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Abstract

minimize effect on flower yield.

cannabinoid concentration.

Background Precision water stress, achieved via osmotic stress, has the potential to control plant size and improve
crop quality without reducing yield, but results across species and cultivars have been inconsistent.

Methods This study examined the effects of elevated salinity on two diverse Cannabis sativa cultivars, Trump and
Cherry. One group (control group) was grown at 4 mS cm™ (-0.14 MPa), one group at 8 mS cm™ (-0.28 MPa), and a
third (hybrid) group at 8 mS cm™' (to reduce vegetative growth) until flowering and then reduced to 4 mS cm™ to

Results Plant height was reduced 15% in both the high and hybrid treatments. Flower yield decreased by 20% in cv.
"Trump'in the hybrid treatment, but the decrease in yield in the high salinity treatment was not statistically significant.
In cv.'Cherry,, flower yield declined by approximately 20% in both the constant high salinity and hybrid treatments.
There was no difference in cannabinoid concentrations among treatments in either cultivar.

Conclusions These findings indicate that Cannabis sativa is highly tolerant to osmotic stress, but the response varies
by cultivar. It is difficult to reduce plant size without reducing yield. There is no evidence that increased salinity altered

Keywords Abiotic stress, Flower yield, Cannabinoids, Salinity tolerance, Harvest index

Introduction

Precision water stress is a holy grail of crop production
because it can reduce plant size and increase quality. In a
classic study, Boyer (1970) reported the potential of mild
water stress to reduce leaf expansion without reducing
photosynthesis in soybeans, sunflowers, and corn. Mul-
tiple studies over the past 50 years have reported mixed
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results when trying to replicate this study (Berni et al.
2024).

Studies of precision water stress (often called “crop
steering”) in Cannabis are limited but have been well
studied in tomatoes. The results have been mixed. Wu
and Kubota (2008) found that some tomato cultivars
exhibited an increase in photosynthesis under moder-
ate salinity (4.8 mS c¢cm™), while higher salinity (8.4 mS
cm™) reduced photosynthesis. Schwarz et al. (2002)
reported reductions in both dry mass and photosynthe-
sis as salinity increased. Romero-Aranda et al. (2000)
reported a decrease in growth as salinity increased. Qual-
ity improvements under salinity stress have also been
reported: increased sugar content (Agius et al. 2022),
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improved fruit flavor (Dorai et al. 2001; Chretien et al.
2000; Wu et al. 2004), with only slightly reduced yield.
However, some studies noted reductions in fruit size
(Dorai et al. 2001) or fruit weight, as seen in strawber-
ries (Awang et al., 1995) and eggplant (Savvas et al., 1999)
under elevated salinity conditions.

While drought and salinity are distinct abiotic plant
stressors, both reduce water availability by lowering
water potential. Drought can occur either through matric
potential or salinity through osmotic potential. As such,
salinity can be used to create precise levels of osmotic
stress. Salinity is often associated with sodium chloride
salt (NaCl), but multiple types of salts and nutrients can
be used. Salinity is typically measured using electrical
conductivity (EC), which is a measure of dissolved ions in
solution (Richards 1954; Langenfeld et al. 2022).

Yield responses of Cannabis to salinity have been lim-
ited and variable. Caplan et al. (2019) reported increased
yield under elevated salinity, while Yep et al. (2020)
observed yield reductions in hydroponic culture. Gill
et al. (2022) found increased levels of proline, a known
osmoprotectant, under drought conditions and noted
that Cannabis can survive at extremely low soil mois-
ture levels. Growth and yield responses can be variable
among genetic lines. Cannabis has a wide genetic diver-
sity that is poorly characterized. Both osmotic and hor-
monal changes can both contribute to yield responses to
crop steering. The high commercial value of Cannabis
has led to growers to use osmotic stress to increase can-
nabinoid content (Maravaneh et al., 2022). Some stud-
ies have noted increases in cannabinoid content under
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moderate water stress (Caplan et al. 2019), whereas oth-
ers have reported no effect or reductions under severe
water stress (Morgan et al. 2024; Yep et al. 2020; Duong
et al. 2023; Yuan et al. 2024). These findings suggest a
threshold, where moderate stress may enhance secondary
metabolite production, but exceeding a threshold could
diminish both biomass and cannabinoid content (Rezghi-
yan et al. 2024; Morgan et al. 2024). Similar patterns have
been reported in other high-value crops. Peppermint and
lemon verbena both showed reduced essential oil content
under drought conditions, largely due to reduced plant
size (Tabatabaie et al., 2007).

