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Abstract

Industrial hemp (Cannabis sativa L.) is a versatile crop with applications in fiber,
seeds, and medicine. Recent legalization has renewed interest in industrial hemp in
the United States, particularly in fiber production, which has a critical role in car-
bon (C) sequestration and various industries, including textiles and construction. A
2-year field experiment (2022-2023) was conducted at Rodale Institute—Pocono
Organic Center, Blakeslee, PA, evaluating the performance of four hemp varieties
(MS 77, Futura 75, Santhica 27, and Han NE) under regenerative organic systems.
Seed rates were considered as 73 kg ha~! for Santhica 27 and Futura 75, 135 kg ha™!
for MS 77, and 270 kg ha~! for Han NE, targeting a plant population of 2.47 mil-
lion plant ha~! across varieties. Data on canopy cover, plant height, yields (biomass,
stem, leaf, and flower), and cannabinoids were collected to assess the effects of vari-
ety and environmental conditions on growth and yield. Root samples from 2023 were
also analyzed for arbuscular mycorrhizal fungi (AMF) colonization. Han NE demon-
strated the highest growth, yields, and canopy cover, followed by MS 77, with more
favorable growing conditions in 2023. Additionally, AMF colonization was consis-
tent across varieties, reporting a higher colonization in MS 77 (45.37%), suggesting
enhanced nutrient uptake and stress tolerance. Based on the results, Han NE and MS
77 are promising hemp varieties for fiber production in this region. Further research
is required to explore the impact of mycorrhizal colonization on hemp production

under varying nutrient conditions for sustainable production.

Abbreviations: AMF, arbuscular mycorrhizal fungi; CBD, cannabidiol; THC, delta-9-tetrahydrocannabinol.
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Plain Language Summary

A field study at Rodale Institute—Pocono Organic Center in Pennsylvania looked
at different types of hemp to see which ones grow best for fiber production in the
Northeastern region. The goal was to understand how different hemp varieties per-
form in organic farming conditions and how their roots interact with helpful fungi
(called AMF) that aid in nutrient absorption. The results showed that two fiber hemp
varieties, Han NE and MS 77, grew the best and produced the highest yields. Han
NE also had more leaf cover and stronger growth. The roots of all the hemp plants
had good amounts of fungi, with MS 77 having the highest level, which helps the
plant absorb nutrients and better handle stress. Based on these findings, Han NE and
MS 77 are good choices for growing hemp for fiber in this region. More research is

needed to learn how different nutrient levels affect the fungi and hemp growth for

1 | INTRODUCTION

Hemp (Cannabis sativa L.) is a historically important and
highly versatile crop, cultivated worldwide for various appli-
cations such as fiber, seeds, and medicinal purposes. Hemp
is considered a day-length-sensitive, short-day plant, and flo-
ral initiation occurs once the critical photoperiod is reached
(Amaducci et al., 2012). Hemp plant contains a rich chemical
composition, such as cannabinoids, terpenoids, flavonoids,
and fatty acids (Bautista et al., 2021; Kanabus et al., 2021).
Of these, delta-9-tetrahydrocannabinol (THC) and cannabid-
iol (CBD) are the most well-known cannabinoids, with THC
being psychoactive and CBD exhibiting potential medicinal
benefits (Atakan, 2012). In the United States, hemp is legally
defined as containing no more than 0.3% THC by dry weight,
facilitating its cultivation and commercialization across vari-
ous industries (Abernethy, 2019). Beyond its industrial uses,
fiber hemp plays an essential role in carbon (C) sequestra-
tion, capturing between 7.2 and 13.6 Mg of carbon dioxide
(CO,) ha™!, which is two times higher than the C uptake of
traditional forests (Fairs, 2021).

In Pennsylvania, the hemp industry has grown rapidly since
the Industrial Hemp Research Act passed in 2016. By 2023,
121 ha of farmlands were planted, with 69 ha harvested,
including 21.5% fiber varieties (PAHIC, 2023). Pennsylvania
holds 215 licensed growers and 52 processors, with expand-
ing interest as high-value specialty crop in building a robust
bioeconomy and diversifying agriculture to support indus-
trial applications. The Rodale Institute has been instrumental
in advancing hemp research since 2017 by developing the
best management practices to support growers and associate
industries in Pennsylvania and beyond.

Several factors influence hemp yield and fiber quality.
These include environmental conditions, soil fertility, and
key agronomic practices, such as soil characteristics, fer-

more sustainable farming.

tilizer application rates, cultivars, planting density, planting
dates, climate, and so forth (Panday et al., 2025a; Sunoj
et al., 2023; Viskovi¢ et al., 2023). Sustainable agricul-
tural approaches have gained prominence in recent research
to optimize cannabis growth and cannabinoid production
(Pérez-Bermidez & Martinez, 2023). However, conven-
tional fertilization methods remain reliant on inorganic
inputs, which can degrade soil health and disrupt micro-
bial communities. To mitigate these adverse effects and
reduce dependence on inorganic inputs, the utilization of
plant growth-promoting microorganisms, including arbuscu-
lar mycorrhizal fungi (AMF) and rhizobacteria, has garnered
significant interest (Andre et al., 2016; Takishita et al., 2018).

AMF, form symbiotic relationships with the roots of most
terrestrial plants, are known for their ability to enhance
the host plant’s nutrient acquisition, particularly phospho-
rus (P) and nitrogen (N), in exchange for C compounds
derived from the plant’s photosynthesis (Biicking et al., 2012).
The extraradical mycelium of AMF extends into the soil,
absorbing nutrients and transporting them to the intraradical
mycelium within the plant roots, where the exchange occurs
(Biicking & Kafle, 2015). These fungi have been shown to
boost nutrient and water uptake in plants, especially under
resource-limited conditions (Sun & Shahrajabian, 2023; Yuan
et al., 2024). However, agricultural practices such as tillage
can disrupt AMF networks, impairing their functionality and
the associated ecosystem services.

In cannabis cultivation, inoculating plants with specific
strains of AMF has been shown to improve plant growth
and increasing cannabinoids, offering a sustainable alter-
native to chemical fertilizers (Lyu et al., 2019; Pagnani
et al., 2018). For instance, inoculation of hemp KKUO5 with
the AMF Rhizophagus aggretatus demonstrated improved
growth, increased leaf, stem, floret, and root biomass, and
elevated concentrations of the cannabinoids CBD and THC

85UB0 7 SUOWILIOD 3AIIRID 8|ced|dde Bu Aq pausenob are sole WO ‘8sn JO s8N 10} Areiq18UIIUO AB|IM UO (SUO 1 IPUOD-PU-SWBIALI0D" A8 1M Afe.q 1 BU1|UO//SRY) SUORIPUOD PR SWB | 8U3 88S *[5202/20/.2] Uo AriqiT 8ulluo 8|1 ‘16002 26Be/200T 0T/10p/wooAe|im Areiq iUl |uo Ssesde//SdnY WO} papeo|umoq ‘Z ‘SZ0Z ‘96996£92



PANDAY ET AL.

compared to the controls, including non-mycorrhizal plants
that received supplemental synthetic fertilizer (Seemakram
et al., 2022). Similarly, Pagnani et al. (2018) demonstrated
that using a mixture of plant growth-promoting rhizobacte-
ria increased plant biomass and cannabinoid content, offering
benefits comparable to synthetic N fertilizers. Additionally,
AMF help to maintain soil structure, preventing issues like
soil hardening and acidity (Fall et al., 2022), which are com-
mon with synthetic fertilizers. This is especially crucial in
regenerative organic systems, where preserving soil health is a
priority. However, there is a lack of information, which exam-
ines the effects of AMF (inoculation) across different hemp
varieties under regenerative organic systems, especially in
Northeastern climates. Understanding how AMF influences
hemp growth, fiber yield, and root colonization under site-
specific conditions is critical for improving sustainable hemp
production and maximizing its industrial potential.

