabis, which is in line with our results. Firstly, the relevant range of densities for
fiber-type hemp (180-270 plants m™*), where these effects occurred, is significantly higher
than a commonly used PD in the production of medicinal cannabis. Secondly, these effects
only appear as a reaction to the severe light competition after canopy closure [36]. The usual
DVP in the indoor cultivation of medicinal cannabis is recommended at 1-4 weeks, thus, the
overlapping time window of vegetative growth after full canopy closure is comparably small.

4.2 Effect of DVP

The morphological effects found in response to increasing DVP are in line with expectations.
Increased plant height, lateral shoot length, and leaf area can be attributed primarily to the
increased number of nodes on the main stem and lateral shoots (Table 1). Node formation is
temperature-driven and can be estimated plant-specifically by temperature sum intervals [38].
Accordingly, the linear correlations found with DVP were to be anticipated. The total number
of inflorescences per plant is also linked to the total number of nodes, as inflorescences in prin-
ciple represent high-order lateral phytomers in a highly condensed form [39]. Therefore, the
increase in inflorescence yield with prolonged DVP is primarily due to the increased total
number of inflorescences rather than changes in the average inflorescence mass.

The positive linear relationships described for the different biomass fractions of single
plants at final harvest are plausible since an extension of the vegetative phase entails an exten-
sion of the linear growth phase [28]. However, for the inflorescence dry yield per plant, our
results are in direct contrast to the results of the meta-analysis by [29], where the relationship
with DVP was negative. One possible reason for this difference is the consideration of environ-
mental conditions, which are very likely to differ between studies (light intensity, pot size,
water, and fertilization strategy) and represent a potential source of error as confounding fac-
tors when comparing data sets from several studies. In contrast, these factors are largely elimi-
nated in controlled experiments. The range of plant biomass and plant height achieved for all
DVP treatments was at the upper end of the previously reported range for the same genotype
under similar conditions [28, 30]. Similarly, the achieved inflorescence yields per m” fall within
the typical range achieved in industrial production [2, 27]. It can be assumed that no severe
stress factors influenced the relationships observed. The positive linear relationships between
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inflorescence yield and CBD yield per m? support the assumption that area yields can be
increased via extended DVP as an alternative to PD. Here, too, the improved leaf cover due to
higher LAI and the associated improved light interception (Table 4) is the underlying cause.
However, producers should bear in mind that in the case of DVP, the increase comes at a cost.
Extended DVP means longer vegetation cycles and larger plants. This makes management
more difficult during the cultivation period and may require additional care and pruning mea-
sures [6]. In addition, larger plants with many inflorescences, especially on the lower lateral
shoots, make harvesting more time-consuming. Thus, it seems more sensible to set the desired
yield level via the PD, as long as the available number of plants does not become a limiting
factor.

Our results show that the CBD concentration significantly increased in all fractions for the
treatments with DVP of 3 and 4 weeks. These results are in agreement with the modeled corre-
lations between DVP and cannabinoid concentration [29]. At the same time, they directly con-
tradict the often postulated dilution effect, according to which cannabinoid concentration
decreases with increasing biomass yield [8, 40]. However, the elevated CBD concentrations in
our case cannot be unequivocally attributed to DVP. Due to the higher biomass formation
with longer DVP, it can be assumed that more nutrients were taken up from the substrate by
plants with longer DVP. It, therefore, cannot be ruled out that the different nutrient levels dur-
ing generative growth influenced the generally higher CBD concentrations. The increased leaf
senescence towards the end of the growth cycle in the treatments of the longer DVP slightly
indicates that nutrient supply became a limiting factor, which was compensated by increased
nutrient translocation within the plant. The influence of nutritional status on cannabinoid
concentration has already been discussed previously [40-42]. Furthermore, the average mass
of the MAI was positively correlated with DVP. Nevertheless, in contrast to the hypothesis, no
influence on the intra-plant cannabinoid concentration gradient could be found for DVP. To
summarise, our results show no significant impact of DVP on spatial chemical variability.
However, unlike PD, we could not show an effect on the size of inflorescense fractions from
the upper and lower canopy layers. Assuming that different inflorescence fractions should be
marketed separately due to the shown chemical gradient, producers seem to be better advised
to focus on a higher PD with a short DVP for direct marketing of inflorescences than vice
versa. However, the discussed effects on CBD concentration and average mass of MAI indicate
that moderate DVPs (3-4 weeks) are justified in this context.