Our objective was to quantify the effects of osmotic
stress on Cannabis height, yield, harvest index and can-
nabinoid concentration in two diverse Cannabis cultivars.

Materials and methods

Propagation

Cuttings were propagated in 2x2 cm stone wool blocks
(Grodan; Milton, ON). After 4 weeks of root develop-
ment, they were placed into larger stone wool blocks
(15x 15 cm) and pruned to five nodes (Figs. 1 and 2). Two
medical Cannabis cultivars (‘Trump’ and ‘Cherry’) were
selected based on their commercial importance. In addi-
tion, cv. “Trump’ has thicker rigid stems and ‘Cherry’ has
thinner, less rigid stems.

Growth conditions and experimental design

Plants were grown in a growth chamber for one week at
an 18-hour photoperiod before changing to an inductive
12-hour photoperiod for the eight weeks until harvest.

Fig. 1 Cannabis Trump’growing in stone wool on load cells. Plastic wrap covered the tops of stone wool to minimize evaporation
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Fig. 2 Top view of Cannabis ‘Trump’ growing in stone wool. Black tubing (three 0.5 mm-holes per side) was used to uniformly irrigate the stone wool

blocks

The LED lighting was adjusted weekly by reducing the
electrical current, (dimming) to maintain a constant
PPFD (photosynthetic photon flux density) at 1000 pmol
m~2 571, The spectral distribution was 0.1% UV, 10.8%
Blue, 21.4% Green, 66.2% Red, 1.6% Far red. The temper-
ature was 27 °C/22°C day/night and the vapor pressure
deficit was 1 kPa. CO, was elevated to 1200 ppm.

(———————

Electrical Conductivity (mS per cm)

Weeks After Short-Days

Fig. 3 Timeline for the EC treatments. Blue is the high treatment (8 mS
cm™), green is the low treatment (4 mS cm™"), and red in the hybrid treat-
ment (8 mS cm™ for the first four weeks of short-days and 4 mS cm™! for
the last four weeks). All plants were started on nutrient solution with an EC
of 1.5 mS cm™ until rooted in the stone wool blocks

Plants were divided into three treatment groups
with six replicate plants per group. The first group was
watered with a constant nutrient solution concentration
of 4 mS cm™!, the second group was watered with 8 mS
cm™), and the third (hybrid) group was watered with 8
mS cm™! solution for the first four weeks of short-days
and then watered with 4 mS cm™" for the remaining
four weeks (Fig. 3). This hybrid treatment was selected
because stem elongation occurrs during the first four
weeks of growth. The goal was to reduce plant height
without reducing yield. Tables 1 and 2 show the concen-
tration of the nutrient solutions.

Osmotic stress and water potential

Osmotic potential (W) was calculated for the nutrient
solution concentrations using the following equation
(Richards 1954; Langenfeld et al. 2022):

EC x —0.036 =V s

where EC is expressed in mS cm™' and ¥, is in MPa.
Osmotic potential values for the treatments were:
~0.14 MPa for 4 mS cm™, -0.29 MPa for 8§ mS cm™!, and
-0.22 MPa for 8/4 mS cm™!, The osmotic potential for
the 8/4 mS cm™! treatment was calculated by taking the
mean value for the 8-week growth period.
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Table 1 Fertilizer salts and molar concentrations used to make
the nutrient solutions. K,SiO; and micronutrients were the same
in both treatment solutions