A 2-year field experiment was conducted at Rodale
Institute—Pocono Organic Center, Blakeslee, PA, to assess
the performance of four hemp varieties (MS 77, Futura 75,
Santhica 27, and Han NE) under regenerative organic systems.
Data collection included hemp canopy cover, plant height,
yields (biomass, stem, leaf, and flower), and cannabinoid con-
centrations. Additionally, mycorrhizal root colonization was
analyzed to understand its interaction with variety and envi-
ronmental conditions. Since hemp yield is linked to the choice
of genotype, this study aims to provide valuable insights
for producers seeking sustainable and high-performing hemp
cultivars.

2 | MATERIALS AND METHODS

2.1 | Site description

A field study was conducted from June to September in
2022 and 2023 at the research site of Rodale Institute—
Pocono Organic Center located in Blakeslee, PA. The Pocono
Organics farm, established in 2018 on 380 ac of farmland,
is Regenerative Organic Certified (ROC). The soil type is a
Clymer loam (coarse-loamy, siliceous, active, mesic Typic
Hapludults) and the research site had 1%—3% slope. Field var-
ied year to year, where soil pH was slightly alkaline in both
study years (Table 1). Total C and N were 1.55% and 0.11%,
and 2.50% and 0.15% in 2022 and 2023, respectively. Further
details about soil analysis from the plough layer (0-20 cm) is
presented in Table 1.

The region experiences a temperate continental climate,
characterized by hot and humid summers and cold winters.
Weather data were sourced from the Pocono Pines station,
Pennsylvania. In 2022 and 2023, the average annual tempera-
ture and precipitation were recorded as 8.0°C and 1472 mm,
and 8.8°C and 1493 mm, respectively. The region has an aver-
age annual relative humidity of 68%, a frost-free period of
100-160 days and an annual snowfall of 160 cm.
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Core Ideas

e Han NE and MS 77 varieties showed superior
growth and yield in fiber hemp production in the
Northeastern United States.

* Hemp roots were mostly colonized by Rhizoph-
agus intraradices and Rhizophagus irregularis
among the arbuscular mycorrhizal fungi (AMF)
species tested.

* Future research is needed on AMF colonization
under varying nutrient conditions for sustainable
cultivation.

Figure | shows average monthly temperatures and cumula-
tive rainfall during the growing season, that is, June through
September. Temperature trends were similar, starting high
in June, though June 2023 was slightly cooler than June
2022, with July temperatures higher in 2023. The rainfall
patterns were quite different between the 2 years. In 2022,
rainfall decreased from June to September, with the least in
July, while in 2023, it followed a bell-shaped pattern, peak
rainfall during the mid-season. Optimal temperature ranges
vary with hemp growth stages: germination and seedling
(8-10°C), vegetative (21-29°C), and flowering (18-27°C).
Hence, average temperatures align with hemp’s preferred
range, supporting healthy development.

2.2 | Experimental layout

The field experiment was arranged in randomized complete
block design, with four industrial fiber hemp varieties, MS
77, Futura 75, Santhica 27, and Han NE, each replicated four
times (Figure 2). Individual plot dimensions were 2.75 m
wide by 60 m long, with a 2 m buffer between plots. MS 77
is a dual-purpose variety from Australia, Han NE is a fiber
variety from China, and Futura 75 and Santhica 27 are fiber
varieties from Europe. The seeds, all non-genetically mod-
ified organism and untreated with fungicides or herbicides,
were sourced from different vendors: MS 77 from Ecofibre,
Futura 75 and Santhica 27 from KonopiUS, and Han NE
from Kanda, United States.

Each year, field was prepared using disk tillage and hemp
seeds were sown at different rates (due to difference in seed
size), 73 kg ha~! for Santhica 27 and Futura 75, 135 kg ha~!
for MS 77, and 270 kg ha~! for Han NE, maintaining a target
plant population of 2.47 million plant ha~! for all the vari-
eties. A 2.75-m wide grain drill with 16 nozzles was used for
sowing. Seed germination rates were 90%-93% for MS 77,
88%—90% for Futura 75 and Santhica 27, and 75%—79% for
Han NE; and seed rates were adjusted accordingly.
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TABLE 1 Soil characteristics of 0- to 20-cm depth at research site

of Rodale Institute—Pocono Organic Center, Blakeslee, PA, in 2022
and 2023.

Soil analysis 2022 2023
pH 7.4 7.7
OM (%) 2.93 3.60
Total C (%) 1.55 2.50
Total N (%) 0.11 0.15
P (mgkg™') 1.27 13.25
K (mg kg™") 87.64 78.25
Ca (mgkg™) 780.48 1333
Mg (mg kg™") 36.62 10.97
S (mg kg™ 6.46 10.25
Na (mg kg™ 27.44 14.00
Al (mg kg™!) 11.86 953
Cu (mg kg™1) 0.06 2.10
Fe (mg kg™!) 1.14 94.5
Mn (mg kg™!) 4.58 36.3
Zn (mg kg™") 0.28 2.78

Abbreviation: OM, organic matter.

Baseline soil samples were collected from plough layer
from each block after crop emergence and conducted a rou-
tine soil analysis (Table 1). To support early growth, organic
fertilizer in the form of blood meal was uniformly broad-
casted at rate of 112 kg N ha~! 2 weeks after sowing. Blood
meal is an Organic Material Review Institute (OMRI)-listed
fertilizer, produced from dried animal blood and provides
approximately 12% N for crops in organic farming, but does
not supply P and K (Panday et al., 2024). Weeding was con-
ducted periodically by 46-in. wide lawn mower between the
plots to maintain plot cleanliness. In both years, seeds were
planted in early June and harvested in early September using
a sickle bar.

2.3 | Data collection

During the early growing season, data on crop canopy cover-
age, referred to as fractional green canopy cover (FGCC, %)
was collected twice, on June 29 and July 13 in 2022, and on
June 20 and July 14 in 2023. This was conducted to quantify
chlorophyll intensity and foliar growth in fiber hemp beds and
compare these parameters across different varieties. To assess
FGCQC, foliage photos were taken 1 m above canopy and ana-
lyzed using Canopeo smartphone application, which quickly
calculates the ratio of green leaves to bare soil. Canopeo,
developed with MATLAB (Mathworks, Inc.), differentiates
pixel based on red-to-green (R/G) and blue-to-green (B/G)
color ratios and an excess green index (2G—R-B) (Patrignani
& Ochsner, 2015).