4.3 Limitations and outlook

Despite the plausible correlations obtained by the regression analysis, the presented trials had
some limitations leaving room for improvement in future research. The plant size in the D-
trial was generally small, which may have attenuated any density effects. Hence, the amplitude
of the effect size for larger growing plants remains to be investigated. Similarly, the D-trial
took place under low-light conditions. Cannabis has a comparatively high light saturation
point of ~1500 pumol m™ s™, which allows cultivation under high light intensities [43]. Under
these conditions, it is to be expected that density effects are generally greater. Likewise, the
impact of the light spectrum in conjunction with altered PD should be investigated, as the light
spectrum affects plant architecture [44, 45] and light penetration into the canopy [46], raising
expectations of interactive effects with PD.

Future studies on DVP should aim to confirm the relationships found so far with cannabi-
noid concentration and investigate the influence on the chemical composition. It is important
to include other chemotypes as well as other groups of secondary metabolites, such as terpenes,
for the comparison of different PD and DVP. Likewise, it would be of benefit to quantify the

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 24/28


https://doi.org/10.1371/journal.pone.0315951

PLOS ONE

The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

effect of PD and DVP on inflorescence morphology and trichome density in future trials. In
our study, we analyzed the effects of PD and DVP separately in different trials. It seems advis-
able to combine these factors in further studies, taking into account different genotypes, to
derive specific recommendations for the cultivation of medicinal cannabis.

5. Conclusion

In this study, we performed a regression analysis for the separate effects of PD and DVP on
plant growth, morphology, and spatial chemical variability of indoor cultivated medicinal can-
nabis. The main findings include: i) a positive linear model could be fitted for both DVP and
PD within the tested ranges to the area yield for inflorescences and CBD; ii) neither DVP nor
PD showed significant effects on the intra-plant gradient of CBD concentration. However,
increasing PD led to a shift in yield composition in favor of the more desirable, higher-concen-
trated, and more homogeneous inflorescence fractions of the upper canopy layers; iii) pro-
longed DVP increased CBD concentration of all inflorescence fractions, and the average mass
of MAL

We conclude that producers should define their production systems by their PD. High den-
sity systems seem preferable due to favoring the proportion of inflorescence fractions from
higher canopy layers and are associated with smaller, easier manageable plants. DVP should be
adapted according to the selected PD. For the production goal of direct marketing of inflores-
cences, a DVP of 3 weeks seems to be a good compromise between the length of the growth
cycle, plant size, and positive effects on yield and CBD concentration.

Future studies should focus more on the effects of PD and DVP on the variability of rele-
vant chemical constituents (e.g. cannabinoids, terpenes). For more specific recommendations,
PD and DVP should be combined as experimental factors. In addition, other factors, such as
pruning, light intensity, spectrum, and genotype, should also be considered.

Supporting information

S1 Fig. Design of the D-trial.
(TIF)

§1 Table. Composition and initial properties of the substrates.
(DOCX)

S2 Table. F-test tables and results of the lack-of-fit test of the linear regression analysis for
measured plant traits in the D-trial.
(DOCX)

S3 Table. F-test tables and results of the lack-of-fit test of the linear regression analysis for
measured plant traits in the V-trial.
(DOCX)

$4 Table. Estimation of inflorescence and CBD vyield per m” in dependence on plant den-
sity (PD) based on empirical models for single plant yield.
(DOCX)

S1 Data. Raw data D-trial.
(XLSX)

S$2 Data. Raw data V-trial.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 25/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0315951.s007
https://doi.org/10.1371/journal.pone.0315951

PLOS ONE

The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

Acknowledgments

We are grateful to the greenhouse staff for their help in planning the trials and support during
plant cultivation.

Author Contributions

Conceptualization: Torsten Schober, Achim Priger.
Data curation: Torsten Schober.