Macro 4mScm~' (mM) 8mScm~' (mM)
CaiNOy), 9 18

KNO, 12 24

KH,PO, 3 6

Mgso, 24 48

K,Si0, 06 06

HNO, 3 6

Micro 4mScm™! (uM) 8mScm™' (uM)
Fe-DTPA 7 7

Mn-EDTA 3 3

Zncl, 3 3

H,80, 40 40

Cu-EDTA 4 4

Na,MoO, 0.1 0.1

Nicl, 0.1 0.1

(—0.14 MPa x 4weeks)+ (—0.29 MPa x 4 weeks)
8 weeks

= —0.22 M Pa

Based on van Genuchten (1980) model parameters
reported by Chamindu et al. (2013), matric potential
in stone wool at 50% VWC is approximately —2.05 kPa
(-0.002 MPa). Throughout the study, plants were main-
tained at or above field capacity (VWC >50%), under which
conditions matric potential (¥'m) was effectively near zero.

Irrigation was automated using electromagnetic sen-
sors (model Teros 12, Meter Group; Pullman, WA) con-
nected to a data acquisition system (model CR 1000x,
Campbell Scientific, Logan UT). Due to the nature of
stone wool blocks to turn hydrophobic if allowed to dry
out after the start of irrigation, all blocks were kept above

Table 2 Elemental composition of nutrient solutions

Macro 4mScm™' (ppm) 8 mScm™' (ppm)
N 462 925

P 93 186

K 633 1220

Ca 361 721

Mg 58 17

S 77 154

Si 17 17

Micro 4mS cm™'(ppb) 8 mS cm™'(ppb)
Fe 391 391

Mn 165 165

Zn 196 196

B 432 432

Cu 254 254

Mo 10 10

Ni 6 6

@ 220 220

Na 5 5
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50% volumetric water content (VWC). Irrigation fre-
quency increased to several times an hour as the plant
grew. Irrigation was more frequent in the day than in
the night and larger plants used more water. VWC was
monitored by moisture sensors, and VWC irrigation
setpoints were established and periodically adjusted to
ensure plants were not limited by water availability. Irri-
gation setpoints were used to turn irrigation on and off.
For example, to control the setpoint at 55% VWC, irriga-
tion would turn on for 1 s on, 15 s off, until VWC was
above the 55% threshold, measured by the sensors. Each
stone wool block had a sensor to ensure all plants did not
have additional matric potential water stress (Fig. 1).

The stone wool blocks were placed on load cells (model
LSP-5, Transducer Techniques; Temecula, CA) to pro-
vide a secondary way to monitor water content. Excess
nutrient solution from the irrigation system drained free
from the stone wool blocks, past the load cells, and into a
collection tray. The leachate from three stone wool blocks
(and subsequent plants), all from the same treatment,
were collected in the same collection tray (n=2).

Plants were inspected weekly for pests and were occa-
sionally treated for spider mites (neem oil and Avid miti-
cide) and powdery mildew (sulfur powder).

Growth and harvest measurements

Plant height was measured and recorded three times a
week from the top of the stone-wool block to the high-
est point on the plant. Leachate was measured for elec-
trical conductivity (model HI98304, Hanna Instruments;
Woonsocket RI) after 10 min of irrigation (about a liter of
solution in all treatments).

Plants were harvested 8 weeks after the start of short
days. Stems, leaves, and flowers were separated and
dried at 80 °C for two days. For each group, subsamples
(n=2 for leaves and flowers for nutrient analysis; n =2 for
flower cannabinoid analysis) were randomly chosen for
nutrient and cannabinoid content (Tables 2 and 3).

Statistical analysis

Statistical analyses were performed in R version 4.4.1 (R
Core Team, 2024) within the RStudio environment (Posit
Software, 2024). Data management and visualization
were carried out using ‘tidyverse’ (Wickham et al. 2019).
Analysis of variance (ANOVA) was conducted using the
‘car’ package (Fox & Weisberg, 2019), and Tukey’s Honest
Significant Difference (HSD) tests for pairwise post-hoc
comparisons were implemented via the ‘multcomp’ pack-
age (Hothorn et al. 2008).

