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Abstract
Cannabis (Cannabis sativa L.) has served as a valuable medicinal plant for thousands of years and is experiencing 
a resurgence in cultivation and research due to recent legal changes. However, the resource-intensive nature of 
cannabis cultivation, particularly water and energy demands, poses significant environmental challenges. Outdoor 
cultivation in a semi-controlled environment can reduce those energy demands but necessitates irrigation. Drip 
irrigation (DI) is the most commonly used irrigation method but is often criticized for its susceptibility to water 
losses through evaporation and the risk of surface runoff. Subsurface Drip Irrigation (SDI) provides a sustainable 
solution by minimizing evaporation losses while maintaining or increasing yields, thereby enhancing water 
use efficiency. In this study, we compared the effects of DI and SDI on weed infestation, total water usage, 
inflorescence yield, and water use efficiency of three CBD-rich cannabis chemotype III genotypes (Kanada, Terra 
Italia, FED) in an outdoor foil tunnel cultivation system. SDI resulted in a reduction of irrigation water usage by 
18.6% compared to DI. Remarkably, weed dry biomass was reduced by 93.2% in SDI. Concomitantly, inflorescence 
yield increased by 5% and CBD concentration by 9%. Overall, the water use efficiency of inflorescence yield and 
CBD concentration was significantly higher in SDI than in DI. Our results indicated that implementing SDI instead 
of DI can significantly decrease irrigation water use and reduce weed infestation while increasing inflorescence and 
CBD yield, thus reducing the environmental challenges associated with cannabis cultivation.

Keywords  Water management, Cannabis agronomy, Weed suppression, Irrigation efficiency, Yield optimization

Subsurface drip irrigation reduces weed 
infestation and irrigation water use while 
increasing inflorescence and cannabinoid 
yield in an outdoor tunnel Cannabis sativa L. 
production system
Christian Büser1*, Jens Hartung2 and Simone Graeff-Hönninger1

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s42238-025-00302-x
http://crossmark.crossref.org/dialog/?doi=10.1186/s42238-025-00302-x&domain=pdf&date_stamp=2025-7-10


Page 2 of 18Büser et al. Journal of Cannabis Research            (2025) 7:41 

Introduction
Cannabis (Cannabis sativa L.) has a long history of cul-
tivation, with evidence of its use dating back over 5,000 
years (Pisanti and Bifulco 2019). In ancient civilizations, 
cannabis was highly valued for its versatility, serving 
medicinal and practical purposes (Pisanti and Bifulco 
2019). The medicinal value of cannabis is due to the 
plant’s diverse phytochemical properties, which are clas-
sified into five primary chemotypes distinguished by their 
cannabinoid profiles (Salamone et al. 2022).

Each chemotype supports distinct uses, contributing to 
cannabis’ agricultural and cultural significance (Jin et al. 
2021; Salamone et al. 2022). Recent legal changes in can-
nabis cultivation have created unprecedented demand, 
prompting its growth across various agricultural, techno-
logical, and scientific fields. However, scaling production 
to meet this demand introduces environmental chal-
lenges (Zheng et al. 2021). Cannabis cultivation, espe-
cially in indoor systems, is resource-intensive, leading to 
significant greenhouse gas emissions from temperature 
and humidity control and reliance on artificial lighting, as 
well as substantial water usage that can exceed two liters 
per plant and day, depending on cultivation system and 
genotype (Dillis et al. 2020; Summers et al. 2021; Zheng 
et al. 2021; Duong et al. 2023; Desaulniers Brousseau et 
al. 2024).

Furthermore, the environmental impact of fertilizer 
use in cannabis cultivation has been more frequently 
discussed in recent years (Chien et al. 2009). Some 
techniques aimed at increasing yields and cannabinoid 
concentrations in cannabis cultivation are supported 
primarily by anecdotal evidence. For example, while 
increased fertilizer usage has been shown to enhance 
yield, it has not consistently demonstrated improve-
ments in cannabinoid concentration (Bevan et al. 2021; 
Song et al. 2023; Hershkowitz 2024). Furthermore, recent 
research has found no significant effect of nutrient flush-
ing, a common practice in the cannabis industry aimed 
at increasing yield and cannabinoid concentration, on 
yield. Changes in metabolite levels were small and varied 
depending on the cultivar and plant organ tested (Saloner 
et al. 2024). This fact and the understanding that mineral 
fertilizer resources are not unlimited and shortages may 
occur in the future (Alewell et al. 2020) have prompted 
efforts to increase fertilizer use efficiency. In recent years, 
one approach has been to utilize advances in nanotech-
nology (Singh 2016; Babu et al. 2022). Nanofertilizers are 
defined as fertilizers whose particle size is between 1 and 
100 nm in at least one dimension (Singh 2016). Nanopar-
ticles exhibit unique physiochemical properties due to an 
increased ratio of surface atoms to core atoms. As sur-
face atoms have more unpaired electrons, they exhibit 
increased reactivity and are expected to enhance nutrient 
use efficiency, as less fertilizer may be required to achieve 

the same results compared to conventional bulk materials 
(Singh 2016; Kah et al. 2018; Babu et al. 2022). Numer-
ous studies on multiple plant species have investigated 
the impact of nanostructured fertilizers on plant growth 
and nutrient efficiency. Yet, the effects of these nanofer-
tilizers vary, showing adverse, neutral, or beneficial out-
comes based on their particle composition, size, and 
concentration (Kah et al. 2018; Reddy et al. 2024; Tripathi 
et al. 2024). Moreover, only a limited number of studies 
took place under field conditions, limiting the meaning-
fulness of these effects in plant cultivation, and the long-
term environmental impact of nanoparticles remains yet 
unclear, questioning the ecological benefit compared to 
conventional fertilizers (Somasundaran et al. 2010; Kah 
et al. 2018; Khan et al. 2019).

A practical method to lower the resource use inten-
sity in indoor cannabis cultivation involves transition-
ing to outdoor cultivation systems. Although these 
systems can reduce resource intensity, they also present 
new challenges in sustaining sufficient yield and product 
quality, especially in pest and disease management. The 
presence of pathogens like Botrytis cinerea, a mold that 
thrives in humid conditions, complicates outdoor can-
nabis farming. This pathogen can rapidly spread through 
crops, reducing yield and quality while highlighting the 
need for effective pest management strategies (Punja and 
Ni 2021; Zheng et al. 2021; Buirs and Punja 2024). Foil 
tunnels represent a significant advancement in outdoor 
cannabis cultivation, providing a semi-controlled envi-
ronment with moderate temperature fluctuations and a 
lower risk of mold infestations, as the inflorescences are 
not exposed to high rainfall and cold, wet conditions, 
especially during the fall period. By altering the micro-
climate, foil tunnels extend the growing season and offer 
flexibility in planting and harvesting. They also protect 
plants from direct precipitation, which helps prevent 
issues like root rot and mold (Lamont 2009; Charles et al. 
2024). However, the lack of rainfall necessitates effective 
and efficient irrigation strategies to meet cannabis water 
requirements and enhance the overall water use effi-
ciency in the system.

One of the most widely used irrigation methods for 
watering crops is surface drip irrigation (DI). This tech-
nique typically involves plastic tubes perforated at regu-
lar intervals and equipped with pressure-compensated 
drippers, which apply small amounts of water directly to 
the soil surface at the base of each plant. This approach 
increases water use efficiency and offers a viable irri-
gation solution in regions where the cost of water or 
ecological concerns render traditional surface irriga-
tion methods impractical (Garb and Friedlander 2014). 
However, even with surface DI’s relatively efficient water 
delivery, applying water to the topsoil inevitably leads to 
evaporation losses. This issue is particularly pronounced 
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under high temperatures or when the microclimate 
within a cultivation system is altered to meet the crops’ 
demands (van der Kooij et al. 2013; Martínez and Reca 
2014).

Approximately 90% of the total irrigated area being 
irrigated using surface wetting methods, resulting in 
substantial evaporation losses (Guo et al. 2023). A pos-
sible alleviation of this issue is the use of subsurface drip 
irrigation (SDI). SDI is a technique that delivers water to 
the crop’s roots at depths of 0.1 to 0.5 m below the soil 
surface through irrigation tubes, increasing the irriga-
tion water use efficiency (IWUE) by minimizing surface 
evaporation (Camp et al. 2000; van der Kooij et al. 2013). 
Many different technical approaches to irrigating below 
the soil level were tested, such as vertically installed per-
forated pipes with conventional drippers filling the tube 
(Martínez and Reca 2014), burying conventional drip 
irrigation tubes (Sorensen and Lamb 2015; Ardenti et al. 
2022), or low-pressure ceramic emitters (Cai et al. 2021). 
Initially, SDI was mainly used in permanent plantings as 
fruit orchards or vines, as the tubing might interfere with 
management practices such as plowing, but advances in 
no-till agriculture and the technologies used led to fur-
ther implementation in annual crops (Gao et al. 2014; 
Sorensen and Lamb 2015; Valentín et al. 2020). In a 
manifold of studies, it has been shown for multiple crops, 
including annual field crops, that SDI can significantly 
reduce water usage without compromising yield levels or 
crop quality parameters (Camp et al. 2000; Lamm 2002; 
Martínez and Reca 2014; Bozkurt Çolak 2021, 2023; Yang 
et al. 2024). An additional advantage of this irrigation 
technique is that it significantly reduces weed germina-
tion and growth in dry topsoil. This offers an eco-friendly 
alternative to traditional weed control methods, such as 
herbicides, mulch foil, and mechanical approaches, and 
facilitates the implementation of conservation agriculture 
(Lamm 2002; Sorensen and Lamb 2015). Furthermore, 
through the reduction in topsoil moisture, Ardenti et al. 
(2022) showed that N2O emissions can be reduced by up 
to 46% in a maize cultivation system when SDI was used 
compared to conventional surface wetting methods. This 
irrigation technique, therefore, can increase the resource 
use efficiency of a cannabis cultivation system by directly 
reducing resource input and reducing competition for 
resources while decreasing the required labor (Lamm 
2002; Kakraliya et al. 2024).