Formal analysis: Torsten Schober, Jens Hartung.
Funding acquisition: Simone Graeff-Hoénninger.
Investigation: Torsten Schober, Achim Préger.
Methodology: Torsten Schober, Achim Prager.
Project administration: Simone Graeff-Hoénninger.
Resources: Torsten Schober.

Software: Torsten Schober, Jens Hartung.
Supervision: Achim Priger, Simone Graeff-Honninger.
Validation: Torsten Schober, Achim Prager.
Visualization: Torsten Schober.

Writing - original draft: Torsten Schober.

Writing - review & editing: Achim Priger, Jens Hartung, Simone Graeff-Honninger.

References

1. Flores-Sanchez IJ, Verpoorte R. Secondary metabolism in cannabis. Phytochem Rev. 2008; 7:615—
39. https://doi.org/10.1007/s11101-008-9094-4

2. Potter DJ. A review of the cultivation and processing of cannabis (Cannabis sativa L.) for production of
prescription medicines in the UK. Drug Test Anal. 2014; 6:31-8. Epub 2013/09/30. https://doi.org/10.
1002/dta.1531 PMID: 24115748.

3. Bolchi C, Pallavicini M, Casagni E, Vieira de Manincor E, Gambaro V, Dei Cas M, et al. Development
and Early Identification of Cannabis Chemotypes during the Plant Growth: Current Analytical and Che-
mometric Approaches. Anal Sci. 2021; 37:1665—73. Epub 2021/07/23. https://doi.org/10.2116/analsci.
21R004 PMID: 34305054.

4. BurgelL, Hartung J, Schibano D, Graeff-Honninger S. Impact of Different Phytohormones on Morphol-
ogy, Yield and Cannabinoid Content of Cannabis sativa L. Plants (Basel). 2020; 9. Epub 2020/06/08.
https://doi.org/10.3390/plants9060725 PMID: 32521804.

5. Chandra S, Lata H, EISohly MA, Walker LA, Potter D. Cannabis cultivation: Methodological issues for
obtaining medical-grade product. Epilepsy Behav. 2017; 70:302—12. Epub 2017/02/13. https://doi.org/
10.1016/j.yebeh.2016.11.029 PMID: 28202406.

6. Matzneller P, Gutierrez JD, Caplan D. Canopy Management. In: Zheng Y, editor. Handbook of Canna-
bis Production in Controlled Environments. Boca Raton: CRC Press; 2022. pp. 189-212.

7. Danziger N, Bernstein N. Too Dense or Not Too Dense: Higher Planting Density Reduces Cannabinoid
Uniformity but Increases Yield/Area in Drug-Type Medical Cannabis. Front Plant Sci. 2022; 13:713481.
Epub 2022/09/29. https://doi.org/10.3389/fpls.2022.713481 PMID: 36247643.

8. Crispim Massuela D, Hartung J, Munz S, Erpenbach F, Graeff-Hénninger S. Impact of Harvest Time
and Pruning Technique on Total CBD Concentration and Yield of Medicinal Cannabis. Plants (Basel).
2022; 11. Epub 2022/01/05. https://doi.org/10.3390/plants11010140 PMID: 35009146.

9. Reichel P, Munz S, Hartung J, Kotiranta S, Graeff-Hénninger S. Impacts of Different Light Spectra on
CBD, CBDA and Terpene Concentrations in Relation to the Flower Positions of Different Cannabis

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 26/28


https://doi.org/10.1007/s11101-008-9094-4
https://doi.org/10.1002/dta.1531
https://doi.org/10.1002/dta.1531
http://www.ncbi.nlm.nih.gov/pubmed/24115748
https://doi.org/10.2116/analsci.21R004
https://doi.org/10.2116/analsci.21R004
http://www.ncbi.nlm.nih.gov/pubmed/34305054
https://doi.org/10.3390/plants9060725
http://www.ncbi.nlm.nih.gov/pubmed/32521804
https://doi.org/10.1016/j.yebeh.2016.11.029
https://doi.org/10.1016/j.yebeh.2016.11.029
http://www.ncbi.nlm.nih.gov/pubmed/28202406
https://doi.org/10.3389/fpls.2022.713481
http://www.ncbi.nlm.nih.gov/pubmed/36247643
https://doi.org/10.3390/plants11010140
http://www.ncbi.nlm.nih.gov/pubmed/35009146
https://doi.org/10.1371/journal.pone.0315951

PLOS ONE The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Sativa L. Strains. Plants (Basel). 2022; 11. Epub 2022/10/13. https://doi.org/10.3390/plants11202695
PMID: 36297719.