Results and discussion

Plant growth and development are influenced by mul-
tiple abiotic stresses, including temperature, drought,
and salinity, which disrupt homeostasis, inhibit
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Table 3 Yield and quality for the three treatments for both Cannabis cultivars Trump'and ‘Cherry’ Sample size for dry flower, harvest
index, and height were: n=6 (‘Trump’) and n=4 (‘Cherry’). Sample size for CBD, THC, and CBD/THC were n=2 (both cultivars).
Differences among cannabinoid concentrations were not statistically significant

Treatment EC Dry Flower (g m™2) Harvest Index Height (mm) CBD (%) THC (%) CBD/THC
(mScm™")
Trump 4 6904 0.56" 6184 1.6 0.39 305
8/4 5588 0.59® 5228 1.1 039 288
8 620"8 0.598 544¢ 111 0.37 314
Cherry 4 706° 048° 498° 8.0 0.20 40.0
8/4 560° 0.52° 440° 74 0.18 416
8 557° 0.52% 4230 85 0.23 388
Plant Height
Cannabis cv 'Trump’ Cannabis cv 'Cherry'
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Short-Day Weeks

Fig. 4 Plant height over time. There was a 15% reduction in plant height, in both cultivars, when treated with the high EC treatment. Cannabis ‘Trump'on
the left. Cannabis ‘Cherry’ on right. Error bars represent standard deviation (n = 6 for Trump’; n = 4 for ‘Cherry’)

photosynthesis, and impair water and nutrient uptake.
These stressors can act independently or interact to
amplify one another’s effects, ultimately reducing plant
performance and compromising crop yield and produc-
tivity (Zhang et al. 2022). By using a growth chamber,
the effects of osmotic stress could be isolated from other
environmental variables. The following results highlight
how varying levels of osmotic stress influenced key agro-
nomic traits, including plant height, flower yield, and

crop quality.

Effects on plant height

Plant height in the higher EC treatments was reduced by
15% in both cultivars (Table 3; Fig. 4). This height reduc-
tion demonstrates the potential of crop steering through
osmotic stress. As expected, there was no significant
height difference between the 8 mS cm™ and 8/4 mS
cm™ treatment, indicating that osmotic stress during the
flowering phase was not necessary for height reduction.

Effect on yield and quality

The higher osmotic stress treatments (8/4 mS cm™' and
8 mS cm™!) resulted in a 20% reduction in flower yield
for ‘Cherry. In contrast, in “Trump, only the 8/4 mS
cm™! treatment significantly reduced yield, while the
8 mS cm™! treatment was not different from the other
treatments (Table 3; Fig. 5). This suggests that “Trump’
may be more tolerant of osmotic stress. Plants respond
to osmotic stress in multiple ways. The genetic differ-
ences could be the result of a differing ability for osmotic
adjustment or altered carbon partitioning to roots. Root
size and depth are important considerations in the field,
but the small root zone in these studies suggests that root
system variability did not contribute to the differences
between these cultivars.

Notably, leachate collected from “Trump’ samples
reached 20 mS cm™, corresponding to an osmotic stress
of —-0.72 MPa. This is nearly halfway to permanent wilt-
ing point (8,,, = -1.5 MPa) (Fig. 6). This highlights the



Allred et al. Journal of Cannabis Research (2025) 7:92
Flower Yield
800 T T T
%
AB
a
600 - éB é Trump i
b Cherry
NE b
o 400+ b
Q
(o))
200 r E
n=6
0 1 1 1 n=4
4 8/4 8
Nutrient Solution EC
(mS per cm)

Page 6 of 9

Harvest Index

100 T : .
80 r 1

AB B
60 ; [ } @ Trump
% [ ] W Cherry

i ab b
40 + a 1
20 + 1
n=6
0 L 1 1 n=4

4 8/4 8

Nutrient Solution EC
(mS per cm)

Fig. 5 The effect of nutrient solution treatment on flower yield (left) and harvest index (right) for both cultivars. X-axis is the treatment electrical conduc-
tivity. Error bars represent standard deviation (n = 6 for Trump’; n = 4 for‘Cherry’)
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Fig.6 Leachate EC over time. The irrigation solution to the 8/4 treatment was changed after week four to reduce osmotic stress during flowering in both
cultivars. Each stone wool block was leached three times a week with the respective nutrient solution. Leachate collected and measured. Cannabis Trump’
on the left. Cannabis 'Cherry’ on right. Error bars represent standard deviation (n=2)

need for growers using osmotic stress for crop steering to
maintain vigilance over irrigation management.