PANDAY ET AL.

Plant height above the ground was measured prior to the
harvest, with an average of 20 samples taken from each plot.
Plant biomass data were collected just before harvest, when
70%—-80% male plants were in flowering stage, before seeds
set. During harvest, biomass samples were collected using
two 0.25-m? quadrants from each plot. Total biomass (above
the ground), as well as leaf, stem, and flower yields of hemp
were calculated based on fresh weight of sample plants. These
values were later converted to an oven dry weight basis and
reported in the manuscript. Additionally, root samples were
collected to determine the mycorrhizal colonization in 2023.
Due to differences in cultivar traits, Futura 75 and Santhica
27 were harvested earlier than MS 77 and Han NE. Although
not required after obtaining a permit to grow fiber hemp in
Pennsylvania, we tested THC levels in the commercial lab to
ensure they remained below the permissible limit of 0.3% in
both years. After data collection, the remaining hemp in the
plots were terminated using a 2.75-m wide sickle bar mower
attached to the BCS tractor (model 749).

2.4 | Mycorrhizal colonization analysis

Three root samples from each plot were dug up with spade
fork and carefully washed clean with water before snipping
off representative samples of fine roots (<2 mm) with scis-
sors, then subsampled for staining and molecular analysis.
Deoxyribonucleic acid (DNA) extraction and quantitative
polymerase chain reaction analysis of approximately 50 mg
root tissue aliquots were performed as in Heller and Carrara
(2022), except that the primers and probe for the plant
genomic DNA target were substituted for analyzing hemp.
The C. sativa genomic DNA target consisted of a 100 bp
target within the translation elongation factor 1-alpha (EF-
la) gene, which was amplified with primers HempEF1a.F,
TGTTTTGCACGGATCAGTTTG and HempEF1a.R,
AATGCCGACCGCTACAGTTC from Hu et al. (2023), and
quantified using probe HempEF1a.PR, /5Cy5/TCGAGTTGT/
TAO/AGAGCTCTTGGAAGGGT/3IAbRQSp/ designed
using PrimerQuest Tool (Integrated DNA Technologies). The
relative quantification of each AMF DNA target to the hemp
DNA target for the different hemp varieties was determined
using ACt between the means of the AMF and hemp targets,
then normalized to Futura 75 as the reference sample (AACt).
The root length colonization was determined by the gridline
intersect method (Giovannetti & Mosse, 1980) following
staining with trypan blue (Phillips & Hayman, 1970) at
20-50x magnification under a dissecting microscope.

2.5 | Statistical analysis

The statistical analysis was performed using R statistical soft-
ware (version 4.3.3). An analysis of variance was conducted
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FIGURE 1 Mean temperature and cumulative rainfall during the growing season at research site in 2022 and 2023.
FIGURE 2 Fiber hemp varietal trial field at early (left) and mid-season (right) stages.

to examine the main effects of variety and year, as well as their
interactions, on the test variables, utilizing the aov() function.
In this analysis, variety and year were treated as fixed indepen-
dent factors. The post hoc Tukey honest significant difference
(Tukey HSD) test was performed using the TukeyHSD() func-
tion at a significance level @ = 0.05. The “ggplot2” package
was used for data visualization.

3 | RESULTS AND DISCUSSION

3.1 | Hemp canopy cover, plant height and
cannabinoids profile

In each year of the study, Canopeo was able to capture wide
variation in canopy cover among varieties, consistent with

visual field observations. All varieties showed an increase in
green canopy cover from the first to the second measurement
(Figure 3). While there were no significant differences among
varieties within the same reading date, Han NE consistently
showed a higher canopy cover trend in the second reading
compared to the first, followed by MS 77 and Santhica 27,
while Futura 75 showed variable performance between years.
In 2023, Han NE had a higher canopy cover during the first
reading compared to other varieties and attained the highest
FGCC (85%) during the second reading (Figure 3b). Although
Canopeo does not require calibration prior to image process-
ing (Patrignani & Ochsner, 2015), its readings may be over- or
underestimated in areas with red or yellow soils (Hale et al.,
2023) or in fields with taller crops (Govindasamy et al., 2022).
Nonetheless, it remains a valuable tool for monitoring plant
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FIGURE 3

Variety

Fractional green canopy cover was measured using the Canopeo application for four industrial hemp varieties in (a) 2022 and (b)

2023. Two measurements were taken each year, with the results presented in mean (+SE). Means followed with same letters are not significantly

different (p > 0.05).

growth and development across diverse backgrounds and have
been successfully used in crops such as soybean (Shepherd
et al., 2018), bermudagrass (Chhetri & Fontanier, 2021), for-
age crops (Jauregui et al., 2019), and industrial hemp cultivars
(Sandhu, 2022).

The plant height at harvest varied across varieties: 0.47—
1.31 m in Han NE, 0.39-0.99 m in MS 77, 0.46-0.74 m in
Futura 75, and 0.39-0.88 m in Santhica 27. The plant height
was significantly influenced by the main effects of variety
and growing year (Table 1). Han NE had the tallest plants
(0.91 m), significantly taller than the other varieties. Similarly,
greater plant height was observed in 2023 compared to 2022,
suggesting that environmental conditions in 2023 were more
favorable for fiber hemp production. Elevated temperatures
during 2023, except in June, provided optimal conditions in
hemp production, suggesting that air temperature could be a
limiting factor even with sufficient water supply (Cosentino
et al., 2013). It is also important to consider other environ-
mental factors, such as precipitation, photo period, and soil
fertility, which play crucial roles in hemp growth and yield
(Viskovié et al., 2023).

Studies highlight that genotype performance can vary
widely depending on growing conditions or cropping environ-
ments and their interaction, which are crucial for optimizing
hemp production and sustainability (Beleggia et al., 2023;
Tang et al., 2016; Tsaliki et al., 2021). For instance, a
3-year field study on six monoecious hemp varieties, includ-
ing Santhica 27 and Futura 75, conducted in a Mediter-
ranean environment with warm, dry summers and cool,
humid winters in Northern Greece, consistently showed taller
plants (1.16 m for Santhica 27 and 0.81 m for Futura

75) (Tsaliki et al.,, 2021). However, in the current study,
these same varieties underperformed, which underscores the
importance of selecting varieties adapted to specific envi-
ronmental attributes and optimizing management practices
accordingly.

At harvest, representative flower samples were collected
and analyzed for cannabinoids profile, focusing on THC and
CBD. In both years, THC concentrations were notably low in
fiber hemp varieties, except for Han NE, which had concen-
trations of 0.29% in 2022 and 0.20% in 2023—both still lower
than the legal threshold of 0.30% (Table 3). In contrast, CBD
concentrations were comparatively higher in the European
varieties during both years. The industrial hemp is classified
under chemotype III, characterized by a THC content of less
than 0.3%, and typically has a CBD content ranging from 2%
to 3% (Pacifici et al., 2019).