Yang G-Z, Luo X-J, Nie Y-C, Zhang X-L. Effects of Plant Density on Yield and Canopy Micro Environ-
ment in Hybrid Cotton. Journal of Integrative Agriculture. 2014; 13:2154—63. https://doi.org/10.1016/
S2095-3119(13)60727-3

Mostafaei Dehnavi M, Ebadi A, Peirovi A, Taylor G, Salami SA. THC and CBD Fingerprinting of an Elite
Cannabis Collection from Iran: Quantifying Diversity to Underpin Future Cannabis Breeding. Plants
(Basel). 2022; 11. Epub 2022/01/04. https://doi.org/10.3390/plants11010129 PMID: 35009133.

Danziger N, Bernstein N. Shape Matters: Plant Architecture Affects Chemical Uniformity in Large-Size
Medical Cannabis Plants. Plants (Basel). 2021; 10. Epub 2021/09/03. https://doi.org/10.3390/
plants10091834 PMID: 34579367.

Roig-Villanova I, Martinez-Garcia JF. Plant Responses to Vegetation Proximity: A Whole Life Avoiding
Shade. Front Plant Sci. 2016; 7:236. Epub 2016/02/29. https://doi.org/10.3389/fpls.2016.00236 PMID:
26973679.

Postma JA, Hecht VL, Hikosaka K, Nord EA, Pons TL, Poorter H. Dividing the pie: A quantitative review
on plant density responses. Plant Cell Environ. 2021; 44:1072-94. Epub 2020/12/29. https://doi.org/10.
1111/pce.13968 PMID: 33280135.

Smith H, Whitelam GC. The shade avoidance syndrome: multiple responses mediated by multiple phy-
tochromes. Plant Cell Environ. 1997; 20:840—4. https://doi.org/10.1046/j.1365-3040.1997.d01-104.x

Kotiranta S, Pihlava J-M, Kotilainen T, Palonen P. The morphology, inflorescence yield, and secondary
metabolite accumulation in hemp type Cannabis sativa can be influenced by the R:FR ratio or the
amount of short wavelength radiation in a spectrum. Ind. Crop. Prod. 2024; 208:117772. https://doi.org/
10.1016/j.indcrop.2023.117772

Campiglia E, Radicetti E, Mancinelli R. Plant density and nitrogen fertilization affect agronomic perfor-
mance of industrial hemp (Cannabis sativa L.) in Mediterranean environment. Ind. Crop. Prod. 2017;
100:246-54. https://doi.org/10.1016/j.indcrop.2017.02.022

Amaducci S, Scordia D, Liu FH, Zhang Q, Guo H, Testa G, et al. Key cultivation techniques for hemp in
Europe and China. Ind. Crop. Prod. 2015; 68:2—16. https://doi.org/10.1016/j.indcrop.2014.06.041

Weiner J, Freckleton RP. Constant Final Yield. Annu Rev Ecol Evol Syst. 2010; 41:173-92. https://doi.
org/10.1146/annurev-ecolsys-102209-144642

Da Silva Benevenute S, Freeman JH, Yang R. How do pinching and plant density affect industrial hemp
produced for cannabinoids in open field conditions. Agronomy Journal. 2022; 114:618-26. https://doi.
org/10.1002/agj2.20882

Garcia-Tejero IF, Duran Zuazo VH, Sanchez-Carnenero C, Hernandez A, Ferreiro-Vera C, Casano S.
Seeking suitable agronomical practices for industrial hemp (Cannabis sativa L.) cultivation for biomedi-
cal applications. Ind. Crop. Prod. 2019; 139:111524. https://doi.org/10.1016/j.indcrop.2019.111524