Interestingly, the harvest index in both cultivars was
increased by the greater osmotic stress (Table 3; Fig. 5).
This is due to the reduction in stem mass in the high EC
treatments, despite a slight reduction in yield. This also
suggests that osmotic stress during vegetative stages can
steer biomass allocation toward flower production; a key
consideration for optimizing yield in commercial Canna-
bis cultivation.

Cannabinoid content

There was less than a 1% difference in CBD concentra-
tion, and less than a 0.1% difference in THC concentra-
tion among treatments. The ratio of CBD/THC was also
not significantly different among treatments in either
cultivar (Table 3; Fig. 7). No trends were apparent among
treatments. The uniformity of the controlled environ-
ment facilitated low experimental error among replicate
measurements. Although there were only two replicate
per cultivar per treatment, the consistent results in each
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Fig. 7 The effect of nutrient solution EC on CBD content (left) and THC content (right) for both cultivars. X-axis is the treatment EC solution used. Error

bars represent the standard deviation (n=2)

cultivar indicate that osmotic effects on cannabinoids are
likely small.

These results indicate the challenge of using crop steer-
ing to increase product quality.

Nutrient and media considerations

There were no statistically significant differences in leaf
or flower nutrient concentrations among treatments and
cultivars (Table 4). The small differences were not biolog-
ically important even had they been statistically signifi-
cant. This indicates that the growth responses were the
result of osmotic stress rather than nutrient availability
or nutrient toxicity. These leaf tissue nutrient concentra-
tions are within reported sufficiency ranges for Cannabis
(Bryson and Mills 2015; Landis et al. 2019; Marschner
2012). These results are consistent with a comprehensive

study by Herschowitz et al. (2025) who also found no dif-
ference leaf nutrient concentrations of Cannabis between
an EC of 2 and 4 mS cm™! in hydroponic culture. Canna-
bis appears to have the ability to regulate nutrient uptake
across a wide range of nutrient concentrations in the
root-zone. In contrast, Rahnama et al. (2010) found that
growth of wheat was initially inhibited by salt-induced
osmotic stress but was affected by the toxicity of sodium
chloride.

Stone wool was used as the growing medium in this
study due to its widespread use commercial Cannabis
cultivation. This has been largely driven by its high water
holding capacity and low cation exchange capacity (Bus-
sell et al., 2004; Chamindu et al. 2013) which make it
well-suited as a media for precise water stress and crop
steering. (Table 4)

Table 4 Effect of electrical conductivity and cultivar on nutrient concentration in leaf and flower tissue (n=2). There were no