While SDI is relatively well-studied for multiple crops, 
to our knowledge, no research has been conducted on its 
suitability for cannabis within a foil tunnel production 
system, and the effect SDI has on cannabis cultivation 
remains elusive. Recent research highlights the strong 
influence of soil-related conditions and nutrient man-
agement on cannabis growth and development. Nutrient 
availability plays a key role in driving vegetative biomass 

accumulation and significantly impacts reproductive 
development, including flower yield and morphogen-
esis (Bevan et al. 2021; Massuela et al. 2023; Morad and 
Bernstein 2023; Saloner and Bernstein 2023). Moreover, 
nutrient supply, especially nitrogen availability, and type 
of source, as well as soil properties, have been shown to 
modulate secondary metabolism and the ionome, affect-
ing the biosynthesis of cannabinoids and terpenoids 
(Bernstein et al. 2019; Shiponi and Bernstein 2021a; 
Saloner and Bernstein 2022; Song et al. 2023). Soil culti-
vation media characteristics, such as physical structure, 
water retention, and nutrient availability, also critically 
influence cannabis plant performance (Burgel et al. 2020; 
Schober et al. 2023). SDI modifies these soil conditions 
by maintaining a more consistent moisture profile, mini-
mizing evaporation, and promoting more efficient nutri-
ent delivery within the root zone, which in turn can 
enhance root growth, nutrient uptake, and plant produc-
tivity, although the extent of the beneficial effect of SDI 
on these parameters is, to a certain degree, dependent 
on the soil’s physical properties like bulk density and clay 
content (Camp et al. 2000; Patel and Rajput 2008; Fan 
and Li 2018). Additionally, the absence of topsoil wet-
ting, especially in foil tunnel cultivation systems, can lead 
to the increased accumulation of salts near the surface, 
which can result in adverse growing conditions for can-
nabis (Camp et al. 2000; Beheshti et al. 2023).

Therefore, understanding the specific interactions 
between SDI and soil-plant processes is crucial for opti-
mizing cannabis cultivation outcomes under protected 
outdoor conditions. Furthermore, cannabis is often 
transplanted as clones with shallow rooting depth, which 
can limit the plant’s ability to access the water provided 
by the SDI during the crops’ establishment in the first 
two weeks after transplanting. Additionally, cannabis cul-
tivation confronts significant challenges when plants are 
overwatered, leading to anaerobic conditions in the root 
zone, which can result in root rot and lower yields.

Thus, it remains unclear if SDI is an appropriate 
method for irrigating cannabis. This study compared the 
effects of nanofertilizers, SDI, and DI on water use effi-
ciency, weed infestation, inflorescence yield, CBD con-
centration, and total CBD yield among three CBD-rich 
cannabis chemotypes III genotypes in a semi-controlled 
outdoor foil tunnel.

Materials and methods
Study site and foil tunnel setup
The experiment was conducted at the research station 
Ihinger Hof, University of Hohenheim, located near 
Renningen, Germany (48°44’33.0"N, 8°55’00.4"E) at an 
altitude of 478  m above sea level. The site is character-
ized by a mean annual temperature of 9.1 °C and an aver-
age annual precipitation of 697 mm. The average global 
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irradiation of the growing period was 122.66  W m− 2, 
equivalent to 913.19 MJ m− 2 or 253.66 kWh m− 2, mea-
sured using an S-LIB-MOO3 Solar Radiation Smart 
Sensor (LI-COR Environmental, Lincoln, USA). Photo-
synthetically active radiation was 212.03 ± 2.98 µmol m− 2 
s− 1, measured using an S-LIA-MOO3 PAR Smart Sensor 
(LI-COR Environmental, Lincoln, USA). Day and night-
time temperatures, as well as day and nighttime rela-
tive humidity over the growing period, are displayed in 
Fig. 2. Temperature and relative humidity inside the foil 
tunnel were measured using a Tinytag Plus 2– TGP-4500 
(Gemini Data Loggers, Chichester, England). The soil at 
the site is classified as silty clay Luvisol with an organic 
matter content of 3.71% and a rooting depth of approxi-
mately 0.90 m. Prior to tunnel setup, the soil was plowed 
and tilled to ensure homogeneous soil conditions for 
each plot. A total of three foil tunnels measuring 15 m × 
4.3 m were set up using a conventional polyethylene foil 
Lumisol Diffused AF (folitec Agrarfolienvertriebs GmbH, 
Westerburg, Germany) with a translucency of approx. 
88% and a UVB transmission rate of 75–85%. Each tun-
nel was subdivided into two columns and two rows. Rows 
measured 11.5  m × 1.25  m. A walkway 1.5  m wide was 
prepared between the two rows in the center of each tun-
nel, using mulch foil, to facilitate access to the tunnel 
(Fig. 1a).

Experimental setup
Figure 3 illustrates the experimental setup graphically. 
The experiment was set up as a split-strip plot design, 
with each tunnel being one replicate. Each replicate was 
subdivided into four main plots arranged in two rows and 
two columns. Rows were used as randomization units for 
the irrigation method. Columns were used as randomiza-
tion units for fertilizer treatment. Within each main plot, 
three genotypes were distributed to sub-plots of four 
plants according to a Latin square design. Before plant-
ing, all weeds were mechanically removed, and the sub-
plots were tilled at a depth of 0.15 m. Soil samples from 
each sub-plot were collected and analyzed for mineral 
nitrogen content (Nmin). Afterwards, all sub-plots were 
individually fertilized with Calcium Ammonium Nitrate 
(CAN) (27% N (13.5% NO3-N + 13.5% NH4-N), 12% CaO) 
(EuroChem Agro GmbH, Mannheim, Germany) to a total 
amount of 270 kg N ha− 1. The experiment started on the 
15th of July with the transplantation of the plants into the 
foil tunnel. Each row consisted of three sub-rows. Plants 
were planted in a triangular system to maximize space 
utilization, resulting in a planting density of five plants 
m− 2. This resulted in 72 plants per replicate and irriga-
tion treatment. After transplanting, plants were manually 
watered twice at 17  L m− 2 to ensure rooting and plant 
establishment in the first two weeks.

Treatments
Fertilizer treatment
To compare the effect of nanostructured fertilizer and 
biostimulants on plant growth and yield development, 
spherical, nonvalent nanoparticles of elemental silver 
(AgroArgentum), copper (AgroCyprum), and iron (Agro-
Ferrum), provided by B + H Solutions GmbH (Rem-
shalden, Germany), were applied weekly through the 
irrigation system. The application rates were 100 ml ha − 1 
for silver and 50 ml ha− 1 each for copper and iron, cor-
responding to the recommended dosages provided by the 
manufacturer. The proportional doser Dosatron D3RE2 
(DOSATRONIC GmbH, Ravensburg, Germany) was uti-
lized to inject the nanoparticle suspension into the sys-
tem to ensure proper mixing of the nanoparticles into 
the fertigation suspension. Nanoparticle application was 
stopped 14 days prior to the final harvest.

Irrigation treatments
An ecoTube irrigation tube (ecoTube GmbH, Beselin, 
Germany) was installed at a depth of 0.35 m in the SDI 
treatment using a drainage plow to minimize soil distur-
bance. The distance between each row was 0.50  m. The 
ecotube system is built from recycled car tires and fea-
tures a microporous structure that releases water at pres-
sures exceeding 0.1 bar. The specified water release rate 
is 1.3 L per meter hour− 1. The DI system consisted of a 
Netafim Unitechline (Netafim, Tel Aviv, Israel), which 
offers a water release rate of 1.6 L per dripper per hour 
and a dripper spacing of 0.30  m. Both irrigation treat-
ments were monitored using Gardena soil moisture sen-
sors (Gardena, Ulm, Germany) installed at a depth of 
0.25 m and linked to an irrigation computer (MultiCon-
trol Duo, Gardena, Ulm, Germany) to automate the irri-
gation process fully. Irrigation started once soil moisture 
dropped below 50% field capacity. The volume of water 
applied was recorded individually for every irrigation 
treatment via flow meters and measured regularly.

Irrigation amount
Because the tunnel was open on each short side, the 
length of the tunnel was not entirely utilized for the 
experiment due to possible changes in microclimate. 
Therefore, the length of the foil tunnel area was short-
ened by 1.75  m on each side. Irrigation tubes, however, 
were installed over the full length of the tunnel, inflat-
ing the actual irrigation amount per plot as parts of the 
tunnel were irrigated where no plants were growing. 
Therefore, the liter m− 2 values were adjusted to the actual 
irrigated plot size by the following equation:

	
IAhijklm =

IAtotalhijklm

Atotalhijklm

· Phijklm
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Fig. 1  The experimental site at Ihinger Hof, Germany. (a) foil tunnel prior to final harvest (DAP 87). (b) plot irrigated with subsurface drip irrigation (SDI, 
DAP 24). (c) plot irrigated with surface drip irrigation (DI, DAP 24), (d) plant of the genotype Terra Italia grown with SDI at final harvest (DAP 98), (e) plant 
of the genotype Terra Italia grown with DI at final harvest (DAP 98)
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where IAhijklm is the volume of water in liters applied 
to the hijklmth plot, IAtotalhijklm is the total volume of 
water in liters applied at the experimental sites including 
areas with no plants, Phijklm is the actual size of the plot 
in m², and Atotalhijklm  is the size of the irrigated area in 
m².

Irrigation water use efficiency
The Irrigation Water Use Efficiency (IWUE) was calcu-
lated as the slope of the relationship between the irriga-
tion amount (covariate) and yield (response variable). 
The irrigation treatment was replaced with treatment-
specific regression on the total amount of water irrigated.

For clarity, this can be expressed mathematically as:

	
IWUE = ∆ Y ield

∆ Irrigation Amount

,
where ΔYield represents the change in yield, and 

ΔIrrigation Amount represents the change in the irriga-
tion amount. Note that the irrigation amount was mea-
sured just once per irrigation treatment and replicate. 
Therefore, p-values for all tests, excluding irrigation 
treatments, were identical to those observed for yield, but 
the estimates and their interpretation changed.

Genotypes and propagation
The experiment included three chemotype III genotypes: 
Kanada (AI Fame, Switzerland), Terra Italia (Female 
Seeds, Netherlands), and the auto-flowering genetic FED 
(AIFame, Switzerland). Of each genotype, 144 cuttings 
were cut from mother plants previously cultivated in the 
greenhouse of the University of Hohenheim. The base of 
each cutting was dipped in a 2% indole-3-butyric acid 
powder (Rhizopon AA2%, Rijndijk, Netherlands) to facil-
itate rooting and placed into 4 × 4  cm² eazyPlugs (HGA 
Garden B.V., Goirle, Netherlands) which were hydrated 
with regular tap water at a pH of 6.2. The cuttings were 
transferred into propagation tents equipped with ultra-
sonic humidifiers and ventilators to ensure proper air 
circulation. Relative humidity was maintained between 
80% and 95%, with a temperature range of 22 °C to 27 °C. 
After two weeks, all cuttings were sufficiently rooted and 
transplanted into 0.5 L pots using a 10:1 (v/v) mixture of 
Substrate 5 (Klasmann-Deilmann GmbH, Geeste, Ger-
many) and Perligran Extra (Knauf, Iphofen, Germany). 
Two weeks after transplanting, pots were thoroughly 
rooted and ready to be transplanted into the foil tunnel. 
Before planting, the apical meristem was removed above 
the fifth internode to break apical dominance and control 
the number of internodes. According to a Latin square 
design, genotypes were randomized to a grid of 3 × 3 
plots within the main plots.