Garcia-Tejero IF, Hernandez A, Ferreiro-Vera C, Zuazo VHD, Garcia JH, Sanchez-Carnerero C, et al.
Yield of new hemp varieties for medical purposes under semi-arid Mediterranean environment condi-
tions. Com Sci. 2020; 11:e3264. https://doi.org/10.14295/cs.v11i0.3264

Garcia Tejero IF, Duran Zuazo VH, Perez-Alvarez R, Hernandez A, Casano S, Moron M, et al. Impact
of Plant Density and Irrigation on Yield of Hemp (Cannabis satival.) in a Mediterranean Semi-arid Envi-
ronment. J Agric Sci Technol. 2014; 16:887-95.

Toonen M, Ribot S, Thissen J. Yield of illicit indoor cannabis cultivation in the Netherlands. J Forensic
Sci. 2006; 51:1050—4. https://doi.org/10.1111/j.1556-4029.2006.00228.x PMID: 17018080.

Vanhove W, van Damme P, Meert N. Factors determining yield and quality of illicit indoor cannabis
(Cannabis spp.) production. Forensic Sci Int. 2011; 212:158-63. Epub 2011/07/07. https://doi.org/10.
1016/j.forsciint.2011.06.006 PMID: 21737218.

Vanhove W, Surmont T, van Damme P, Ruyver B de. Yield and turnover of illicit indoor cannabis (Can-
nabis spp.) plantations in Belgium. Forensic Sci Int. 2012; 220:265-70. Epub 2012/04/13. https://doi.
org/10.1016/j.forsciint.2012.03.013 PMID: 22502940.

Backer R, Schwinghamer T, Rosenbaum P, McCarty V, Eichhorn Bilodeau S, Lyu D, et al. Closing the
Yield Gap for Cannabis: A Meta-Analysis of Factors Determining Cannabis Yield. Front Plant Sci. 2019;
10:495. Epub 2019/04/24. https://doi.org/10.3389/fpls.2019.00495 PMID: 31068957.

Schober T, Prager A, Hartung J, Hensmann F, Graeff-Honninger S. Growth dynamics and yield forma-
tion of Cannabis (Cannabis sativa) cultivated in differing growing media under semi-controlled green-
house conditions. Ind. Crop. Prod. 2023; 203:117172. https://doi.org/10.1016/j.indcrop.2023.117172

Dang M, Arachchige NM, Campbell LG. Optimizing Photoperiod Switch to Maximize Floral Biomass
and Cannabinoid Yield in Cannabis sativa L.: A Meta-Analytic Quantile Regression Approach. Front

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 27/28


https://doi.org/10.3390/plants11202695
http://www.ncbi.nlm.nih.gov/pubmed/36297719
https://doi.org/10.1016/S2095-3119%2813%2960727-3
https://doi.org/10.1016/S2095-3119%2813%2960727-3
https://doi.org/10.3390/plants11010129
http://www.ncbi.nlm.nih.gov/pubmed/35009133
https://doi.org/10.3390/plants10091834
https://doi.org/10.3390/plants10091834
http://www.ncbi.nlm.nih.gov/pubmed/34579367
https://doi.org/10.3389/fpls.2016.00236
http://www.ncbi.nlm.nih.gov/pubmed/26973679
https://doi.org/10.1111/pce.13968
https://doi.org/10.1111/pce.13968
http://www.ncbi.nlm.nih.gov/pubmed/33280135
https://doi.org/10.1046/j.1365-3040.1997.d01-104.x
https://doi.org/10.1016/j.indcrop.2023.117772
https://doi.org/10.1016/j.indcrop.2023.117772
https://doi.org/10.1016/j.indcrop.2017.02.022
https://doi.org/10.1016/j.indcrop.2014.06.041
https://doi.org/10.1146/annurev-ecolsys-102209-144642
https://doi.org/10.1146/annurev-ecolsys-102209-144642
https://doi.org/10.1002/agj2.20882
https://doi.org/10.1002/agj2.20882
https://doi.org/10.1016/j.indcrop.2019.111524
https://doi.org/10.14295/cs.v11i0.3264
https://doi.org/10.1111/j.1556-4029.2006.00228.x
http://www.ncbi.nlm.nih.gov/pubmed/17018080
https://doi.org/10.1016/j.forsciint.2011.06.006
https://doi.org/10.1016/j.forsciint.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21737218
https://doi.org/10.1016/j.forsciint.2012.03.013
https://doi.org/10.1016/j.forsciint.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22502940
https://doi.org/10.3389/fpls.2019.00495
http://www.ncbi.nlm.nih.gov/pubmed/31068957
https://doi.org/10.1016/j.indcrop.2023.117172
https://doi.org/10.1371/journal.pone.0315951