significant effects in either cultivar or treatments

Tissue Cultivar Treatment N P K Ca Mg S Fe Mn Cu Zn B Mo Si
% mg kg™’
Flower Trump 4 3.7 0.8 3.7 20 0.5 0.9 137 122 14 80 31 35 380
8/4 3.7 09 35 22 0.5 0.7 177 108 16 80 33 37 576
8 37 0.8 33 1.9 04 0.7 118 121 15 86 33 38 464
Cherry 4 4.8 13 40 1.9 0.5 0.5 154 77 15 65 34 1.9 556
8/4 4.9 13 39 2.1 0.5 0.5 184 113 18 81 38 22 748
8 49 1.3 43 20 0.5 0.5 164 125 18 91 36 1.9 791
Leaf Trump 4 35 0.6 39 56 04 1.1 124 66 10 81 82 33 630
8/4 34 0.6 35 6.1 0.5 1.2 82 56 11 78 93 29 641
8 29 0.5 3.1 7.3 0.5 0.8 141 55 8 92 103 29 718
Cherry 4 22 0.5 1.9 9.1 1.1 04 172 68 8 23 144 2.1 965
8/4 2.7 0.6 29 8.6 08 03 183 87 8 38 118 1.3 810
8 24 0.5 2.0 8.0 08 03 128 145 8 58 167 1.1 1293
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Conclusion
These findings confirm that Cannabis sativa is highly
tolerant to osmotic stress and indicate that osmotic
stress during vegetative growth can reduce plant height
and increase harvest index. However, yield was reduced
20% in ‘Trump’ in the hybrid treatment and consistently
reduced by 20% in ‘Cherry. Collectively, these results
indicate that ‘“Trump’ is more tolerant to osmotic stress
than ‘Cherry; suggesting the potential for genetic selec-
tion for salinity tolerance in Cannabis. There was no
effect on cannabinoid concentration in either cultivar.
Future research should also explore fine-tuning the
timing of osmotic stress to mitigate yield loss while pre-
serving the benefits of height control.

Abbreviations

EC Electrical conductivity
cv. Cultivar
PPFD  Photosynthetic photon flux

LED Light emitting diode
VWC Volumetric water content
ppm Parts per million

CBD Cannabidiol

THC Tetrahydrocannabinol

Acknowledgements

We thank Alec Hay for his insights and help with growth chamber
maintenance. We also thank the Utah Department of Agriculture and Food
(UDAF) and the United States Department of Agriculture (USDA) for providing
licenses to research industrial hemp.

Authors’ contributions

All authors collaborated on the design of the studies. JA conducted, analyzed,
interpreted, and wrote the first draft of the manuscript. BF developed the
automated irrigation system. All authors contributed to the writing. All authors
read and approved the final manuscript.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. This research was supported by
the Utah Agricultural Experiment Station, Utah State University, and approved
as journal paper number 9883.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All the authors consent to publish this study in the Journal of Cannabis
Research.

Competing interests
The authors declare no competing interests.

Received: 28 April 2025 / Accepted: 23 October 2025
Published online: 18 November 2025

References
Agius C, von Tucher S, Rozhon W. The effect of salinity on fruit quality and yield of
Cherry tomatoes. Horticulturae. 2022;8(59):1-18.

Page 8 of 9

Awang YB, Atherton JG. Growth and fruiting response of strawberry plants grown
on Rockwool to shading and salinity. Sci Hortic. 1995;62:25-31.

Berni R, Thiry M, Hausman J-F, Lutts S, Guerriero G. Eustress and plants: a synthesis
with prospects for cannabis sativa cultivation. Horticulturae. 2024;10(2):127.
https://doi.org/10.3390/horticulturae10020127.

Boyer JS. Leaf enlargement and metabolic rates in corn, soybean, and sunflower at
various leaf water potentials. Plant Physiol. 1970;46(2):233-5. https://doi.org/
10.1104/pp.46.2.233.

Bryson GM, Mills HA. Plant analysis handbook. A guide to sampling, preparation,
analysis, and interpretation for agronomic and horticultural crops. 4th ed.
Athens (GA): Macro-Micro Publishing Inc.; 2015. https://doi.org/10.13140/2.
1.1693.2646.

Bussell WT, McKennie S. Rockwool in horticulture, and its importance and sustain-
able use in new Zealand. N Z J Crop Hortic Sci. 2004;32(1):29-37.

Caplan D, Dixon M, Zheng Y. Increasing inflorescence dry weight and cannabinoid
content in medical cannabis using controlled drought stress. HortScience.
2019;54(5):964-9.

Chamindu DT, Moldrup P, Tuller M, Pedersen M, Chen J, Wollesen de Jonge LL, et
al. Gas diffusivity based design and characterization of greenhouse growth
substrates. Vadose Zone J. 2013;3(8):1-13. https://doi.org/10.2136/vzj2013.0
3.0061.