Destructive measurements
Destructive measurements of all tested chemotypes were 
conducted six times during the growing season, at 24, 38, 
59, 73, 87, and 101 days after planting (DAP), consisting 
of three replicates per genotype and treatment. On each 
sampling date, plant height was recorded, and the plants 
were cut off at the soil level. The above-ground biomass 
was separated into leaves, stems, and inflorescences to 
determine the biomass of each fraction. This was done 
for all genotypes individually. After measuring the fresh 
weight, each biomass fraction was bagged separately and 
dried in drying chambers at 30 °C for 14 days to estimate 
dry weight. Inflorescences were ground into a homog-
enous powder using an ultra-centrifugal mill (Type ZM 
200; Retsch, Haan, Germany). The residual moisture of 
every inflorescence sample was determined using a mois-
ture analyzer (DBS 60 − 3; Kern and Sohn GmbH, Balin-
gen, Germany). Samples were stored in darkness until 
HPLC analysis.

Weed biomass
The weed biomass was recorded in all irrigation treat-
ments at 24 DAP. Weeds were removed manually from 
each main plot. The fresh weight was recorded and then 
dried at 100 °C for 24 h to estimate the dry biomass.

Cannabinoid analysis
The inflorescence samples underwent analysis using 
high-performance liquid chromatography (HPLC), the 
established standard for cannabinoid quantification. This 
analysis followed the protocols outlined by Crispim Mas-
suela et al. (2022). For cannabinoid extraction, approxi-
mately 100 ± 10 mg of ground, dried inflorescences were 
combined with 100 mL of a solvent composed of 90% 
methanol and 10% chloroform (v/v) and treated in an 
ultrasonic bath for 30  min at 40  °C. After cooling, the 
solution was filtered through 0.45 μm Polytetrafluoreth-
ylene (PTFE) syringe filters (Macherey-Nagel GmbH & 
Co. KG, Düren, Germany) into HPLC vials before being 
injected into the HPLC system (1290 Infinity II LC Sys-
tem, Agilent, Santa Clara, CA, USA). This system is 
equipped with an autosampler, a quaternary pump, and a 
diode-array spectrophotometer (DAD), set to operate at 
a detection wavelength of 230 nm.

Chromatographic separation was achieved using a 
Nucleosil 120-3 C8 column (125 mm × 4 mm i.d., 3.0 μm) 
paired with an EC 4/3 Nucleosil 120-3 C8 guard column 
(Macherey-Nagel, Oensingen, Switzerland). The mobile 
phase comprised HPLC-grade methanol (Solvent A) and 
0.1% acetic acid in HPLC-grade distilled water (Solvent 
B; Sigma-Aldrich, Saint Louis, MO, USA), flowing at 
a constant rate of 0.7 mL min− 1 with a gradient elution 
mode. The injection volume was set at 10 µL, with a total 
run time of 27 min.
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Integration of targeted peaks utilized analytical ref-
erence standards for CBD (C-045) and CBDA (C-144) 
(Sigma-Aldrich, Darmstadt, Germany), while data 
analysis was conducted with ChemStation for LC Rev. 
B.04.03-SP2 software (Agilent, Santa Clara, CA, USA). 
Calibration curves were created from diluted standard 
solutions, demonstrating a coefficient of determination 
of 1.0 for both CBD and CBDA. The limit of detection for 
these compounds was established at 0.0015%.

CBD concentration
The total CBD concentration of each genotype × irriga-
tion × fertilizer treatment was calculated using the fol-
lowing equation:

	
CBDtotal (%)hijklm =
CBDhijklm + CBDAhijklm · 0.877

Where
CBDtotal (%)hijklm, CBDhijklm, and CBDAhijklm 

are the corresponding values of the hijklmth plot. The 
factor 0.877 was applied to consider the differing molar 
masses of the acid and neutral form.

Statistical model and analysis
Data from the final harvest were analyzed using the fol-
lowing mixed model

	

yhijklm = µ + th + chi + rhj+
mphij + schijl + srhijm + τ i+
ϕ j + ρ k + (τ ϕ )ij + (τ ρ )ik+
(ϕ ρ )jk + (τ ϕ ρ )ijk + ehijklm

,
where yhijklm is the observation of irrigation treat-

ment i, fertilizer treatment j and genotype k in column i 
and row j of tunnel h measured in sub-column l and sub-
row m, µ  is the intercept, th, chi, rhj , schijl, srhijm, 
and mphij  are the block effects of tunnel h (assumed as 
fixed), column i and row j in tunnel h and sub-column l 
and sub-row m within a row-column-combination as well 
as the row-column-combination denoted as main-plot 
(all assumed as random), τ i, ϕ j , and ρ k are the fixed 
effects of irrigation treatment i, fertilizer treatment j and 
genotype k, (τ ϕ )ij , (τ ρ )ik, (ϕ ρ )jk , and (τ ϕ ρ )ijk 
are random interaction effects of the corresponding main 
effects and ehijklm is the confounded effect of plot and 
error associated with yhijklm. The terms chi and rhj  
serves as randomization units for irrigation and fertilizer 
treatment, mphijlm serves as main-plot of the split-plot 
design. For IWUE, τ i was replaced by β ixhijklm, where 
β i is the irrigation treatment specific slope of yield on 

the amount of irrigated water xhijklm. For weed bio-
mass, data were only measured per main-plot. There-
fore, the model can be simplified by dropping all effects 
including the index k, l and m from the model. In this 
case, mphij  serves as residual error. For traits that were 
measured repeatedly during the experiment, time was 
added as fixed effect to the model. Additionally, all fixed 
effects were added as interaction effects with time. Ran-
dom effects were crossed with time and a first order auto-
regressive variance covariance structure was assumed. 
Due to convergence problems, the variance-covariance 
structure was afterwards simplified to compound sym-
metry for all effects except the error. For all analyzed 
traits, residuals were checked graphically via residual 
plots. In case of deviations, data were logarithmically 
transformed prior to analysis. In this case, means were 
back-transformed for presentation purpose. Standard 
errors were back-transformed using the delta method. 
Treatment effects were tested for significance and mul-
tiple mean comparisons were performed for significant 
effects only using Fisher´s LSD test. Results were finally 
presented via letter display. Additionally, special con-
trasts of interest were tested using estimate statements. 
E.g. for flower depending traits, the time-by-genotype 
classification was unbalanced due to different vegetation 
length. In this case, marginal means for irrigation were 
not estimable but contrasts of irrigation treatment levels 
for a core set of genotype-by-time combinations can be 
estimated.

For transparency purpose, simple means were addi-
tionally calculated independent on significance of F tests. 
These means were compared pair-wise. To account for 
multiple testing, t-tests were adjusted by the method of 
Bonferroni.

Graphing
Graphs were created using the graphing software Orig-
inPro 2024 (OriginLab Corp., Northampton, Massachu-
setts, USA).

Results and discussion
The nano-fertilizers showed no statistically significant 
impact. Furthermore, for yield and most traits, no sig-
nificant interactions were found (Table  1). In these 
cases, marginal means should be estimated across levels 
of fertilizer (Heiman 2001; Toutenburg, 2002; Welham 
et al. 2015). Marginal means for inflorescence yield and 
CBD concentration are displayed in Fig. 6. However, for 
additional information and for reasons of transparency, 
means for non-significant interaction term nanofertilizer 
× irrigation treatments were calculated for inflorescence 
yield and CBD concentration, too. They were presented 
analogous to Fig. 6 (Fig. 7). Figure 7 highlights the insig-
nificant effect of the fertilizer treatment on the tested 



Page 8 of 18Büser et al. Journal of Cannabis Research            (2025) 7:41 

parameters. Note that means in Fig. 6 were based on six 
observations. In contrast, means in Fig.  7 are based on 
three obsevatiuons causing a loss of power to detect sig-
nificant differences.

Water consumption
Figure 4 illustrates the cumulative volume of irrigated 
water for each irrigation method during the growing 
period. Compared to DI, SDI resulted in an 18.6% reduc-
tion in water consumption from 231.23  L m− 2 for DI 
and 188.19  L m− 2 for SDI, resulting in a total irrigation 
amount of 9971.6 L and 8116.08 L for DI and SDI, respec-
tively. Figure 4 presents the irrigation water amount m− 2 
as the cumulative water use over the growing period. The 

amount of irrigated water is consistently lower through-
out the entire growing period in SDI compared to DI. The 
highest significant difference in applied water occurred 
from DAP 36 to DAP 52, where the irrigation water 
applied was reduced by 51% in SDI compared to DI. In 
Fig. 2, it becomes visible that during this time, tempera-
tures increased.

These findings align with the established knowledge 
regarding the water-saving potential of SDI compared 
to DI. For instance, Valentín et al. (2020) examined the 
WUE of conventional sprinklers, DI, and SDI in a Zea 
mays production system in southeastern Spain, where 
the use of SDI resulted in a 30% reduction in water con-
sumption compared to DI. Particularly during the initial 

Table 1  Statistical significance (p-values) of fixed main effects and their interactions from the fitted linear mixed-effects model. The 
table summarizes p-values for F-tests for the traits inflorescence yield, CBD concentration (CBDtot), CBD yield (CBDyield), and their 
respective irrigation water use efficiencies (IWUE). Cells marked “–” indicate that the test was not performed for that corresponding 
trait. Values in bold denoted F-tests for which mean comparisions should be done
Effect Inflorescence yield CBDtot CBDyield IWUE Inflorescence Yield IWUE CBDtot IWUE CBDyield

Genotype < 0.001 0.16 < 0.001 0.09 0.003 0.12
Irrigation 0.027 < 0.001 0.011 0.13 < 0.001 0.11
Time < 0.001 < 0.001 < 0.001 - - -
Irrigation × Time 0.64 0.54 0.73 - - -
Irrigation × Genotype 0.58 0.52 0.48 0.005 0.09 0.002
Genotype × Time 0.0002 < 0.001 < 0.001 - - -
Genotype × Irrigation × Time 0.028 0.56 0.007 - - -
Fertilization 0.26 0.81 0.23 0.21 0.57 0.23
Fertilization × Genotype 0.82 0.93 0.89 0.15 0.30 0.12
Fertilization × Time 0.72 0.96 0.33 - - -
Fertilization × Genotype × Time 0.37 0.83 0.31 - - -
Fertilization × Irrigation 0.57 0.47 0.88 0.08 0.96 0.06
Fertilization × Irrigation ×Time 0.46 0.27 0.26 - - -
Fertilization × Irrigation × Genotype 0.09 0.93 0.08 0.022 0.62 0.022
Fertilization × Irrigation × Genotype × Time 0.15 0.52 0.14 - - -

Fig. 2  Mean day- and nighttime temperature [°C] (a) and mean day- and nighttime relative humidity [%] (b) in the foil tunnel over the growing period of 
cannabis plants from July-October 2024. Error bars represent the standard error of the mean. DAP = Days after planting
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plant development phase, when soil evaporation con-
stitutes a significant portion of total evapotranspira-
tion due to relatively low canopy coverage, evaporation 
losses decreased by over 60% in SDI. Similar results were 
reported by Hassanli et al. (2009), who found a reduction 
in water usage between 6% and 16% for SDI compared to 
DI in an open-field maize cultivation system. Najafi and 
Tabatabaei (2007) observed reductions in irrigation water 
amounts of 9% and 46% for tomato and eggplant produc-
tion, respectively, when using SDI compared to DI and 
flood irrigation. Furthermore, Martínez and Reca (2014) 
indicated in their study that by using SDI, the volumet-
ric soil water content is higher and remains more stable 
when compared to DI as a result of reduced capillary 
flow to the soil surface and reduced evaporation losses, 
which led to a higher soil water content in the root zone, 
especially when combined with deficit irrigation. Simi-
lar to our study, irrigation intensity and frequency were 
controlled via soil moisture sensors; it can be assumed 

that soil water content was also maintained in a suitable 
range.