3.2 | Yields of fiber hemp
The hemp plant biomass yield, expressed on a dry weight
basis, exhibited significant variation influenced by the main
effects of variety and growing year (Table 2). Han NE and
MS 77 produced higher biomass and stem yield compared to
Futura 75 and Santhica 27. Although biomass and stem yield
increased in 2023 compared to 2022, the yield among varieties
remained consistent, indicating a strong genetic influence on
the biomass production.

There was a significant interaction between variety and year
on leaf yield of fiber hemp (Table 2). The highest leaf yield
was recorded in MS 77 in 2022 (Figure 4a) and Han NE in
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TABLE 2 Varietal effect on observed parameters of fiber hemp production in 2022 and 2023.
Root length
Source of variation Plant height (m) Biomass Stem Leaf Flower colonization (%)
Yield (Mg ha™!)
Variety (V)
Han NE 091a 5.20a 4.0a 0.29 0.62 43.96
MS 77 0.73b 4.57a 3.53a 0.27 0.61 45.37
Futura 75 0.64b 2.11b 1.12b 0.10 0.48 45.05
Santhica 27 0.67b 1.37b 0.87b 0.04 0.37 43.66
Significance skekok skkok skkok skkok k ns
Year (Y)
2022 0.69b 2.55b 1.89b 0.13 0.37 -
2023 0.72a 4.07a 2.87a 0.21 0.68 -
Significance *ek Hsksk koK ok skoksk —
Interaction
VXY
Significance ns ns ns & R -

Note: Means in a column followed by same lowercase letter are not significantly different. Yield is presented on a dry weight basis. Root samples data are presented from

2023 only.
Abbreviation: ns, not significant.
*p < 0.05; #*p < 0.01; ***p < 0.001

TABLE 3 Concentrations of cannabidiol (CBD) and
delta-9-tetrahydrocannabinol (THC) in flower samples from four
representative industrial varieties in 2022 and 2023.

2022 2023
Variety CBD THC CBD THC
(%) (%) (%) (%)
Han NE 0.38 0.29 0.76 0.20
MS 77 0.36 0.16 1.56 0.02
Futura 75 0.26 0.02 2.42 0.04
Santhica27  0.80 0.07 1.22 0.03

2023 (Figure 4b), while the lowest was in Santhica 27 for both
years. A similar significant interaction effect was observed for
flower yield of fiber hemp (Table 2), with Futura 75 achiev-
ing the highest flower yield in 2023 (Figure 4d). Interestingly,
Han NE exhibited consistent flower yields across both years
(Figure 4c,d), suggesting a stable plant structure with uniform
height and larger stem diameter compared to other varieties.
Although fiber yield was not directly measured from the
harvested stalks in the current study, it is estimated that
approximately 25% of stem yield in fiber-type varieties would
contribute to bast fiber yield (McLennon et al., 2024). This
translates to an estimated 1.0 Mg ha~! for Han NE, 0.3 Mg
ha~! for Futura 75, and 0.2 Mg ha~! for Santhica 27 varieties.
For the dual-purpose variety, around 23% of the stem yield is
expected as bast fiber (McLennon et al., 2024; Tsaliki et al.,
2021), resulting in an estimated 0.8 Mg ha~! for MS 77. In a

recent 2-year research trial at the Rodale Institute, Kutztown,
PA, the dual-purpose variety, Canda, yielded 23.9% bast fiber
from harvested stalk (Panday et al., 2025b).

Many studies have shown a strong positive correlation
between hemp fiber yield and both total biomass and stem
biomass yield (Baldini et al., 2020; Tsaliki et al., 202 1; Yazici,
2023), indicating that higher biomass production typically
leads in greater fiber yields. There was no significant interac-
tion between variety and year, except for leaf and flower yields
(Table 2). Fiber yield, which is dependent on total biomass
or stalk production, remains consistent across varieties under
similar environmental conditions. This further highlights the
importance of selecting appropriate varieties for optimal fiber
production.

3.3 | Root mycorrhizal colonization

The percentage of root length colonization measurements in
fiber hemp samples ranged from 37% to 54%. Colonization
rates were relatively consistent across all hemp varieties tested
(Table 2). The highest average root length colonization was
recorded in MS 77 (45.37%), while Santhica 27 had the lowest
(43.66%), though the differences were not statistically signif-
icant. Higher root length colonization in hemp varieties, such
as MS 77, may contribute to improved nutrient uptake and
stress tolerance, as suggested by available research on the role
of AMF in plant stress responses (Kakabouki et al., 2021;
Sun & Shahrajabian, 2023; Yuan et al., 2024; Zhang et al.,
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2019). Studies have shown that AMF colonization boosts
the production of key secondary metabolites, such as ter-
penoids, phenolic compounds, and nitrogenous compounds,
which play important roles in plant growth and defense mech-
anisms (Bahador et al., 2023; Khaliq et al., 2022; Yan et al.,
2007). Nonetheless, the current study did not find a signifi-
cant relationship between root colonization and biomass yield
(data not shown).

Emerging research suggests that AMF colonization may
reduce the need for application of inorganic N fertilizers by
enhancing nutrient uptake (Qian et al., 2024; Tajini et al.,
2011). AMF can transfer 20%—75% of the N they acquire from
the soil to their host plants (Hashem et al., 2018). This sym-
biosis improves the availability of N and P in the soil, and as a
result, the root system was further developed through the for-
mulation of more branches and root tips, as observed in crops
like industrial hemp (Bahador et al., 2023). Root samples
from the Rodale Institute’s long-term vegetable systems trial
(VST) showed an approximately eight times higher abundance
of one of the AMF species under organic best management
practices for sweet corn production compared to conventional
methods (Heller & Carrara, 2022). This further highlights

the importance of AMF in regenerative organic systems, in
which the absence of inorganic fertilizers supports greater col-
onization efficiency. However, despite the benefits, further
research is required to fully understand the underlying mech-
anisms of AMF in response to environmental stressors and
nutrient dynamics. Interestingly, certain hemp varieties with
lower AMF colonization rates, like Han NE, still exhibited
higher biomass yields, indicating that other factors beyond
root colonization significantly influence overall growth and
yield.