PLOS ONE The effects of plant density and duration of vegetative growth phase on agronomic traits of medicinal cannabis

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

Plant Sci. 2021; 12:797425. Epub 2022/01/10. https://doi.org/10.3389/fpls.2021.797425 PMID:
35082815.

Massuela DC, Munz S, Hartung J, Nkebiwe PM, Graeff-Honninger S. Cannabis Hunger Games: nutri-
ent stress induction in flowering stage—impact of organic and mineral fertilizer levels on biomass, can-
nabidiol (CBD) yield and nutrient use efficiency. Front Plant Sci. 2023; 14:1233232. Epub 2023/09/19.
https://doi.org/10.3389/fpls.2023.1233232 PMID: 37794933.

Schober T, Prager A, Graeff-Honninger S. A non-destructive method to quantify the nutritional status of
Cannabis sativa L. using in situ hyperspectral imaging in combination with chemometrics. Comput.
Electron. Agric. 2024; 218:108656. https://doi.org/10.1016/j.compag.2024.108656

Burgel L, Hartung J, Pflugfelder A, Graeff-Honninger S. Impact of Growth Stage and Biomass Fractions
on Cannabinoid Content and Yield of Different Hemp (Cannabis sativa L.) Genotypes. Agronomy.
2020; 10:372. https://doi.org/10.3390/agronomy 10030372

Reichel P, Munz S, Hartung J, Prager A, Kotiranta S, Burgel L, et al. Impact of Three Different Light
Spectra on the Yield, Morphology and Growth Trajectory of Three Different Cannabis sativa L. Strains.
Plants (Basel). 2021; 10. Epub 2021/09/09. https://doi.org/10.3390/plants10091866 PMID: 34579399.

Hawley D, Graham T, Stasiak M, Dixon M. Improving Cannabis Bud Quality and Yield with Subcanopy
Lighting. horts. 2018; 53:1593-9. https://doi.org/10.21273/HORTSCI13173-18

Stack GM, Carlson CH, Toth JA, Philippe G, Crawford JL, Hansen JL, et al. Correlations among mor-
phological and biochemical traits in high-cannabidiol hemp (Cannabis sativa L.). Plant Direct. 2023; 7:
e503. Epub 2023/06/19. https://doi.org/10.1002/pld3.503 PMID: 37347078.

Amaducci S, Errani M, Venturi G. Plant Population Effects on Fibre Hemp Morphology and Production.
Journal of Industrial Hemp. 2002; 7:33-60. https://doi.org/10.1300/J237v07n02_04

Sikora V, Koren A, Brdar-Jokanovi¢ M, Ljevnai¢-Masi¢ B, Glavas-Trbi¢ D. Influence of Crop Density
and Pinching on Hemp Plant Architecture and Yield. Contemporary Agriculture. 2022; 71:222-5.
https://doi.org/10.2478/contagri-2022-0029

Rickman RW, Klepper BL. The Phyllochron: Where Do we Go in the Future. Crop Science. 1995;
35:44-9. https://doi.org/10.2135/cropsci1995.0011183X003500010008x

Spitzer-Rimon B, Duchin S, Bernstein N, Kamenetsky R. Architecture and Florogenesis in Female Can-
nabis sativa Plants. Front Plant Sci. 2019; 10:350. Epub 2019/04/02. https://doi.org/10.3389/fpls.2019.
00350 PMID: 31001293.