Weed biomass
Figure 5 shows the weed biomass dry matter m−² at DAP 
24. Furthermore, pictures of the respective plots are 
presented in Fig. 1b and Fig. 1c. Again, no statistically 
significant effects of nanofertilization on weed density 
were found (p = 0.19). Weed biomass showed a reduc-
tion of 93.21%, significantly lower in SDI compared to 
DI (p = 0.0224). This beneficial effect of SDI has also 
been shown for other crops in other studies. Sutton et 
al. (2006) compared weed density in tomato production 
using either SDI or furrow irrigation, combined with 
or without herbicides, in standard or conservation till-
age. Weed densities were reduced by over 98% in SDI, 
regardless of tillage method or herbicide usage. Most 
impressively, they also discovered that weed densities 
were lower in the SDI conservation tillage without her-
bicide treatment than in the furrow-irrigated standard 

Fig. 3  Schematic illustration of the experimental setup. DI = Surface Drip Irrigation, SDI = Subsurface Drip Irrigation, NP = Nanoparticles
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tillage with herbicide application. Kakraliya et al. (2024) 
observed a similar effect in a rice-wheat cultivation sys-
tem, where the adoption of SDI reduced weed density by 
up to 72.9%, depending on the tillage combination. It is 
hypothesized that the reduction in weed biomass under 
SDI is mainly due to the drier topsoil conditions and, 
therefore, limited water availability, as weeds like Stel-
laria media or Solanum nigrum do not root as deep as 
cannabis and thus compete for different water sources 
(Van Delden et al. 2002).

The reduction in weed biomass reduces competition 
for resources between weed and crop plants and can also 
decrease the man-hours per hectare needed for weed 
management while increasing economic profitability 
(Sutton et al. 2006). There is a prevalent belief that can-
nabis possesses a competitive advantage over common 
weed species. This might be true for some genotypes but 
could be inaccurate for shorter, less vigorous varieties. As 

a result, there are few, if any, herbicides approved for use 
in cannabis cultivation systems depending on the pro-
ducing country, greatly restricting the available options 
for weed management (Sandler and Gibson 2019; Gitso-
poulos et al. 2024). Furthermore, resource input in can-
nabis cultivation is already substantial. A reduction in 
weed density by default as a side-effect of the change in 
the irrigation system not only increases water use effi-
ciency but also eliminates a possible source of product 
contamination, which is especially important for crops 
used for medicinal purposes (Zheng et al. 2021; Buirs 
and Punja 2024; Desaulniers Brousseau et al. 2024). 
Additionally, SDI is often combined with conservation 
tillage that, compared to conventional tillage, has many 
ecological benefits such as improved soil organic matter, 
higher carbon sequestration, less soil erosion, decreased 
soil compaction, increased soil microbial activity, as 
well as reduced workload, and reduced greenhouse gas 

Fig. 4  Cumulative irrigation water volume (liter m-2) for drip irrigation (DI nI) and subsurface drip irrigation (SDI l) treatments over the growing period. 
DAP = Days after Planting
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emissions SDI, combines the beneficial effects of both 
systems increasing the resource use efficiency of medici-
nal cannabis production (Sutton et al. 2006; Lehman et 
al. 2015; Rahman et al. 2021; Ogieriakhi and Woodward 
2022).

Yield parameters
Irrigation technique
For the general comparison of the effect of irrigation 
treatment on inflorescence yield, only data for the geno-
types Kanada and Terra Italia for DAP 59, 73, 87, and 101 
were used. A comparison of all genotypes and sampling 
dates was not possible due to the different dates and a sig-
nificantly shorter growing period of FED. Yield data indi-
cated that plants irrigated with SDI had a 5% significantly 

higher inflorescence yield than plants irrigated with DI 
(p = 0.027). Note that there is also a significant interaction 
of Genotype × Irrigation × Sampling time (p = 0.028). 
These interactions are based on varying irrigation treat-
ment effects across genotype-by-sampling point combi-
nations. However, in 10 out of the 12 comparisons, yield 
under SDI was non-significant or significantly higher 
than DI, while it was non-significantly lower at two-
time points (Fig. 6a-c). For FED, there was a visible but 
not statistically significant decline in inflorescence yield 
from DAP 59 to DAP 73, regardless of irrigation regime. 
During sampling, it was noticeable that this genotype was 
nearly fully mature on DAP 59. Note that this auto- flow-
ering genotype matures much faster than its photoperi-
odic-dependent counterparts and is typically fully mature 

Fig. 5  Weed biomass in g DM m− 2 for plots irrigated with surface drip irrigation with (DI+) or without (DI) nanoparticle application and plots irrigated 
with subsurface drip irrigation with (SDI+) or without (SDI) nanoparticle application 24 days after planting (DAP). Error bars represent the standard error. 
As Irrigation-by-fertilizer interactions were non-significant, letters indicate results of irrigation main effect comparison, where different letters represent 
differences between irrigation main effects according to F and t test at a = 0.05. Note that results from multiple irrigation-by-fertilizer mean comparisons 
were non-significant due to loss of power
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Fig. 6  Inflorescence dry weight [bars] (g m− 2) and CBD concentration [squares] (CBDtot) of three chemotype III cannabis (Cannabis sativa L.) genotypes 
Kanada (a), Terra Italia (b) and FED (c) subjected to either surface drip irrigation (DI) or subsurface drip irrigation (SDI) depending on different sampling 
dates (DAP). Capital letters indicate differences in inflorescence yield within a genotype. Lowercase letters indicate differences in CBD-concentration 
within a genotype. Means with at least one identical lowercase letter are non-significant different from each other (a = 0.05, Fisher´s LSD test)
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Fig. 7 (See legend on next page.)
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between 60 and 65 DAP. The decline in yield can be 
explained by the number of flowers infected with Botrytis 
cinerea, which increased from DAP 59 to DAP 73 and 
caused the decrease in inflorescence yield (Punja and Ni 
2021; Buirs and Punja 2024)Fig. 6c). A similar effect was 
found for the genotype Kanada (Fig. 6a) and Terra Italia 
(Fig.  6b), where inflorescence dry weight was higher in 
four out of five sampling dates for each genotype. How-
ever, this lacked statistical significance for most sampling 
dates. Interestingly, at the last sampling date, the inflo-
rescence yield of Kanada was non-significantly lower in 
SDI compared to DI, whereas it was significantly higher 
in Terra Italia. Differing reactions of different cannabis 
genotypes to growing conditions and environmental fac-
tors are well known (Campbell et al. 2019; Babaei and 
Ajdanian 2020; Haworth et al. 2024). Additionally, in past 
experiments investigating the impact of water deficit on 
these two genotypes, it was found that both genotypes 
react significantly different to watering regimes, provid-
ing a possible explanation for the contrasting reactions 
(unpublished data). However, given that this differing 
reaction was only observed at one sampling date for each 
genotype and statistical significance was not found for 
both cases, a random interaction seems most plausible.

When considering the CBD concentration of the 
plants, a similar tendency for non-significantly higher 
CBD concentrations under SDI compared to DI became 
visible. When comparing all genotypes and sampling 
dates, plants irrigated with SDI had a 9% higher CBD 
concentration than those irrigated with DI, with the dif-
ference being statistically significant (p < 0.001). This is 
particularly interesting as CBD concentrations usually 
decline with increasing inflorescence yield as part of a 
dilution effect (Shiponi and Bernstein 2021b; Massuela 
et al. 2023). One possible explanation is that the reduced 
competition for resources, stemming from decreased 
weed growth and more stable soil water content asso-
ciated with using SDI, created a more suitable environ-
ment. This environment can lead to increased yields and 
higher cannabinoid concentrations to an extent where 
the dilution effect was compensated (Martínez and Reca 
2014; Bernstein et al. 2019; Massuela et al. 2023).

Nanofertilizer
For descriptive purposes, simple means of the inflo-
rescence yield and CBD concentration are displayed 
for all treatment combinations (Fig.  7). Final inflo-
rescence dry yield m− 2 ranged from 219.7 ± 54.1  g to 

299.6 ± 76.5  g, from 120.5 ± 31.5  g to 597.7 ± 143.9  g 
and from 76.0 ± 19.3  g to 112.4 ± 29.1 for the genotypes 
Kanada, Terra Italia and FED, respectively. CBDtot ranged 
from 5.8 ± 0.3% to 6.2 ± 0.3%, 5.1 ± 0.3% to 5.9 ± 0.3%, and 
3.3 ± 0.3% to 3.9 ± 0.3%, for Kanada, Terra Italia, and FED, 
respectively. No statistically significant effects were found 
from applying nanofertilizers on inflorescence dry mass 
(p = 0.363), CBD concentration (p = 0.808), or total CBD 
yield (p = 0.232) in the three Cannabis sativa L. genotypes 
studied. Additionally, no significant interactions with the 
other variables tested were observed for these param-
eters. In contrast, for IWUE, significant three-way inter-
actions were noted between genotype, irrigation method, 
and fertilizer type for both inflorescence and CBD yield. 
For IWUE, CBD concentration showed only a main effect 
for the irrigation method, which reached significance. 
The corresponding p-values for all tested parameters 
are shown in Table 1. These results support the existing 
literature, which emphasizes significant genotypic vari-
ability within Cannabis sativa L., leading to different 
physiological and agronomic responses to nutrient and 
water management techniques (Babaei and Ajdanian 
2020; Sheldon et al. 2021; Massuela et al. 2023). Further-
more, the understanding of nanofertilizer effectiveness 
remains inconsistent, with little agreement, particularly 
in the field or similar settings where environmental vari-
ability complicates treatment results (Rizwan et al. 2021). 
Unlike bulk-material counterparts, the behavior and 
bioactivity of nanoparticles depend on physicochemi-
cal properties such as particle size, morphology, surface 
coating, and concentration, which significantly affect 
their interactions with plants, uptake processes, and 
overall effectiveness (Singh 2016; Khan et al. 2019; Ullah 
et al. 2023). Importantly, the same nanoparticle formula-
tions can have varying effects on different crop species, 
indicating a pronounced crop-specific response that lim-
its the generalization of findings (Lee et al. 2012; Farghaly 
and Nafady 2015). There are limited studies available 
on the effect of nanoparticles on cannabis, with, to our 
knowledge, none currently existing on the effect of sil-
ver nanoparticles, especially under field conditions. For 
example, Cahill et al. (2024) tested the effect of copper 
oxide nanoparticles (CuO-NPs) on the THC and CBD 
concentrations of two cannabis cultivars. They found that 
the application of CuO-NPs increased THC and CBD 
levels compared to copper bulk material in one cultivar, 
while the other cultivar remained unaffected. However, 
the authors did not provide any data on inflorescence or 