Chretien S, Gosselin A, Dorais M. High electrical conductivity and radiation-based
water management improve fruit quality of greenhouse tomatoes grown in
rockwool. HortScience. 2000;35(4):627-31.

R Core Team. R: A language and environment for statistical computing. Vienna:

R Foundation for Statistical Computing. 2024. https:.//www.R-project.org/.
Accessed 30 Mar 2025.

Dorai M, Papadopoulos A, Gosselin A. Influence of electric conductivity
management on greenhouse tomato yield and fruit quality. Agronomie.
2001,21(4):367-83.

Duong H, Pearson B, Anderson S, Berthold E, Kjelgren R. Variation in hydric response
of two industrial hemp varieties (Cannabis sativa) to induced water stress.
Horticulturae. 2023;9(4):431. https://doi.org/10.3390/horticulturae9040431.

Fox J, Weisberg S, An R. Companion to Applied Regression. 3rd ed. Sage; 2019.
https://www.john-fox.ca/Companion/. Accessed 30 Mar 2025.

Gill AR, Loveys BR, Cowley JM, Hall T, Cavagnaro TR, Burton RA. Physiological and
morphological responses of industrial hemp (Cannabis sativa L) to water
deficit. Ind Crops Prod. 2022;187:115331. https://doi.org/10.1016/j.indcrop.2
022.115331.

Hershkowitz JA, Westmoreland FM, Bugbee B. Elevated root-zone P and nutrient
concentration do not increase yield or cannabinoids in medical cannabis.
Front Plant Sci. 2025;16:1433985. https://doi.org/10.3389/fpls.2025.1433985.

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models.
Biom J. 2008;50(3):346-63.

Landis H, Hicks K, Cockson P, Henry JB, Smith JT, Whipker BE. Expanding leaf tissue
nutrient survey ranges for greenhouse cannabidiol-hemp. Crop Forage Turf-
grass Manage. 2019;5(1):1-3. https://doi.org/10.2134/cftm2018.09.0081.

Langenfeld NJ, Pinto DF, Faust JE, Heins R, Bugbee B. Principles of nutrient and
water management for indoor agriculture. Sustainability. 2022;14(16):10204.
https://doi.org/10.3390/su141610204.

Maravaneh H, Davarpanah SJ. Study of cannabinoids Biosynthesis-related genes in
hemp (Cannabis sativa L.) under drought stress by in vitro and in Silico tools.
Appl Biotechnol Rep. 2022;9(1):504-10.

Marschner H. Mineral nutrition of higher plants. 3rd ed. Cambridge (MA): Aca-
demic; 2012. https://doi.org/10.1016/C2009-0-63043-9.

Morgan W, Singh J, Kesheimer K, Davis J, Sanz-Saez A. Severe drought significantly
reduces floral hemp (Cannabis sativa L) yield and cannabinoid content but
moderate drought does not. Environ Exp Bot. 2024;219:105649. https://doi.or
9/10.1016/j.envexpbot.2024.105649.

Posit Software PBC, RStudio. Mar : Integrated Development Environment for R. Ver-
sion 2024.12.0.467. Boston, MA. https://posit.co/. Accessed 30 2025.

Rahnama A, James RA, Poustini K, Munns R. Stomatal conductance as a screen for
osmotic stress tolerance in durum wheat growing in saline soil. Funct Plant
Biol. 2010;37(3):255-63. https://doi.org/10.1071/FP09148.

Rezghiyan A, Esmaeili H, Farzaneh M, Rezadoost H. The interaction effect of water
deficit stress and nanosilicon on phytochemical and physiological character-
istics of hemp (Cannabis sativa L). Plant Physiol Biochem. 2024;217:109298.
https://doi.org/10.1016/j.plaphy.2024.109298.

Richards LA, editor. Diagnosis and improvement of saline and alkali soils. USDA
Handbook No. 60. 1954.

