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SuMmMARY. There are economic and knowledge-based challenges that must be
addressed for indoor farms to be viable in the United States despite their potential
benefits. A mixed-methods approach was used to identify the needs of specialty crop
growers and stakeholders interested in or currently using indoor propagation en-
vironments to grow seedlings, cuttings, and tissue-cultured plants. An online survey
evaluated specialty crop growers’ current use of indoor plant propagation envi-
ronments and their needs related to indoor plant propagation. A focus group was
then conducted to further understand the needs for indoor plant propagation by
stakeholders. Industry participants were largely motivated to adopt indoor propa-
gation environments to reduce crop losses (“shrinkage”), increase productivity per
unit of land area, ensure faster germination or rooting, improve plant quality, and
profit from anticipated economic benefits. Research and education priority areas
identified by stakeholders included economic costs and benefits (including capital
investment and energy costs), improved crop quality, production time, uniformity,
reduced shrinkage, and strategies to improve light management indoors. Based on

the results, research efforts must determine and prioritize the most important
economic considerations and production advantages to fill important gaps in
knowledge about indoor plant propagation.

ndoor farms, which are some-

times termed plant factories or

vertical farms, are controlled-
environment systems that enable
year-round plant production and of-
fer significant opportunities to help
address global challenges in agricul-
ture, such as mitigating the effects
of unpredictable weather (Kwon
and Lim, 2012), seasonal varia-
tion (Shimizu et al., 2020), urban
encroachment (Graamans et al.,
2018), and labor shortages (Shi-
mizu et al., 2013). On a space-time
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basis, multitier indoor farms can be
orders of magnitude more productive
than open-field production. Com-
pared with greenhouses, environmen-
tal control of temperature, light
(spectrum, intensity, and duration),
humidity, and carbon dioxide in in-
door farms can decrease cropping
times, reduce chemical inputs, and
provide opportunities to improve the
quality and predictability of plant
products (Kozai and Niu, 2020a).
The indoor farm industry appeals to
many, ranging from entrepreneurs,
new and beginning farmers (i.e.,
young-generation farmers), and estab-
lished growers looking for more sus-
tainable production practices (Mitchell
and Sheibani, 2020; Wright, 2018).
However, economic viability in the
United States has yet to be determined,
as the number of profitable indoor
farms is limited and many commercial

operations in North America have
struggled financially (Agrilyst, 2017;
Higgins, 2016).

The expansion and prominence
of the indoor farm industry has been
driven by the increasing interest to
promote urban food production
(Takagaki et al., 2020). However,
the primary focus to produce edible
leafy greens for urban markets, which
must compete with comparatively
low-cost field-produced food crops,
is at least partly responsible for the
lack of financial success from earlier
attempts at implementing indoor
farms in the United States. In addi-
tion, uncertainty from “unproven”
technology, layout and system inef-
ficiencies, and lack of training re-
sources have been highlighted as
major barriers to adoption and prof-
itability (Kubota, 2020; Michael,
2017). Research addressing the chal-
lenges associated with indoor farms
is lacking, making technical and fi-
nancial feasibility decisions difficult
as the improvements associated with
efficiency and cost-effectiveness of
commercial indoor farms are largely
unknown (Kozai and Niu, 2020b;
Kwon and Lim, 2012).

Technologies developed for in-
door farms can easily be applied to the
production of young plants (i.e.,
transplants started from tissue cul-
ture, cuttings, grafts, seeds, and other
propagules), which may increase the
economic viability of indoor farms
compared with lower-valued leafy
greens. Young plants are suited for
indoor farms because transplants typ-
ically have short height, short pro-
duction time, high plant density, low
energy demand on a per-plant basis,
and high economic value (Chun and
Kozai, 2000; Kozai, 2020; Nunomura
etal., 2020). Ornamental young plants
represent more than 10% of the $6.1
billion floriculture industry in the
United States and it is one of the
segments with the highest economic
growth, with a 9.2% increase from
2012 to 2017 [U.S. Department of
Agriculture (USDA), 2019]. As of
2019, the total sales value of the U.S.
vegetable and strawberry (Fragaria
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Xananassy) transplant industry was
$250 million and $166 million, re-
spectively (USDA, 2015, 2019). In
addition, production of nursery stock
liners and tissue-cultured plants are
currently valued at $168 million and
$54 million, respectively (USDA,
2015). Regardless of commodity,
young-plant producers represent a sig-
nificant portion of the specialty crop
industry in the United States, and the
quality and value of young plants di-
rectly impact overall profits of the
entire industry. Therefore, research
focused on indoor propagation to help
maximize production efficiency of
high-value young plants that have high
crop loss rates, are of poor quality
when produced with standard prac-
tices, or experience slow rooting, has
the potential to benefit the entire
specialty crop industry. Promising re-
search has been undertaken for indoor
propagation of seedlings (Park and
Runkle, 2018) and cuttings (Chris-
tiaens et al., 2019; Zheng et al.,
2020) that emphasizes the potential
to affect survival, growth rate, and
quality of young plants, also enabling
researchers to understand physiologi-
cal limitations of plant productivity in
controlled environments.