(See figure on previous page.)
Fig. 7  Inflorescence dry weight [bars] (g m− 2) and CBD concentration [squares] (CBDtot) of three chemotype III cannabis (Cannabis sativa L.) genotypes 
Kanada (a), Terra Italia (b) and FED (c) subjected to either surface drip irrigation without nanofertilizer (DI) and with fertilizer (DI+) or subsurface drip irriga-
tion without nanofertilizer (SDI) and with nanofertilizer (SDI+) depending on different sampling dates (DAP). Error bars represent the standard error of the 
mean. CBD means within a genotype with at least one identical lower-case letter were non significant different at Bonferroni adjusted a = 0.05. Dry weight 
means within a genotype with at least one identical upper-case letter were non significant different at Bonferroni adjusted a = 0.05. n = 3



Page 15 of 18Büser et al. Journal of Cannabis Research            (2025) 7:41 

cannabinoid yield. Thus, it remains uncertain whether 
the increase was due to an absolute increase in cannabi-
noid concentration or because of a concentration effect. 
Furthermore, they used foliar application in contrast to 
the soil application used in this study. It has been dem-
onstrated in previous studies that the application method 
significantly impacts the efficacy of nanoparticle applica-
tion (López-Luna et al. 2023), thereby limiting the trans-
ferability of the results presented by Cahill et al. (2024). 
Deng et al. (2022) studied the effect of Fe3O4 nanopar-
ticles on cannabis clones in a hydroponic cultivation 
system and found that THC values decreased signifi-
cantly compared to the untreated control. However, both 
studies mentioned above used oxidized, single-element 
nanoformulations, which contrasts with the combined 
application of elemental silver, copper, and iron NPs used 
in this study. They either employed a different application 
method or cultivation system. As stated above, those fac-
tors greatly impact the effect of the tested particles. Thus, 
studies that do not use comparable nanoparticle formu-
lations, crop species, application methods, or cultiva-
tion systems possess limited predictive value and should 
be interpreted cautiously. Given the current lack of field 
data and uncertainties regarding the long-term envi-
ronmental behavior of nanoparticles, more research is 
essential to thoroughly assess their agronomic suitability, 
environmental safety, and functional reliability, especially 
under field conditions.

Water use efficiency
Table  2 displays the IWUE of inflorescence yield, CBD 
concentration, and CBDyield m− 2. There was a highly sig-
nificant interaction of Irrigation Treatment × Genotype 
× Fertilizer for inflorescence and CBD yield. The inflo-
rescence yield IWUE was significantly higher in SDI than 
DI for Terra Italia but lacked statistical significance for 
Kanada, regardless of fertilization type. When irrigated 
with DI, the genotype Terra Italia expressed significantly 
higher IWUE in the nanoparticle fertilized treatment 
DI + than without nanoparticle application but remained 

lower than in SDI at both fertilizer treatments. IWUE of 
both genotypes did not differ significantly for DI. Simi-
larly, as plants irrigated with SDI showed significantly 
higher CBDtot values, the IWUE of CBDtot was signifi-
cantly higher in SDI than in DI, independent of the geno-
type and fertilization type tested. Here no interaction was 
found. In DI, the IWUE for CBDtot of Kanada was sig-
nificantly higher than that of Terra Italia, mainly because 
CBDtot was higher in Kanada. However, this difference 
disappeared under SDI. Again, the large genotypic vari-
ance in cannabis, especially in relation to watering strat-
egies and intensities, can provide a possible explanation 
for this difference and genotypic interaction (Duong et 
al. 2023). When looking at the IWUE of the CBDyield, the 
difference between the genotypes becomes most appar-
ent. While the IWUE of Kanada did not differ between 
irrigation and fertilization treatments, Terra Italia had a 
significantly higher IWUE of CBDyield in SDI than DI due 
to significantly increased CBD concentration and inflo-
rescence yield.

These observations align with the current knowledge 
of yield development and water use efficiency under 
SDI for many plant species. For example, Hansona et al. 
(1997) observed similar yield levels for lettuce when irri-
gated with SDI compared to traditional furrow irrigation 
while decreasing the irrigation water amount by 25–32%, 
depending on the crop cycle. Furthermore, Bozkurt 
Çolak (2021) showed that the fruit yield of bell peppers 
irrigated with SDI was comparable to that irrigated with 
DI, but most interestingly, they also showed that the dry 
matter yield of plants irrigated with SDI under deficit 
irrigation had significantly higher yield compared to DI 
combined with deficit irrigation, implying a higher water 
use efficiency under water limiting conditions. Similar 
results were found for maize plants, where an SDI irri-
gation system led to an average reduction of 25% in irri-
gation water applied without compromising yield levels, 
drastically increasing water use efficiency (Valentín et al. 
2020). Mattar et al. (2021) demonstrated that fresh tuber 
yield in potato plants irrigated with SDI was significantly 

Table 2  Irrigation water use efficiencies (IWUE) for the inflorescence yield, CBD concentration (CBDtot), and CBD yield m-2 of two 
chemotype III genotypes, Kanada and Terra italia. (DI = Drip irrigation, DI + = Drip irrigation with nps, sdi = subsurface drip irrigation, 
SDI + = subsurface drip irrigation with NPs). Means with at least one identical letter are not significantly different according to Fisher´s 
LSD test at α = 0.05
Irrigation Type Genotype IWUE Inflorescence yield IWUE CBDtot IWUE CBDyield

DI Kanada 1.26 ± 0.31 b 0.026 ± 0.001 b 0.07 ± 0.02 b
Terra Italia 0.52 ± 0.13 c 0.022 ± 0.001 cd 0.03 ± 0.01 c

DI + Kanada 1.10 ± 0.28 b 0.025 ± 0.001 cb 0.06 ± 0.02 b
Terra Italia 1.62 ± 0.40 ab 0.022 ± 0.001 d 0.08 ± 0.02 b

SDI Kanada 1.19 ± 0.30 b 0.033 ± 0.002 a 0.07 ± 0.02 b
Terra Italia 3.17 ± 0.80 a 0.031 ± 0.002 a 0.19 ± 0.04 a

SDI + Kanada 1.28 ± 0.32 b 0.031 ± 0.001 a 0.07 ± 0.02 b
Terra Italia 2.46 ± 0.62 ab 0.031 ± 0.001 a 0.14 ± 0.03 a
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higher than that of plants irrigated with DI. They hypoth-
esized that this increase was due to a higher volumetric 
soil water content in SDI than in DI. This hypothesis was 
further supported by the observation that there was no 
significant difference in dry tuber weight between the 
two irrigation methods. This indicated that the tubers in 
the SDI treatment had an elevated water content, likely 
due to higher water availability. Furthermore, in a global 
meta-analysis of the published literature on SDI, Wang et 
al. (2022) found that SDI significantly increased the yield 
parameters of crops, fruits, and vegetables compared to 
surface watering methods. The positive effect was most 
pronounced when dripper spacing was < 0.25  m and 
used in soils with a medium texture and higher clay con-
tents. As the SDI system used in this study was a perfo-
rated tube that emitted water over the entire tube length, 
a uniform water distribution can be assumed, meeting 
these criteria. Similarly, Guo et al. (2023) found in their 
meta-study on subsurface irrigation methods that yield 
increased by 5.96% and IWUE by 27.72% in SDI com-
pared to DI. They also found that SDI proved to be most 
effective compared to surface watering methods when 
the soil bulk density was relatively high and had a finer 
texture, soil characteristics similar to those found at the 
study site in this research, which supports our results.

Conclusion
This study demonstrated SDI’s beneficial effects on irri-
gation water amount, weed infestation, yield variables, 
and irrigation water use efficiency in an outdoor foil tun-
nel production system. Using SDI instead of DI reduced 
the amount of irrigation water by 18.6%, while weed 
infestation was 93.21% lower. The decreased competition 
for resources, resulting from reduced weed infestations, 
led to a 5% increase in inflorescence yield and a 9% higher 
CBD concentration in plants irrigated with SDI, signifi-
cantly enhancing the obtainable CBD yield per square 
meter. The nanoparticle treatment did not significantly 
affect either inflorescence yield, CBD concentration, nor 
CBD yield. However, a three-way interaction of geno-
type × irrigation × fertilizer was found for the IWUE of 
inflorescence yield and CBD yield m− 2, indicating a geno-
typic variance in response to nanoparticle application 
in medicinal cannabis concerning water use efficiency. 
While outdoor production can help to reduce the high 
greenhouse gas emissions associated with indoor canna-
bis cultivation, it often does not adequately address the 
comparatively high-water usage. Implementing SDI in 
outdoor foil tunnel cultivation systems can lead to sub-
stantial water savings and significant reductions in weed 
infestations. Given that medicinal cannabis production is 
projected to increase substantially in the coming years, 
further research is needed to assess the suitability of 
more sustainable approaches for cannabis cultivation.

Author contributions
Conceptualization, CB and SG-H; methodology, CB, SG-H and JH; software, 
CB, JH; validation, CB, JH; formal analysis, CB; investigation, CB; resources, CB; 
data curation, CB; writing—original draft preparation, CB; writing—review 
and editing, JH, SG-H, visualization, CB; supervision, JH and SG-H; project 
administration, SG-H; funding acquisition, SG-H. All authors have read and 
agreed to the published version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. Open Access 
funding enabled and organized by Projekt DEAL. This research was funded 
by the German Federal Ministry for Economic Affairs and Energy within the 
Central Innovation Program for SMEs (16KN089602).

Data availability
The datasets analyzed during the current study are available upon reasonable 
request, and the custom code used in this study is available from the 
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent to participate
Informed consent was obtained from all individual participants.