Further analysis of root samples from four fiber hemp
varieties revealed that two AMF species, Rhizophagus
intraradices (detected in 42 out of 48 samples, i.e., 87.5%)
and Rhizophagus irregularis (31 out of 48, i.e., 64.5%), were
predominant. There were also lower frequency detections of
a few other AMF species (data not shown). Notably, San-
thica 27 and MS 77 exhibited higher relative abundances
of R. intraradices (Figure 5a), suggesting a favorable inter-
action that may enhance nutrient acquisition, particularly P,
essential for plant growth (Seemakram et al., 2022). For R.
irregularis, Santhica 27 exhibited the highest relative abun-
dance, while MS 77 had the lowest (Figure 5b). The more
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Rhizophagus irregularis, expressed in AACt unit.

prevalent association by R. irregularis across varieties implies
its role in stabilizing nutrient uptake and thereby supporting
overall plant development (Ahmed et al., 2021), leading to
improved yield. A similar trend of higher (30%) and consis-
tent fractional colonization of R. irregularis in hemp roots
(variety USO 31) was reported from a greenhouse exper-
iment, resulting in improved seedling quality (Kakabouki
etal., 2021).

4 | CONCLUSIONS

Our research demonstrated the wide variability in canopy
cover, plant height, biomass yield, and fiber yield among the
four industrial hemp varieties evaluated for over 2 years in
the Northeastern United States. Han NE consistently exhib-
ited the best growth, reaching the highest canopy cover and
plant height across both years, with MS 77 following closely
behind. The observed improvements in hemp production
parameters in 2023 suggest that the weather conditions that
year were more favorable compared to 2022. Although there
were variations in plant height and yield, root colonization
by AMF was consistent across all varieties, with a higher
colonization in MS 77, and may be an important factor to
improve nutrient absorption and stress tolerance. However,
factors such as genetic traits and environmental conditions
play critical roles in determining overall growth and yield.
Based on our findings, we suggest Han NE and MS 77 vari-
eties for fiber hemp cultivation in this region. Further research
is necessary to understand the full impact of AMF coloniza-

tion on hemp production to enhance biomass and fiber yield
under varying nutrient conditions and how additional man-
agement practices can optimize yield in regenerative organic
systems.

AUTHOR CONTRIBUTIONS

Dinesh Panday: Conceptualization; data curation; for-
mal analysis; methodology; resources; software; validation;
visualization; writing—original draft; writing—review and
editing. Wade P. Heller: Methodology; resources; soft-
ware; validation; writing—review and editing. Joseph E.
Carrara: Data curation; validation; writing—review and
editing. Nikita Bhusal: Data curation; resources; visual-
ization; writing—review and editing. Nicholas Omoding:
Formal analysis; writing—review and editing. Tara Caton:
Writing—review and editing. Ashley Walsh: Project admin-
istration; resources; writing—review and editing. Andrew
Smith: Project administration; writing—review and edit-
ing. Arash Ghalehgolabbehbahani: Conceptualization; data
curation; funding acquisition; methodology; project admin-
istration; resources; supervision; validation; visualization;
writing—review and editing.

ACKNOWLEDGMENTS

The authors extend their gratitude to the research techni-
cians and interns at the Rodale Institute in Pennsylvania for
their invaluable support in both field and laboratory activities.
Their special thanks to Amiya Kalra, Tim Wilson, Den-
nis Altemose, and Lindsay McKeever for their exceptional
contributions.

85U8017 SUOWWIOD aAIEe.D) 8qed!jdde au Ag peusenob o sajoie O ‘8sn Jo s Joj Aeig 1 8uluO 3|1 UO (SUOIIPUOO-PUe-SW)/W0D A | Aleid Ul uo//Sdny) SUONIPUOD pue SWis 1 au) 89S *[Sz0z/c0/.2] uo Aldiauljuo A3|Im ‘16002 20Be/Z00T 0T/10p/woo Ao IM Ateiq iUl |UO'SSasde//SANY WoJ pepeoiumod ‘Z ‘G202 ‘96996892



10 of 12 Agrosystems, Geosciences & Environment %5k

DISCLAIMER

Mention of trade names or commercial products in this
publication is solely for the purpose of providing spe-
cific information and does not imply recommendation or
endorsement by the United States Department of Agriculture
(USDA). USDA is an equal opportunity employer.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this research are available
on request from the corresponding author.

ORCID

Dinesh Panday ‘© https://orcid.org/0000-0001-8452-3797
Wade P. Heller ® https://orcid.org/0000-0002-5964-9715
Nikita Bhusal @ https://orcid.org/0000-0002-9840-8244

Nicholas Omoding ‘© https://orcid.org/0009-0004-2108-
4132

Andrew Smith ‘2 https://orcid.org/0000-0001-6812-1106
Arash Ghalehgolabbehbahani ® https://orcid.org/0000-
0001-9410-7842

REFERENCES

Abernethy, A. (2019). Hemp production and the 2018 farm bill. US Food
and Drug Administration.

Ahmed, B., Smart, L. B., & Hijri, M. (2021). Microbiome of field grown
hemp reveals potential microbial interactions with root and rhizo-
sphere soil. Frontiers in Microbiology, 12, 741597. https://doi.org/10.
3389/fmicb.2021.741597

Amaducci, S., Colauzzi, M., Bellocchi, G., Cosentino, S. L., Pahkala,
K., Stomph, T. J., Westerhuis, W., Zatta, A., & Venturi, G. (2012).
Evaluation of a phenological model for strategic decisions for hemp
(Cannabis Sativa L.) biomass production across European sites.
Industrial Crops and Products, 37(1), 100-110. https://doi.org/10.
1016/j.indcrop.2011.11.012

Andre, C. M., Hausman, J.-F., & Guerriero, G. (2016). Cannabis sativa:
The plant of the thousand and one molecules. Frontiers in Plant
Science, 7, Article 19. https://doi.org/10.3389/fpls.2016.00019

Atakan, Z. (2012). Cannabis, a complex plant: Different com-
pounds and different effects on individuals. Therapeutic Advances
in Psychopharmacology, 2(6), 241-254. https://doi.org/10.1177/
2045125312457586

Bahador, M., Tadayon, M. R., Karimzadeh Soureshjani, H., & Ghaffari,
H. (2023). Radiation and water use efficiencies of mycorrhizal inoc-
ulated hemp under water-deficit stress. Journal of Soil Science and
Plant Nutrition, 23(2), 2202-2214. https://doi.org/10.1007/s42729-
023-01173-y

Baldini, M., Ferfuia, C., Zuliani, F., & Danuso, F. (2020). Suitability
assessment of different hemp (Cannabis sativa L.) varieties to the cul-
tivation environment. Industrial Crops and Products, 143, 111860.
https://doi.org/10.1016/j.indcrop.2019.111860

Bautista, J. L., Yu, S., & Tian, L. (2021). Flavonoids in Cannabis
sativa: Biosynthesis, bioactivities, and biotechnology. ACS omega,
6(8), 5119-5123. https://doi.org/10.1021/acsomega.1c00318

PANDAY ET AL.

Beleggia, R., Menga, V., Fulvio, F., Fares, C., & Trono, D. (2023).
Effect of genotype, year, and their interaction on the accumulation of
bioactive compounds and the antioxidant activity in industrial hemp
(Cannabis sativa L.) inflorescences. International Journal of Molec-
ular Sciences, 24(10), 8969. https://doi.org/10.3390/ijms24108969

Biicking, H., & Kafle, A. (2015). Role of arbuscular mycorrhizal
fungi in the nitrogen uptake of plants: Current knowledge and
research gaps. Agronomy, 5(4), 587-612. https://doi.org/10.3390/
agronomy5040587

Biicking, H., Liepold, E., & Ambilwade, P. (2012). The role of the myc-
orrhizal symbiosis in nutrient uptake of plants and the regulatory
mechanisms underlying these transport processes. Plant Science, 4,
108-132.