Romero-Aranda R, Soria T, Cuartero J. Tomato plant-water uptake and plant-water
relationships under saline growth conditions. Plant Sci. 2000;160:265-72.


https://doi.org/10.3390/horticulturae10020127
https://doi.org/10.1104/pp.46.2.233
https://doi.org/10.1104/pp.46.2.233
https://doi.org/10.13140/2.1.1693.2646
https://doi.org/10.13140/2.1.1693.2646
https://doi.org/10.2136/vzj2013.03.0061
https://doi.org/10.2136/vzj2013.03.0061
https://www.R-project.org/
https://doi.org/10.3390/horticulturae9040431
https://www.john-fox.ca/Companion/
https://doi.org/10.1016/j.indcrop.2022.115331
https://doi.org/10.1016/j.indcrop.2022.115331
https://doi.org/10.3389/fpls.2025.1433985
https://doi.org/10.2134/cftm2018.09.0081
https://doi.org/10.3390/su141610204
https://doi.org/10.3390/su141610204
https://doi.org/10.1016/C2009-0-63043-9
https://doi.org/10.1016/j.envexpbot.2024.105649
https://doi.org/10.1016/j.envexpbot.2024.105649
https://posit.co/
https://doi.org/10.1071/FP09148
https://doi.org/10.1016/j.plaphy.2024.109298

Allred et al. Journal of Cannabis Research (2025) 7:92

Sawvas D, Lenz F. Effects of NaCl or nutrient-induced salinity on growth, yield, and
composition of eggplants grown in rockwool. Sci Hortic. 1999,84:37-47.

Schwarz D, Klaring HP, Van lersel MW, Ingram KT. Growth and photosynthetic
response of tomato to nutrient solution concentration at two light levels. J
Am Soc Hortic Sci. 2002;127(6):984-90.

Tabatabaie SJ, Nazari J. Influence of nutrient concentrations and NaCl salinity on
the growth, photosynthesis, and essential oil content of peppermint and
lemon verbena. Turk J Agric For. 2007;31:245-53.

van Genuchten MT. A closed-form equation for predicting the hydraulic conduc-
tivity of unsaturated soils. Soil Sci Soc Am J. 1980;44:892-8.

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Francois R, et al. Welcome
to the tidyverse. J Open Source Softw. 2019;4(43):1686. https://doi.org/10.21
105/j0ss5.01686.

Wu M, Kubota C. Effects of electrical conductivity of hydroponic nutrient solution
on leaf gas exchange of five greenhouse tomato cultivars. HortTechnology.
2008;18(2):271-7.

Wu M, Buck SB, Kubota C. Effects of nutrient solution EC, plant microclimate and
cultivars on fruit quality and yield of hydroponic tomatoes (Lycopersicon
esculentum). Acta Hortic. 2004,659:541-7.

Page 9 of 9

Yep B, Gale NV, Zheng Y. Aquaponic and hydroponic solutions modulate
NaCl-induced stress in drug-type cannabis sativa L. Front Plant Sci.
2020;11(1169):1-14.

Yuan H, Si H, YeY, Ji Q Wang H, Zhang Y. Arbuscular mycorrhizal fungi-mediated
modulation of physiological, biochemical, and secondary metabolite
responses in hemp (Cannabis sativa L) under salt and drought stress. J Fungi.
2024;10(4):283. https://doi.org/10.3390/jof10040283.

Zhang H, Zhu J, Gong Z, Zhu JK. Abiotic stress responses in plants. Nat Rev Genet.
2022;23(2):104-19. https://doi.org/10.1038/541576-021-00413-0.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.3390/jof10040283
https://doi.org/10.1038/s41576-021-00413-0

	﻿Crop steering through osmotic stress can reduce height but reduced yield in medical ﻿Cannabis﻿
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Propagation
	﻿Growth conditions and experimental design
	﻿Osmotic stress and water potential
	﻿Growth and harvest measurements
	﻿Statistical analysis

	﻿Results and discussion
	﻿Effects on plant height
	﻿Effect on yield and quality
	﻿Cannabinoid content
	﻿Nutrient and media considerations

	﻿Conclusion
	﻿References