Consent for publication
All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Use of AI
The AI software Grammarly (Grammarly Inc., San Francisco, USA) was used to 
assist with grammar and language corrections. However, the authors solely 
generated all original content, ideas, and input text..

Received: 24 March 2025 / Accepted: 1 July 2025

References
Alewell C et al. (2020) ‘Global phosphorus shortage will be aggravated by soil ero-

sion’, Nature Communications, 11(1), p. 4546. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​3​8​​/​s​​4​1​4​6​7​-​0​2​0​-​1​8​3​2​6​-​7

Ardenti F et al. (2022) ‘Matching crop row and dripline distance in subsurface drip 
irrigation increases yield and mitigates N2O emissions’, Field Crops Research, 
289, p. 108732. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​c​r​.​2​0​2​2​.​1​0​8​7​3​2

Babaei M, Ajdanian L. (2020) ‘Screening of different Iranian ecotypes of cannabis 
under water deficit stress’, Scientia Horticulturae, 260, p. 108904. Available at: ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​c​​i​e​n​​t​a​.​2​​0​1​​9​.​1​0​8​9​0​4

Babu S et al. (2022) ‘Nanofertilizers for agricultural and environmental sustainabil-
ity’, Chemosphere, 292. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​h​​e​m​o​​s​p​h​e​​r​e​​.​2​
0​2​1​.​1​3​3​4​5​1

Beheshti F, Khorasaninejad S, Hemmati K. (2023) ‘Effect of salinity stress on mor-
phological, physiological, and biochemical traits of male and female plants of 
cannabis (Cannabis sativa L.)’, Iranian Journal of Rangelands and Forests Plant 
Breeding and Genetic Research, 30(2), pp. 242–262. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​2​2​0​9​​2​/​​i​j​r​​f​p​b​​g​r​.​2​​0​2​​2​.​3​5​8​6​9​6​.​1​4​1​9

Bernstein N et al. (2019) ‘Impact of N, P, K, and Humic Acid Supplementation on 
the Chemical Profile of Medical Cannabis (Cannabis sativa L)’, Frontiers in Plant 
Science, 10. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​1​9​.​0​0​7​3​6

Bevan L, Jones M, Zheng Y. (2021) ‘Optimisation of Nitrogen, Phosphorus, and 
Potassium for Soilless Production of Cannabis sativa in the Flowering Stage 
Using Response Surface Analysis’, Frontiers in Plant Science, 12. Available at: ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​1​.​7​6​4​1​0​3

Bozkurt Çolak Y. (2021) ‘Leaf water potential for surface and subsurface drip 
irrigated bell pepper under various deficit irrigation strategies’, Chilean journal 

https://doi.org/10.1038/s41467-020-18326-7
https://doi.org/10.1038/s41467-020-18326-7
https://doi.org/10.1016/j.fcr.2022.108732
https://doi.org/10.1016/j.scienta.2019.108904
https://doi.org/10.1016/j.scienta.2019.108904
https://doi.org/10.1016/j.chemosphere.2021.133451
https://doi.org/10.1016/j.chemosphere.2021.133451
https://doi.org/10.22092/ijrfpbgr.2022.358696.1419
https://doi.org/10.22092/ijrfpbgr.2022.358696.1419
https://doi.org/10.3389/fpls.2019.00736
https://doi.org/10.3389/fpls.2021.764103
https://doi.org/10.3389/fpls.2021.764103


Page 17 of 18Büser et al. Journal of Cannabis Research            (2025) 7:41 

of agricultural research, 81(4), pp. 491–506. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​0​6​
7​​/​S​​0​7​1​​8​-​5​​8​3​9​2​​0​2​​1​0​0​0​4​0​0​4​9​1

Bozkurt Çolak Y et al. (2023) ‘Assessment of crop water stress index and net benefit 
for surface- and subsurface-drip irrigated bell pepper to various deficit irriga-
tion strategies’, Journal of Agricultural Science, 161(2), pp. 254–271. Available 
at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​7​​/​S​​0​0​2​1​8​5​9​6​2​3​0​0​0​2​0​5

Buirs L, Punja ZK. (2024) ‘Integrated Management of Pathogens and Microbes in 
Cannabis sativa L. (Cannabis) under Greenhouse Conditions’, Plants, 13(6), p. 
786. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​1​3​0​6​0​7​8​6

Burgel L, Hartung J, Graeff-Hönninger S. (2020) ‘Impact of Different Growing Sub-
strates on Growth, Yield and Cannabinoid Content of Two Cannabis sativa L. 
Genotypes in a Pot Culture’, Horticulturae, 6(4), p. 62. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​3​3​9​0​​/​h​​o​r​t​​i​c​u​​l​t​u​r​​a​e​​6​0​4​0​0​6​2

Cahill MS et al. (2024) ‘Copper Stimulation of Tetrahydrocannabinol and Can-
nabidiol Production in Hemp (Cannabis sativa L.) Is Copper-Type, Dose, and 
Cultivar Dependent’, Journal of Agricultural and Food Chemistry, 72(13), pp. 
6921–6930. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​a​​c​s​.​j​a​f​c​.​3​c​0​7​8​1​9

Cai Y et al. (2021) ‘Effectiveness of a subsurface irrigation system with ceramic 
emitters under low-pressure conditions’, Agricultural Water Management, 243, 
p. 106390. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​g​​w​a​t​​.​2​0​2​​0​.​​1​0​6​3​9​0

Camp CR et al. (2000) ‘Subsurface drip irrigation–Past, present and future’, in Proc. 
Fourth Decennial Nat’l Irrigation Symp., Nov, pp. 14–16. Available at: ​h​t​t​p​​s​:​/​​/​
w​w​w​​.​a​​r​s​.​​u​s​d​​a​.​g​o​​v​/​​A​R​S​​U​s​e​​r​F​i​l​​e​s​​/​6​0​​8​2​0​​0​0​0​/​​M​a​​n​u​s​​c​r​i​​p​t​s​/​​2​0​​0​0​/​M​a​n​5​7​5​.​p​d​f 
(Accessed: 30 October 2024).

Campbell BJ et al. (2019) ‘Genotype × Environment Interactions of Industrial Hemp 
Cultivars Highlight Diverse Responses to Environmental Factors’, Agrosystems, 
Geosciences & Environment, 2(1), p. 180057. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​
3​4​​/​a​​g​e​2​0​1​8​.​1​1​.​0​0​5​7

Charles APR et al. (2024) ‘Effect of High-Tunnel and Open-Field Production on 
the Yield, Cannabinoids, and Volatile Profiles in Industrial Hemp (Cannabis 
sativa L.) Inflorescence’, Journal of Agricultural and Food Chemistry, 72(23), pp. 
12975–12987. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​a​​c​s​.​j​a​f​c​.​4​c​0​1​6​6​8

Chien SH, Prochnow LI, Cantarella H. (2009) ‘Chapter 8 Recent Developments of 
Fertilizer Production and Use to Improve Nutrient Efficiency and Minimize 
Environmental Impacts’, in Advances in Agronomy. Academic Press, pp. 
267–322. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​0​6​5​-​2​1​1​3​(​0​9​)​0​1​0​0​8​-​6

Deng C et al. (2022) ‘Effects of iron oxide nanoparticles on phenotype and 
metabolite changes in hemp clones (Cannabis sativa L.)’, Frontiers of Environ-
mental Science and Engineering, 16(10). Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​
1​1​7​8​3​-​0​2​2​-​1​5​6​9​-​9

Desaulniers Brousseau V et al. (2024) ‘Environmental Impact of Outdoor Cannabis 
Production’, ACS Agricultural Science & Technology, 4(7), pp. 690–699. Available 
at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​a​​c​s​a​​g​s​c​​i​t​e​c​​h​.​​4​c​0​0​0​5​4

Dillis C, et al. Water storage and irrigation practices for cannabis drive seasonal pat-
terns of water extraction and use in Northern California. J Environ Manage. 
2020;272:110955. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​e​​n​v​m​​a​n​.​2​​0​2​​0​.​1​1​0​9​5​5. Available 
at:.

Duong H et al. (2023) ‘Variation in Hydric Response of Two Industrial Hemp 
Varieties (Cannabis sativa) to Induced Water Stress’, Horticulturae, 9(4), p. 431. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​h​​o​r​t​​i​c​u​​l​t​u​r​​a​e​​9​0​4​0​4​3​1

Fan W, Li G. (2018) ‘Effect of soil properties on Hydraulic characteristics under 
subsurface drip irrigation’, IOP Conference Series: Earth and Environmental 
Science, 121(5), p. 052042. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​8​​/​1​​7​5​5​​-​1​3​​1​5​/​1​​
2​1​​/​5​/​0​5​2​0​4​2

Farghaly F, Nafady N. (2015) ‘Green Synthesis of Silver Nanoparticles Using Leaf 
Extract of Rosmarinus officinalis and Its Effect on Tomato and Wheat Plants’, 
Journal of Agricultural Science, 7(11), p. p277. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​
5​3​9​​/​j​​a​s​.​v​7​n​1​1​p​2​7​7

Gao Y et al. (2014) ‘Winter wheat with subsurface drip irrigation (SDI): Crop coef-
ficients, water-use estimates, and effects of SDI on grain yield and water use 
efficiency’, Agricultural Water Management, 146, pp. 1–10. Available at: ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​g​​w​a​t​​.​2​0​1​​4​.​​0​7​.​0​1​0

Garb Y, Friedlander L. (2014) ‘From transfer to translation: Using systemic under-
standings of technology to understand drip irrigation uptake’, Agricultural 
Systems, 128, pp. 13–24. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​g​s​y​.​2​0​1​4​.​0​4​
.​0​0​3

Gitsopoulos T et al. (2024) ‘Response of Industrial Hemp (Cannabis sativa L.) to 
Herbicides and Weed Control’, International Journal of Plant Biology, 15(2), pp. 
281–292. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​p​b​1​5​0​2​0​0​2​4

Guo J et al. (2023) ‘Meta-Analysis of the Effect of Subsurface Irrigation on Crop 
Yield and Water Productivity’, Sustainability, 15(22), p. 15716. Available at: ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​s​​u​1​5​2​2​1​5​7​1​6

Hansona BR et al. (1997) ‘A comparison of furrow, surface drip, and subsurface drip 
irrigation on lettuce yield and applied water’, Agricultural Water Management, 
33(2), pp. 139–157. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​3​7​8​-​3​7​7​4​(​9​6​)​0​1​2​
8​9​-​9

Hassanli AM, Ebrahimizadeh MA, Beecham S. (2009) ‘The effects of irrigation 
methods with effluent and irrigation scheduling on water use efficiency and 
corn yields in an arid region’, Agricultural Water Management, 96(1), pp. 93–99. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​g​​w​a​t​​.​2​0​0​​8​.​​0​7​.​0​0​4

Haworth M et al. (2024) ‘Cannabis sativa genotypes with larger leaf areas have 
higher potential to adjust stomatal size and density in response to water 
deficit: The effect on stomatal conductance and physiological stomatal 
behaviour’, Plant Stress, 14, p. 100649. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​
t​​r​e​s​​s​.​2​0​​2​4​​.​1​0​0​6​4​9

Heiman GW. Understanding research methods and statistics: an integrated intro-
duction for psychology. 2nd ed. Boston: Houghton Mifflin 2001;517.