Chhetri, M., & Fontanier, C. (2021). Use of Canopeo for esti-
mating green coverage of bermudagrass during postdormancy
regrowth. HortTechnology, 31(6), 817-819. https://doi.org/10.21273/
HORTTECH04938-21

Cosentino, S. L., Riggi, E., Testa, G., Scordia, D., & Copani, V. (2013).
Evaluation of European developed fibre hemp genotypes (Cannabis
sativa L.) in semi-arid Mediterranean environment. Industrial Crops
and Products, 50, 312-324. https://doi.org/10.1016/j.indcrop.2013.
07.059

Fairs, M. (2021). Hemp “more effective than trees” at sequestering car-
bon says Cambridge researcher. Dezeen. https://www.dezeen.com/
2021/06/30/carbon-sequestering-hemp-darshil-shah-interview/

Fall, A. F., Nakabonge, G., Ssekandi, J., Founoune-Mboup, H., Apori,
S. O., Ndiaye, A., Badji, A., & Ngom, K. (2022). Roles of arbuscular
mycorrhizal fungi on soil fertility: Contribution in the improvement
of physical, chemical, and biological properties of the soil. Frontiers
in Fungal Biology, 3, 723892. https://doi.org/10.3389/ffunb.2022.
723892

Giovannetti, M., & Mosse, B. (1980). An evaluation of techniques
for measuring vesicular arbuscular mycorrhizal infection in roots.
New Phytologist, 84(3), 489-500. https://doi.org/10.1111/j.1469-
8137.1980.tb04556.x

Govindasamy, P., Mahawer, S. K., Sarangi, D., Halli, H. M., Das, T.,
Raj, R., Pooniya, V., Muralikrishnan, L., Kumar, S., & Chandra, A.
(2022). The comparison of Canopeo and samplepoint for measure-
ment of green canopy cover for forage crops in India. MethodsX, 9,
101916. https://doi.org/10.1016/j.mex.2022.101916

Hale, G. A., Cox, R. D., & Ritchie, G. (2023). Canopy detection beyond
the field: Colored backgrounds impact precision of Canopeo. Sensing
and Bio-Sensing Research, 42, 100587. https://doi.org/10.1016/j.sbsr.
2023.100587

Hashem, A., Alqarawi, A. A., Radhakrishnan, R., Al-Arjani, A.-B. F.,
Aldehaish, H. A., Egamberdieva, D., & Abd_Allah, E. F. (2018).
Arbuscular mycorrhizal fungi regulate the oxidative system, hor-
mones and ionic equilibrium to trigger salt stress tolerance in Cucumis
sativus L. Saudi Journal of Biological Sciences, 25(6), 1102-1114.
https://doi.org/10.1016/j.sjbs.2018.03.009

Heller, W. P., & Carrara, J. E. (2022). Multiplex qPCR assays to dis-
tinguish individual species of arbuscular mycorrhizal fungi from
roots and soil. Mycorrhiza, 32(2), 155-164. https://doi.org/10.1007/
$00572-022-01069-2

Hu, S., Mojahid, M. S., & Bidochka, M. J. (2023). Root coloniza-
tion of industrial hemp (Cannabis sativa L.) by the endophytic
fungi Metarhizium and Pochonia improves growth. Industrial Crops
and Products, 198, 116716. https://doi.org/10.1016/j.indcrop.2023.
116716

85U8017 SUOWWIOD aAIEe.D) 8qed!jdde au Ag peusenob o sajoie O ‘8sn Jo s Joj Aeig 1 8uluO 3|1 UO (SUOIIPUOO-PUe-SW)/W0D A | Aleid Ul uo//Sdny) SUONIPUOD pue SWis 1 au) 89S *[Sz0z/c0/.2] uo Aldiauljuo A3|Im ‘16002 20Be/Z00T 0T/10p/woo Ao IM Ateiq iUl |UO'SSasde//SANY WoJ pepeoiumod ‘Z ‘G202 ‘96996892


https://orcid.org/0000-0001-8452-3797
https://orcid.org/0000-0001-8452-3797
https://orcid.org/0000-0002-5964-9715
https://orcid.org/0000-0002-5964-9715
https://orcid.org/0000-0002-9840-8244
https://orcid.org/0000-0002-9840-8244
https://orcid.org/0009-0004-2108-4132
https://orcid.org/0009-0004-2108-4132
https://orcid.org/0009-0004-2108-4132
https://orcid.org/0000-0001-6812-1106
https://orcid.org/0000-0001-6812-1106
https://orcid.org/0000-0001-9410-7842
https://orcid.org/0000-0001-9410-7842
https://orcid.org/0000-0001-9410-7842
https://doi.org/10.3389/fmicb.2021.741597
https://doi.org/10.3389/fmicb.2021.741597
https://doi.org/10.1016/j.indcrop.2011.11.012
https://doi.org/10.1016/j.indcrop.2011.11.012
https://doi.org/10.3389/fpls.2016.00019
https://doi.org/10.1177/2045125312457586
https://doi.org/10.1177/2045125312457586
https://doi.org/10.1007/s42729-023-01173-y
https://doi.org/10.1007/s42729-023-01173-y
https://doi.org/10.1016/j.indcrop.2019.111860
https://doi.org/10.1021/acsomega.1c00318
https://doi.org/10.3390/ijms24108969
https://doi.org/10.3390/agronomy5040587
https://doi.org/10.3390/agronomy5040587
https://doi.org/10.21273/HORTTECH04938-21
https://doi.org/10.21273/HORTTECH04938-21
https://doi.org/10.1016/j.indcrop.2013.07.059
https://doi.org/10.1016/j.indcrop.2013.07.059
https://www.dezeen.com/2021/06/30/carbon-sequestering-hemp-darshil-shah-interview/
https://www.dezeen.com/2021/06/30/carbon-sequestering-hemp-darshil-shah-interview/
https://doi.org/10.3389/ffunb.2022.723892
https://doi.org/10.3389/ffunb.2022.723892
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1016/j.mex.2022.101916
https://doi.org/10.1016/j.sbsr.2023.100587
https://doi.org/10.1016/j.sbsr.2023.100587
https://doi.org/10.1016/j.sjbs.2018.03.009
https://doi.org/10.1007/s00572-022-01069-2
https://doi.org/10.1007/s00572-022-01069-2
https://doi.org/10.1016/j.indcrop.2023.116716
https://doi.org/10.1016/j.indcrop.2023.116716

PANDAY ET AL.