Indoor farms are an emerging
agricultural production system that
would benefit from identifying social,
economic, and technical barriers to
adoption based on a systematic needs
assessment. Therefore, the objective
of this study was to identify the needs
of specialty crop growers and stake-
holders interested in or currently using
indoor farms for plant propagation to
align research efforts with industry
needs. The study was guided by the
following research questions: 1) what
are the characteristics of indoor farms
within the United States? 2) what
plants are most appropriate for indoor
propagation? and 3) what are the needs
of stakeholders and specialty crop
growers related to indoor propagation?

Materials and methods

A mixed-method research design
was used to better understand the
research and education needs of spe-
cialty crop growers and stakeholders
interested in supporting, implement-
ing, or currently using indoor plant
propagation environments. An online
survey was used to collect quantitative
data and a focus group was conducted
to collect qualitative data, providing
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an in-depth understanding of the
issues (Tremblay, 1957).

SPECIALTY CROP GROWER
SURVEY. Data were collected from
specialty crop growers in Sept. 2019
using a researcher-developed online
survey. Indoor propagation relies on
emerging technologies currently used
by only a small group of early
adopters and likely to have limited
recognition by most growers. There-
fore, surveying a broad and general
specialty crop grower audience was
not considered to be an effective way
to obtain deep knowledge about re-
search needs (Etikan et al., 2016).
Instead, purposive sampling was used
to identify potential respondents.
With guidance from a social science
research team leading the research,
a team of horticulture researchers and
extension specialists identified 20 spe-
cialty crop growers propagating at
least 100,000 transplants per year
that would be aware of indoor prop-
agation research and extension needs
because they had either been featured
in industry articles about current
indoor farm practices, were cur-
rently trialing indoor farms, or had
expressed interest in running a trial
with this technology to researchers in
the Floriculture Research Alliance
(Erwin et al., 2012). The identified
specialty crop growers were sent an e-
mail requesting their prompt re-
sponse to an online survey. Three
follow-up e-mails, following the Tai-
lored Design Method (Dillman et al.,
2009), were then used to obtain as
many responses as possible.

The survey consisted of 19 de-
mographic, Likert-type, and ranking
items. Definitions were provided at
the beginning of the survey to im-
prove clarity and consistency in re-
sponse: “The goal of the following
survey is to identify perceptions of
indoor propagation of young plants.
‘Indoor propagation’ in this survey
refers to growing young plants under
electric lights (without sunlight) in
a climate-controlled room. ‘Young
plants’ refers to transplants grown
from seed, cuttings, or through tissue
culture.” Five questions were used to
identify respondents’ current use of
indoor plant propagation environ-
ments. The first question asked re-
spondents to indicate if they currently
used small-scale, commercial-scale, or
no indoor plant propagation environ-
ments. If respondents indicated they

use a small-scale or commercial-scale
indoor plant propagation environ-
ment, they answered specific ques-
tions about their experiences with
indoor plant propagation. The spe-
cific questions asked respondents
to indicate the amount of growing
area in their indoor propagation
space, the number of full-time em-
ployees required to manage their in-
door propagation space, their use of
light-emitting diodes (LEDs) in in-
door farms, and the typical light in-
tensity of photosynthetically active
radiation (PAR) in the indoor prop-
agation space.

Seven questions were then used
to identify respondents’ needs related
to indoor plant propagation. The first
question asked respondents to indi-
cate the level of importance they
associated with 13 factors that could
impact their decision to adopt or not
adopt an indoor propagation envi-
ronment. The 13 factors included
the following: economic costs and
benefits, increase crop uniformity,
improve labor efficiency, implement
automation, increase your ability to
produce more in the same land area,
improve overall plant quality, faster
germination or rooting, faster crop
time, plants are more likely to be
acclimated before moving them to
a greenhouse, reduce shrinkage (re-
duce crop losses, increase survival
during rooting), increase duration of
growing season, reduce pesticide use,
and other. The respondents indicated
the level of importance using a five-
point Likert-type scale (1 = not impor-
tant at all; 2 = slightly important; 3 =
moderately important; 4 = very impor-
tant; 5 = extremely important).