Hershkowitz J. (2024) ‘Nutrient Management of Cannabis in Controlled Environ-
ments’, All Graduate Theses and Dissertations, Fall 2023 to Present [Preprint]. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​6​0​7​​6​/​​5​8​0​f​-​2​b​7​0

Jin D et al. (2021) ‘Identification of Chemotypic Markers in Three Chemotype Cat-
egories of Cannabis Using Secondary Metabolites Profiled in Inflorescences, 
Leaves, Stem Bark, and Roots’, Frontiers in Plant Science, 12. Available at: ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​1​.​6​9​9​5​3​0

Kah M et al. (2018) ‘A critical evaluation of nanopesticides and nanofertilizers 
against their conventional analogues’, Nature Nanotechnology, 13(8), pp. 
677–684. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​6​5​-​0​1​8​-​0​1​3​1​-​1

Kakraliya M et al. (2024) ‘Conservation agriculture layered with subsurface drip 
fertigation influences weed dynamics, weed indices and productivity of rice-
wheat system’, Crop Protection, 183, p. 106761. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​0​1​6​​/​j​​.​c​r​​o​p​r​​o​.​2​0​​2​4​​.​1​0​6​7​6​1

Khan I, Saeed K, Khan I. (2019) ‘Nanoparticles: Properties, applications and toxici-
ties’, Arabian Journal of Chemistry, 12(7), pp. 908–931. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​r​​a​b​j​​c​.​2​0​​1​7​​.​0​5​.​0​1​1

Lamm FR. (2002) ‘Advantages and disadvantages of subsurface drip irrigation’, in 
International Meeting on Advances in Drip/Micro Irrigation, Puerto de La Cruz, 
Tenerife, Canary Islands, pp. 1–13. Available at: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​a​​c​a​d​​e​m​i​​a​.​e​d​​u​/​​d​o​
w​​n​l​o​​a​d​/​3​​6​2​​0​3​1​7​2​/​A​D​o​f​S​D​I​.​p​d​f (Accessed: 30 October 2024).

Lamont WJ. (2009) ‘Overview of the Use of High Tunnels Worldwide’, HortTechnol-
ogy, 19(1), pp. 25–29. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​2​7​​3​/​​H​O​R​T​T​E​C​H​.​1​9​.​
1​.​2​5

Lee W-M, Kwak JI, An Y-J. (2012) ‘Effect of silver nanoparticles in crop plants Phaseo-
lus radiatus and Sorghum bicolor: Media effect on phytotoxicity’, Chemosphere, 
86(5), pp. 491–499. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​h​​e​m​o​​s​p​h​e​​r​e​​.​2​0​1​
1​.​1​0​.​0​1​3

Lehman RM et al. (2015) ‘Understanding and Enhancing Soil Biological Health: The 
Solution for Reversing Soil Degradation’, Sustainability, 7(1), pp. 988–1027. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​s​​u​7​0​1​0​9​8​8

López-Luna J et al. (2023) ‘Effect of methods application of copper nanoparticles 
in the growth of avocado plants’, Science of The Total Environment, 880, p. 
163341. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​c​​i​t​o​​t​e​n​v​​.​2​​0​2​3​.​1​6​3​3​4​1

Martínez J, Reca J. (2014) ‘Water Use Efficiency of Surface Drip Irrigation versus an 
Alternative Subsurface Drip Irrigation Method’, Journal of Irrigation and Drain-
age Engineering, 140(10), p. 04014030. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​1​0​.​1​0​6​1​/​(​A​
S​C​E​)​I​R​.​1​9​4​3​-​4​7​7​4​.​0​0​0​0​7​4​5

Massuela DC et al. (2023) ‘Cannabis Hunger Games: nutrient stress induction in 
flowering stage– impact of organic and mineral fertilizer levels on biomass, 
cannabidiol (CBD) yield and nutrient use efficiency’, Frontiers in Plant Science, 
14. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​3​.​1​2​3​3​2​3​2

Mattar MA et al. (2021) ‘Effects of different surface and subsurface drip irrigation 
levels on growth traits, tuber yield, and irrigation water use efficiency of 
potato crop’, Irrigation Science, 39(4), pp. 517–533. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​7​1​-​0​2​0​-​0​0​7​1​5​-​x

Morad D, Bernstein N. (2023) ‘Response of Medical Cannabis to Magnesium (Mg) 
Supply at the Vegetative Growth Phase’, Plants, 12(14), p. 2676. Available at: ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​1​2​1​4​2​6​7​6

Najafi P, Tabatabaei SH. (2007) ‘Effect of using subsurface drip irrigation and ET-HS 
model to increase WUE in irrigation of some crops’, Irrigation and Drainage, 
56(4), pp. 477–486. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​i​​r​d​.​3​2​2

Ogieriakhi MO, Woodward RT. (2022) ‘Understanding why farmers adopt soil 
conservation tillage: A systematic review’, Soil Security, 9, p. 100077. Available 
at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​o​​i​s​e​​c​.​2​0​​2​2​​.​1​0​0​0​7​7

https://doi.org/10.4067/S0718-58392021000400491
https://doi.org/10.4067/S0718-58392021000400491
https://doi.org/10.1017/S0021859623000205
https://doi.org/10.3390/plants13060786
https://doi.org/10.3390/horticulturae6040062
https://doi.org/10.3390/horticulturae6040062
https://doi.org/10.1021/acs.jafc.3c07819
https://doi.org/10.1016/j.agwat.2020.106390
https://www.ars.usda.gov/ARSUserFiles/60820000/Manuscripts/2000/Man575.pdf
https://www.ars.usda.gov/ARSUserFiles/60820000/Manuscripts/2000/Man575.pdf
https://doi.org/10.2134/age2018.11.0057
https://doi.org/10.2134/age2018.11.0057
https://doi.org/10.1021/acs.jafc.4c01668
https://doi.org/10.1016/S0065-2113(09)01008-6
https://doi.org/10.1007/s11783-022-1569-9
https://doi.org/10.1007/s11783-022-1569-9
https://doi.org/10.1021/acsagscitech.4c00054
https://doi.org/10.1016/j.jenvman.2020.110955
https://doi.org/10.3390/horticulturae9040431
https://doi.org/10.1088/1755-1315/121/5/052042
https://doi.org/10.1088/1755-1315/121/5/052042
https://doi.org/10.5539/jas.v7n11p277
https://doi.org/10.5539/jas.v7n11p277
https://doi.org/10.1016/j.agwat.2014.07.010
https://doi.org/10.1016/j.agwat.2014.07.010
https://doi.org/10.1016/j.agsy.2014.04.003
https://doi.org/10.1016/j.agsy.2014.04.003
https://doi.org/10.3390/ijpb15020024
https://doi.org/10.3390/su152215716
https://doi.org/10.3390/su152215716
https://doi.org/10.1016/S0378-3774(96)01289-9
https://doi.org/10.1016/S0378-3774(96)01289-9
https://doi.org/10.1016/j.agwat.2008.07.004
https://doi.org/10.1016/j.stress.2024.100649
https://doi.org/10.1016/j.stress.2024.100649
https://doi.org/10.26076/580f-2b70
https://doi.org/10.3389/fpls.2021.699530
https://doi.org/10.3389/fpls.2021.699530
https://doi.org/10.1038/s41565-018-0131-1
https://doi.org/10.1016/j.cropro.2024.106761
https://doi.org/10.1016/j.cropro.2024.106761
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://www.academia.edu/download/36203172/ADofSDI.pdf
https://www.academia.edu/download/36203172/ADofSDI.pdf
https://doi.org/10.21273/HORTTECH.19.1.25
https://doi.org/10.21273/HORTTECH.19.1.25
https://doi.org/10.1016/j.chemosphere.2011.10.013
https://doi.org/10.1016/j.chemosphere.2011.10.013
https://doi.org/10.3390/su7010988
https://doi.org/10.1016/j.scitotenv.2023.163341
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000745
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000745
https://doi.org/10.3389/fpls.2023.1233232
https://doi.org/10.1007/s00271-020-00715-x
https://doi.org/10.1007/s00271-020-00715-x
https://doi.org/10.3390/plants12142676
https://doi.org/10.3390/plants12142676
https://doi.org/10.1002/ird.322
https://doi.org/10.1016/j.soisec.2022.100077


Page 18 of 18Büser et al. Journal of Cannabis Research            (2025) 7:41 

Patel N, Rajput TBS. (2008) ‘Dynamics and modeling of soil water under subsurface 
drip irrigated onion’, Agricultural Water Management, 95(12), pp. 1335–1349. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​g​​w​a​t​​.​2​0​0​​8​.​​0​6​.​0​0​2

Pisanti S, Bifulco M. (2019) ‘Medical Cannabis: A plurimillennial history of an ever-
green’, Journal of Cellular Physiology, 234(6), pp. 8342–8351. Available at: ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​c​p​.​2​7​7​2​5

Punja ZK, Ni L. (2021) ‘The bud rot pathogens infecting cannabis (Cannabis sativa 
L., marijuana) inflorescences: symptomology, species identification, pathoge-
nicity and biological control’, Canadian Journal of Plant Pathology, 43(6), pp. 
827–854. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​0​​7​0​6​​0​6​6​​1​.​2​0​​2​1​​.​1​9​3​6​6​5​0

Rahman MM et al. (2021) ‘Conservation tillage (CT) for climate-smart sustainable 
intensification: Assessing the impact of CT on soil organic carbon accumula-
tion, greenhouse gas emission and water footprint of wheat cultivation in 
Bangladesh’, Environmental and Sustainability Indicators, 10, p. 100106. Avail-
able at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​n​​d​i​c​​.​2​0​2​​1​.​​1​0​0​1​0​6

Reddy MK et al. (2024) ‘Nanofertilizers for Sustainable Crop Production: A Compre-
hensive Review’, BioNanoScience, 14(2), pp. 1918–1939. Available at: ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​2​6​6​8​-​0​2​4​-​0​1​4​1​3​-​0

Rizwan M et al. (2021) ‘Effects of nanoparticles on trace element uptake and toxic-
ity in plants: A review’, Ecotoxicology and Environmental Safety, 221. Available 
at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​e​c​​o​e​n​​v​.​2​0​​2​1​​.​1​1​2​4​3​7