Shiponi S, Bernstein N. The Highs and Lows of P Supply in Medical Cannabis: Effects on Cannabinoids,
the lonome, and Morpho-Physiology. Front Plant Sci. 2021; 12:657323. Epub 2021/07/15. https://doi.
org/10.3389/fpls.2021.657323 PMID: 34335641.

Saloner A, Bernstein N. Nitrogen supply affects cannabinoid and terpenoid profile in medical cannabis
(Cannabis sativaL.). Ind. Crop. Prod. 2021; 167:113516. https://doi.org/10.1016/j.indcrop.2021.
113516

Caplan D, Dixon M, Zheng Y. Optimal Rate of Organic Fertilizer during the Flowering Stage for Canna-
bis Grown in Two Coir-based Substrates. horts. 2017; 52:1796-8083. https://doi.org/10.21273/
HORTSCI12401-17

Chandra S, Lata H, Khan IA, EISohly MA. Photosynthetic response of Cannabis sativa L. to variations
in photosynthetic photon flux densities, temperature and CO2 conditions. Physiol Mol Biol Plants. 2008;
14:299-306. Epub 2009/02/26. https://doi.org/10.1007/s12298-008-0027-x PMID: 23572895.

Danziger N, Bernstein N. Light matters: Effect of light spectra on cannabinoid profile and plant develop-
ment of medical cannabis (Cannabis sativaL.). Ind. Crop. Prod. 2021; 164:113351. https://doi.org/10.
1016/j.indcrop.2021.113351

Paradiso R, Proietti S. Light-Quality Manipulation to Control Plant Growth and Photomorphogenesis in
Greenhouse Horticulture: The State of the Art and the Opportunities of Modern LED Systems. J Plant
Growth Regul. 2022; 41:742-80. https://doi.org/10.1007/s00344-021-10337-y

Lanoue J, Little C, Hawley D, Hao X. Addition of green light improves fruit weight and dry matter content
in sweet pepper due to greater light penetration within the canopy. Sci. Hortic. 2022; 304:111350.
https://doi.org/10.1016/j.scienta.2022.111350

PLOS ONE | https://doi.org/10.1371/journal.pone.0315951 December 30, 2024 28/28


https://doi.org/10.3389/fpls.2021.797425
http://www.ncbi.nlm.nih.gov/pubmed/35082815
https://doi.org/10.3389/fpls.2023.1233232
http://www.ncbi.nlm.nih.gov/pubmed/37794933
https://doi.org/10.1016/j.compag.2024.108656
https://doi.org/10.3390/agronomy10030372
https://doi.org/10.3390/plants10091866
http://www.ncbi.nlm.nih.gov/pubmed/34579399
https://doi.org/10.21273/HORTSCI13173-18
https://doi.org/10.1002/pld3.503
http://www.ncbi.nlm.nih.gov/pubmed/37347078
https://doi.org/10.1300/J237v07n02%5F04
https://doi.org/10.2478/contagri-2022-0029
https://doi.org/10.2135/cropsci1995.0011183X003500010008x
https://doi.org/10.3389/fpls.2019.00350
https://doi.org/10.3389/fpls.2019.00350
http://www.ncbi.nlm.nih.gov/pubmed/31001293
https://doi.org/10.3389/fpls.2021.657323
https://doi.org/10.3389/fpls.2021.657323
http://www.ncbi.nlm.nih.gov/pubmed/34335641
https://doi.org/10.1016/j.indcrop.2021.113516
https://doi.org/10.1016/j.indcrop.2021.113516
https://doi.org/10.21273/HORTSCI12401-17
https://doi.org/10.21273/HORTSCI12401-17
https://doi.org/10.1007/s12298-008-0027-x
http://www.ncbi.nlm.nih.gov/pubmed/23572895
https://doi.org/10.1016/j.indcrop.2021.113351
https://doi.org/10.1016/j.indcrop.2021.113351
https://doi.org/10.1007/s00344-021-10337-y
https://doi.org/10.1016/j.scienta.2022.111350
https://doi.org/10.1371/journal.pone.0315951