Jauregui, J. M., Delbino, F. G., Bonvini, M. 1. B., & Berhongaray, G.
(2019). Determining yield of forage crops using the Canopeo mobile
phone app. Journal of New Zealand Grasslands, 81, 41-46. https://
doi.org/10.33584/jnzg.2019.81.385

Kakabouki, I., Tataridas, A., Mavroeidis, A., Kousta, A., Karydogianni,
S., Zisi, C., Kouneli, V., Konstantinou, A., Folina, A., & Konstantas,
A. (2021). Effect of colonization of Trichoderma harzianum
on growth development and CBD content of hemp (Cannabis
sativa L.). Microorganisms, 9(3), 518. https://doi.org/10.3390/
microorganisms9030518

Kanabus, J., Bryla, M., Roszko, M., Modrzewska, M., & Pierzgalski,
A. (2021). Cannabinoids—Characteristics and potential for use in
food production. Molecules, 26(21), 6723. https://doi.org/10.3390/
molecules26216723

Khaliq, A., Perveen, S., Alamer, K. H., Zia Ul Haq, M., Rafique, Z.,
Alsudays, I. M., Althobaiti, A. T., Saleh, M. A., Hussain, S., & Attia,
H. (2022). Arbuscular mycorrhizal fungi symbiosis to enhance plant—
soil interaction. Sustainability, 14(13), 7840. https://doi.org/10.3390/
sul4137840

Lyu, D., Backer, R., Robinson, W. G., & Smith, D. L. (2019).
Plant growth-promoting rhizobacteria for cannabis production: Yield,
cannabinoid profile and disease resistance. Frontiers in Microbiology,
10, 461387. https://doi.org/10.3389/fmicb.2019.01761

McLennon, E., Charlton, B., & Carson, K. (2024). Comparison of
stem and fiber yield: Industrial hemp varietal trial. Oregon State
University Extension Service. https://extension.oregonstate.edu/
catalog/pub/em-9434-comparison-stem-fiber-yield-industrial-
hemp- varietal-trial

Pacifici, R., Pichini, S., Pellegrini, M., Tittarelli, R., Pantano, F.,
Mannocchi, G., Rotolo, M. C., & Busardo, F. P. (2019). Determination
of cannabinoids in oral fluid and urine of “light cannabis” consumers:
A pilot study. Clinical Chemistry and Laboratory Medicine (CCLM),
57(2), 238-243. https://doi.org/10.1515/cclm-2018-0566

Pagnani, G., Pellegrini, M., Galieni, A., D’Egidio, S., Matteucci, F.,
Ricci, A., Stagnari, F., Sergi, M., Sterzo, C. L., & Pisante, M.
(2018). Plant growth-promoting rhizobacteria (PGPR) in Cannabis
sativa ‘Finola’ cultivation: An alternative fertilization strategy to
improve plant growth and quality characteristics. Industrial Crops and
Products, 123, 75-83. https://doi.org/10.1016/j.indcrop.2018.06.033

PAHIC. (2023). Changes to the 2024 PA hemp program. https://www.
pahic.org/changes-to-the-2024-pa-hemp-program/

Panday, D., Acharya, B. S., Bhusal, N., Afshar, R. K., Smith, A., &
Ghalehgolabbehbahani, A. (2025a). Precision nitrogen management
for optimal yield and cannabinoid profile in CBD hemp agronomy.
Agrosystems, Geosciences & Environment, 8(1), €70028.

Panday, D., Acharya, B. S., Dhakal, M., Caton, T., Lapham, C., Smith,
A., & Ghalehgolabbehbahani, A. (2025b). Industrial hemp yield and
chemical composition as influenced by row spacing, fertilization, and
environmental conditions. Agrosystems, Geosciences & Environment,
8(1), €70093.

Panday, D., Bhusal, N., Das, S., & Ghalehgolabbehbahani, A. (2024).
Rooted in nature: The rise, challenges, and potential of organic farm-
ing and fertilizers in agroecosystems. Sustainability, 16(4), 1530.
https://doi.org/10.3390/su16041530

Patrignani, A., & Ochsner, T. E. (2015). Canopeo: A powerful new
tool for measuring fractional green canopy cover. Agronomy Journal,
107(6), 2312-2320. https://doi.org/10.2134/agronj15.0150

Pérez-Bermudez, P., & Martinez, A. R. (2023). Strategies to improve
Cannabis cultivation: Optimizing plant growth and phytocannabinoid
biosynthesis. In I. F. Garcia-Tejero & V. H. Durén-Zuazo (Eds.), Cur-

Agrosystems, Geosciences & Environment %5

11 of 12

rent applications, approaches, and potential perspectives for hemp
(pp- 77-108). Elsevier.

Phillips, J., & Hayman, D. (1970). Improved procedures for clear-
ing roots and staining parasitic and vesicular-arbuscular mycorrhizal
fungi for rapid assessment of infection. Transactions of the British
mycological Society, 55(1), 158-161. https://doi.org/10.1016/S0007-
1536(70)80110-3

Qian, S., Xu, Y., Zhang, Y., Wang, X., Niu, X., & Wang, P. (2024). Effect
of AMF inoculation on reducing excessive fertilizer use. Microorgan-
isms, 12(8), 1550. https://doi.org/10.3390/microorganisms 12081550

Sandhu, S. S. (2022). Evaluating industrial hemp (Cannabis sativa) as
an agronomic crop in Central South Florida. University of Florida.

Seemakram, W., Paluka, J., Suebrasri, T., Lapjit, C., Kanokmedhakul,
S., Kuyper, T. W., Ekprasert, J., & Boonlue, S. (2022). Enhancement
of growth and Cannabinoids content of hemp (Cannabis sativa) using
arbuscular mycorrhizal fungi. Frontiers in Plant Science, 13, 845794.
https://doi.org/10.3389/fpls.2022.845794

Shepherd, M. J., Lindsey, L. E., & Lindsey, A. J. (2018). Soybean canopy
cover measured with Canopeo compared with light interception.
Agricultural & Environmental Letters, 3(1), 180031.

Sun, W., & Shahrajabian, M. H. (2023). The application of arbuscular
mycorrhizal fungi as microbial biostimulant, sustainable approaches
in modern agriculture. Plants, 12(17), 3101. https://doi.org/10.3390/
plants12173101

Sunoj, V., Dong, X., Trostle, C., Pham, H., Joshi, M. V., Jessup, R. W,
Burow, M. D., & Provin, T. L. (2023). Hemp agronomy: Current
advances, questions, challenges, and opportunities. Agronomy, 13(2),
475.