Salamone S et al. (2022) ‘Phytochemical Characterization of Cannabis sativa L. 
Chemotype V Reveals Three New Dihydrophenanthrenoids That Favorably 
Reprogram Lipid Mediator Biosynthesis in Macrophages’, Plants, 11(16), p. 
2130. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​1​1​1​6​2​1​3​0

Saloner A, Bernstein N. (2022) ‘Nitrogen Source Matters: High NH4/NO3 Ratio 
Reduces Cannabinoids, Terpenoids, and Yield in Medical Cannabis’, Frontiers in 
Plant Science, 13. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​2​.​8​3​0​2​2​4

Saloner A, Bernstein N. (2023) ‘Dynamics of Mineral Uptake and Plant Function dur-
ing Development of Drug-Type Medical Cannabis Plants’, Agronomy, 13(12), p. 
2865. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​g​r​o​n​o​m​y​1​3​1​2​2​8​6​5

Saloner A, Sade Y, Bernstein N. (2024) ‘To flush or not to flush: Does flushing the 
growing media affect cannabinoid and terpenoid production in cannabis?’, 
Industrial Crops and Products, 220, p. 119157. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​1​6​​/​j​​.​i​n​​d​c​r​​o​p​.​2​​0​2​​4​.​1​1​9​1​5​7

Sandler LN, Gibson KA. (2019) ‘A call for weed research in industrial hemp (Can-
nabis sativa L)’, Weed Research, 59(4), pp. 255–259. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​1​1​1​​/​w​​r​e​.​1​2​3​6​8

Schober T et al. (2023) ‘Growth dynamics and yield formation of Cannabis (Canna-
bis sativa) cultivated in differing growing media under semi-controlled green-
house conditions’, Industrial Crops and Products, 203, p. 117172. Available at: ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​n​​d​c​r​​o​p​.​2​​0​2​​3​.​1​1​7​1​7​2

Sheldon K et al. (2021) ‘Physiological screening for drought-tolerance traits among 
hemp (Cannabis sativa L.) cultivars in controlled environments and in field’, 
Journal of Crop Improvement, 35(6), pp. 816–831. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​8​0​​/​1​​5​4​2​​7​5​2​​8​.​2​0​​2​1​​.​1​8​8​3​1​7​5

Shiponi S, Bernstein N. (2021a) ‘Response of medical cannabis (Cannabis sativa L.) 
genotypes to P supply under long photoperiod: Functional phenotyping and 
the ionome’, Industrial Crops and Products, 161, p. 113154. Available at: ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​n​​d​c​r​​o​p​.​2​​0​2​​0​.​1​1​3​1​5​4

Shiponi S, Bernstein N. (2021b) ‘The Highs and Lows of P Supply in Medical Canna-
bis: Effects on Cannabinoids, the Ionome, and Morpho-Physiology’, Frontiers 
in Plant Science, 12. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​1​.​6​5​7​3​2​3

Singh AK. (2016) ‘Chapter 1 - Introduction to Nanoparticles and Nanotoxicology’, in 
A.K. Singh, editor Engineered Nanoparticles. Boston: Academic Press, pp. 1–18. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​B​​9​7​8​​-​0​-​​1​2​-​8​​0​1​​4​0​6​-​6​.​0​0​0​0​1​-​7

Somasundaran P et al. (2010) ‘Nanoparticles: Characteristics, mechanisms and 
modulation of biotoxicity’, KONA Powder and Particle Journal, 28, pp. 38–49. 
Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​4​3​5​​6​/​​k​o​n​a​.​2​0​1​0​0​0​7

Song C et al. (2023) ‘Nitrogen deficiency stimulates cannabinoid biosynthesis in 
medical cannabis plants by inducing a metabolic shift towards production of 
low-N metabolites’, Industrial Crops and Products, 202, p. 116969. Available at: ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​n​​d​c​r​​o​p​.​2​​0​2​​3​.​1​1​6​9​6​9

Sorensen RB, Lamb MC. (2015) ‘Longevity of Shallow Subsurface Drip Irrigation 
Tubing under Three Tillage Practices’, Crop, Forage & Turfgrass Management, 
1(1), p. cftm2014.0097. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​3​4​​/​c​​f​t​m​2​0​1​4​.​0​0​9​7

Summers HM, Sproul E, Quinn JC. (2021) ‘The greenhouse gas emissions of indoor 
cannabis production in the United States’, Nature Sustainability, 4(7), pp. 
644–650. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​8​9​3​-​0​2​1​-​0​0​6​9​1​-​w

Sutton KF et al. (2006) ‘Weed Control, Yield, and Quality of Processing Tomato 
Production under Different Irrigation, Tillage, and Herbicide Systems’, Weed 
Technology, 20(4), pp. 831–838. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​6​1​4​​/​W​​T​-​0​
5​-​0​5​7​.​1

Toutenburg H. Statistical analysis of designed experiments. 2nd ed. New York: 
Springer; 2002. p. 196.

Tripathi S et al. (2024) ‘Interaction of silver nanoparticles with plants: A focus on the 
phytotoxicity, underlying mechanism, and alleviation strategies’, Plant Nano 
Biology, 9, p. 100082. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​l​​a​n​a​​.​2​0​2​​4​.​​1​0​0​0​8​2

Ullah I et al. (2023) ‘Nanotechnology: an Integrated Approach Towards Agriculture 
Production and Environmental Stress Tolerance in Plants’, Water, Air, & Soil 
Pollution, 234(11), p. 666. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​2​7​0​-​0​2​3​-​0​
6​6​7​5​-​0

Valentín F et al. (2020) ‘Comparing evapotranspiration and yield performance of 
maize under sprinkler, superficial and subsurface drip irrigation in a semi-arid 
environment’, Irrigation Science, 38(1), pp. 105–115. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​7​1​-​0​1​9​-​0​0​6​5​7​-​z

Van Delden A et al. (2002) ‘The influence of nitrogen supply on the ability of wheat 
and potato to suppress Stellaria media growth and reproduction’, Weed 
Research, 42(6), pp. 429–445. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​4​6​​/​j​​.​1​3​​6​5​-​​3​1​8​
0​​.​2​​0​0​2​.​0​0​3​0​3​.​x

van der Kooij S et al. (2013) ‘The efficiency of drip irrigation unpacked’, Agricultural 
Water Management, 123, pp. 103–110. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​
a​g​​w​a​t​​.​2​0​1​​3​.​​0​3​.​0​1​4

Wang H et al. (2022) ‘Yield and water productivity of crops, vegetables and fruits 
under subsurface drip irrigation: A global meta-analysis’, Agricultural Water 
Management, 269, p. 107645. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​a​g​​w​a​t​​.​2​
0​2​​2​.​​1​0​7​6​4​5

Welham SJ, Gezan SA, Clark SJ, Mead A. Statistical methods in biology: design and 
analysis of experiments and regression. Section 8.2.4. Boca Raton: CRC; 2015.

Yang F et al. (2024) ‘Effects of subsurface irrigation types on root distribution, leaf 
photosynthetic characteristics, and yield of greenhouse tomato’, Scientia 
Horticulturae, 328. Available at: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​c​​i​e​n​​t​a​.​2​​0​2​​4​.​1​1​2​8​8​3

Zheng Z, Fiddes K, Yang L. (2021) ‘A narrative review on environmental impacts of 
cannabis cultivation’, Journal of Cannabis Research, 3(1), p. 35. Available at: ​h​t​t​
p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​1​​​8​6​​/​s​4​2​​2​3​8​-​​0​2​1​-​0​​0​0​9​0​-​0

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

https://doi.org/10.1016/j.agwat.2008.06.002
https://doi.org/10.1002/jcp.27725
https://doi.org/10.1002/jcp.27725
https://doi.org/10.1080/07060661.2021.1936650
https://doi.org/10.1016/j.indic.2021.100106
https://doi.org/10.1007/s12668-024-01413-0
https://doi.org/10.1007/s12668-024-01413-0
https://doi.org/10.1016/j.ecoenv.2021.112437
https://doi.org/10.3390/plants11162130
https://doi.org/10.3389/fpls.2022.830224
https://doi.org/10.3390/agronomy13122865
https://doi.org/10.1016/j.indcrop.2024.119157
https://doi.org/10.1016/j.indcrop.2024.119157
https://doi.org/10.1111/wre.12368
https://doi.org/10.1111/wre.12368
https://doi.org/10.1016/j.indcrop.2023.117172
https://doi.org/10.1016/j.indcrop.2023.117172
https://doi.org/10.1080/15427528.2021.1883175
https://doi.org/10.1080/15427528.2021.1883175
https://doi.org/10.1016/j.indcrop.2020.113154
https://doi.org/10.1016/j.indcrop.2020.113154
https://doi.org/10.3389/fpls.2021.657323
https://doi.org/10.1016/B978-0-12-801406-6.00001-7
https://doi.org/10.14356/kona.2010007
https://doi.org/10.1016/j.indcrop.2023.116969
https://doi.org/10.1016/j.indcrop.2023.116969
https://doi.org/10.2134/cftm2014.0097
https://doi.org/10.1038/s41893-021-00691-w
https://doi.org/10.1614/WT-05-057.1
https://doi.org/10.1614/WT-05-057.1
https://doi.org/10.1016/j.plana.2024.100082
https://doi.org/10.1007/s11270-023-06675-0
https://doi.org/10.1007/s11270-023-06675-0
https://doi.org/10.1007/s00271-019-00657-z
https://doi.org/10.1007/s00271-019-00657-z
https://doi.org/10.1046/j.1365-3180.2002.00303.x
https://doi.org/10.1046/j.1365-3180.2002.00303.x
https://doi.org/10.1016/j.agwat.2013.03.014
https://doi.org/10.1016/j.agwat.2013.03.014
https://doi.org/10.1016/j.agwat.2022.107645
https://doi.org/10.1016/j.agwat.2022.107645
https://doi.org/10.1016/j.scienta.2024.112883
https://doi.org/10.1186/s42238-021-00090-0
https://doi.org/10.1186/s42238-021-00090-0

	﻿Subsurface drip irrigation reduces weed infestation and irrigation water use while increasing inflorescence and cannabinoid yield in an outdoor tunnel ﻿Cannabis sativa﻿ L. production system
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study site and foil tunnel setup
	﻿Experimental setup
	﻿Treatments
	﻿Fertilizer treatment
	﻿Irrigation treatments
	﻿Irrigation amount
	﻿Irrigation water use efficiency


	﻿Genotypes and propagation
	﻿Destructive measurements
	﻿Weed biomass
	﻿Cannabinoid analysis
	﻿CBD concentration

	﻿Statistical model and analysis
	﻿Graphing

	﻿Results and discussion
	﻿Water consumption