Tajini, F., Trabelsi, M., & Drevon, J.-J. (2011). Co-inoculation with
Glomus intraradices and Rhizobium tropici CIAT899 increases P
use efficiency for N 2 fixation in the common bean (Phaseolus vul-
garis L.) under P deficiency in hydroaeroponic culture. Symbiosis, 53,
123-129. https://doi.org/10.1007/s13199-011-0117-3

Takishita, Y., Charron, J.-B., & Smith, D. L. (2018). Biocontrol rhi-
zobacterium Pseudomonas sp. 23S induces systemic resistance in
tomato (Solanum lycopersicum L.) against bacterial canker Clavibac-
ter michiganensis subsp. michiganensis. Frontiers in Microbiology, 9,
Article 2119. https://doi.org/10.3389/fmicb.2018.02119

Tang, K., Struik, P., Yin, X., Thouminot, C., Bjelkova, M., Stramkale, V.,
& Amaducci, S. (2016). Comparing hemp (Cannabis sativa L.) cul-
tivars for dual-purpose production under contrasting environments.
Industrial Crops and Products, 87, 33-44. https://doi.org/10.1016/].
indcrop.2016.04.026

Tsaliki, E., Kalivas, A., Jankauskiene, Z., Irakli, M., Cook, C.,
Grigoriadis, I., Panoras, 1., Vasilakoglou, 1., & Dhima, K. (2021).
Fibre and seed productivity of industrial hemp (Cannabis sativa
L.) varieties under mediterranean conditions. Agronomy, 11(1), 171.
https://doi.org/10.3390/agronomy 11010171

Viskovié, J., Zheljazkov, V. D., Sikora, V., Noller, J., Latkovié, D.,
Ocamb, C. M., & Koren, A. (2023). Industrial hemp (Cannabis sativa
L.) agronomy and utilization: A review. Agronomy, 13(3),931. https://
doi.org/10.3390/agronomy 13030931

Yan, X., Wang, Y., & Li, Y. (2007). Plant secondary metabolism and its
response to environment. Acta Ecologica Sinica, 27, 2554-2562.

Yazici, L. (2023). Optimizing plant density for fiber and seed pro-
duction in industrial hemp (Cannabis sativa L.). Journal of King
Saud University-Science, 35(1), 102419. https://doi.org/10.1016/.
jksus.2022.102419

Yuan, H., Si, H., Ye, Y., Ji, Q., Wang, H., & Zhang, Y. (2024). Arbuscular
mycorrhizal fungi-mediated modulation of physiological, biochemi-

85U8017 SUOWWIOD aAIEe.D) 8qed!jdde au Ag peusenob o sajoie O ‘8sn Jo s Joj Aeig 1 8uluO 3|1 UO (SUOIIPUOO-PUe-SW)/W0D A | Aleid Ul uo//Sdny) SUONIPUOD pue SWis 1 au) 89S *[Sz0z/c0/.2] uo Aldiauljuo A3|Im ‘16002 20Be/Z00T 0T/10p/woo Ao IM Ateiq iUl |UO'SSasde//SANY WoJ pepeoiumod ‘Z ‘G202 ‘96996892


https://doi.org/10.33584/jnzg.2019.81.385
https://doi.org/10.33584/jnzg.2019.81.385
https://doi.org/10.3390/microorganisms9030518
https://doi.org/10.3390/microorganisms9030518
https://doi.org/10.3390/molecules26216723
https://doi.org/10.3390/molecules26216723
https://doi.org/10.3390/su14137840
https://doi.org/10.3390/su14137840
https://doi.org/10.3389/fmicb.2019.01761
https://extension.oregonstate.edu/catalog/pub/em-9434-comparison-stem-fiber-yield-industrial-hemp-varietal-trial
https://extension.oregonstate.edu/catalog/pub/em-9434-comparison-stem-fiber-yield-industrial-hemp-varietal-trial
https://extension.oregonstate.edu/catalog/pub/em-9434-comparison-stem-fiber-yield-industrial-hemp-varietal-trial
https://doi.org/10.1515/cclm-2018-0566
https://doi.org/10.1016/j.indcrop.2018.06.033
https://www.pahic.org/changes-to-the-2024-pa-hemp-program/
https://www.pahic.org/changes-to-the-2024-pa-hemp-program/
https://doi.org/10.3390/su16041530
https://doi.org/10.2134/agronj15.0150
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.3390/microorganisms12081550
https://doi.org/10.3389/fpls.2022.845794
https://doi.org/10.3390/plants12173101
https://doi.org/10.3390/plants12173101
https://doi.org/10.1007/s13199-011-0117-3
https://doi.org/10.3389/fmicb.2018.02119
https://doi.org/10.1016/j.indcrop.2016.04.026
https://doi.org/10.1016/j.indcrop.2016.04.026
https://doi.org/10.3390/agronomy11010171
https://doi.org/10.3390/agronomy13030931
https://doi.org/10.3390/agronomy13030931
https://doi.org/10.1016/j.jksus.2022.102419
https://doi.org/10.1016/j.jksus.2022.102419

12 0f 12 Agrosystems, Geosciences & Environment  2%ckss

cal, and secondary metabolite responses in hemp (Cannabis sativa L.)
under salt and drought stress. Journal of Fungi, 10(4), 283. https://doi.
org/10.3390/jof10040283

Zhang, X., Liu, Y., Liu, B., Liu, Q., Wen, S., Ao, B., Lin, Z., Zheng, Y.,
Yang, W., & Chu, X. (2019). Arbuscular mycorrhiza fungus improved
growth, antioxidant defense, and endogenous hormones in tall fescue
under low-light stress. South African Journal of Botany, 127, 43-50.
https://doi.org/10.1016/j.sajb.2019.08.032

PANDAY ET AL.

How to cite this article: Panday, D., Heller, W. P.,
Carrara, J. E., Bhusal, N., Omoding, N., Caton, T.,
Walsh, A., Smith, A., & Ghalehgolabbehbahani, A.
(2025). Performance and mycorrhizal colonization of
industrial hemp varieties under regenerative organic
systems in Northeastern region. Agrosystems,
Geosciences & Environment, 8, €70091.
https://doi.org/10.1002/agg2.70091

85U8017 SUOWWIOD aAIEe.D) 8qed!jdde au Ag peusenob o sajoie O ‘8sn Jo s Joj Aeig 1 8uluO 3|1 UO (SUOIIPUOO-PUe-SW)/W0D A | Aleid Ul uo//Sdny) SUONIPUOD pue SWis 1 au) 89S *[Sz0z/c0/.2] uo Aldiauljuo A3|Im ‘16002 20Be/Z00T 0T/10p/woo Ao IM Ateiq iUl |UO'SSasde//SANY WoJ pepeoiumod ‘Z ‘G202 ‘96996892


https://doi.org/10.3390/jof10040283
https://doi.org/10.3390/jof10040283
https://doi.org/10.1016/j.sajb.2019.08.032
https://doi.org/10.1002/agg2.70091

	Performance and mycorrhizal colonization of industrial hemp varieties under regenerative organic systems in Northeastern region
	Abstract
	Plain Language Summary
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Site description
	2.2 | Experimental layout
	2.3 | Data collection
	2.4 | Mycorrhizal colonization analysis
	2.5 | Statistical analysis

	3 | RESULTS AND DISCUSSION
	3.1 | Hemp canopy cover, plant height and cannabinoids profile
	3.2 | Yields of fiber hemp
	3.3 | Root mycorrhizal colonization

	4 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DISCLAIMER

	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