The second question asked re-
spondents to indicate the level of
importance they associated with 13
research topics that could provide new
information that may help with their
adoption or success with indoor prop-
agation. The 13 topics included the
following: automation; chemical appli-
cation methods; clear option, plans,
and guidelines for technology use; dis-
ease management; economic costs and
benefits /return on investment; effects
on crop quality, production time, uni-
formity, and shrinkage; fertilizer man-
agement; irrigation management; labor
management; light management; pest
management; training materials for
staff; and temperature, humidity, and
air flow management. The respondents
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indicated the level of importance using
arank order scale (1 = most important;
13 = least important).

The third question asked re-
spondents to indicate which plants
were most appropriate for indoor
propagation. The respondents were
given six options and asked to in-
dicate all that apply. The six options
included the following: seedlings,
cuttings, tissue culture, none, I
don’t know, and other. Four fill-in-
the-blank questions asked respon-
dents to indicate the type of young
plant(s) they were most interested in
propagating indoors, the species of
young plant(s) they were most in-
terested in growing in an indoor
propagation environment, the spe-
cific advantages for their business
with an indoor propagation environ-
ment, and the potential challenges
for their business with implementing
indoor propagation. The final ques-
tion asked respondents to include
any additional information they
wanted to share about their interest
in indoor plant propagation.

The survey was reviewed for face
and construct validity by a panel of
faculty specializing in survey design,
needs assessment, and horticulture.
Face validity was evaluated to deter-
mine if the instrument questions were
appropriate for measuring the re-
search objectives (Ary et al., 2014).
Construct validity was assessed to de-
termine if the instrument questions
were appropriate for the determined
audience and relevant to the study’s
objectives (Ary et al., 2014). The
study was approved by the University
of Florida Institutional Review Board
(IRB201802820). Data from the sur-
vey were analyzed descriptively using
a statistics software (SPSS Statistics
25; IBM Corp., Armonk, NY). The
analysis included frequencies and per-
centages as well as the measures of
central tendency.

STAKEHOLDER FOCUS GROUP. Af-
ter the survey was conducted, 25
stakeholders interested in supporting,
implementing, or currently using in-
door propagation environments were
recruited to participate in a focus
group to obtain deeper insight into
the findings from the online survey.
The focus group was conducted after
the survey data had been analyzed so
the information obtained would fur-
ther clucidate the results. Of the 25
invited, 19 chose to attend and
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participate. Focus group partici-
pants were purposively selected by
a team of horticulture faculty to
ensure different aspects of the in-
dustry were represented in the con-
versation (e.g., leafy green and
ornamental producers, technology
and consumable developers and sup-
pliers, breeders, among others)
(Chalofsky, 1999).

The focus group was conducted
by a moderator, assistant moderator,
and note taker who had not previ-
ously worked with any of the partic-
ipants to reduce bias. Participants
were ensured of their confidentiality
at the beginning of the focus group.
The moderator’s input was minimal,
and the conversation was allowed to
flow naturally using a guide. The
guide was developed and reviewed
by a team of faculty specializing in
needs assessment, qualitative data col-
lection, and horticulture.

Multiple opportunities for par-
ticipation were arranged to gain in-
formation from all participants. The
focus group was audio recorded and
notes were taken to be used for tri-
angulation purposes (Lincoln and
Guba, 2002). At the end of the
session, the notes were summarized
for the participants to reflect on as
a form of member checking (Lincoln
and Guba, 2002). The audio record-
ings were transcribed, pseudonyms
were assigned to ensure confidential-
ity, and the data were analyzed using
coding software (MAXQDA; VERBI,
Berlin, Germany), through a basic
content analysis (Creswell and Cres-
well, 2017). Full demographics of
focus group participants were not in-
cluded in the results to ensure confi-
dentiality of response because there is
a small and easily identifiable number
of stakeholders in the United States.
Common patterns, themes, and re-
lationships were identified in the data-
set by two independent coders. The
resulting data were then discussed
and peer reviewed by a team of three
researchers not involved in the initial
coding to ensure transferability (Lin-
coln and Guba, 2002).

SURVEY AND FOCUS GROUP DATA
INTEGRATION. Data obtained from the
survey and focus group were analyzed
independently and then integrated to
interpret the results (Creswell and
Creswell, 2017; Sandelowski, 2000).
The qualitative results from the focus
group were used to corroborate the

quantitative survey results (Bazeley,
2012).

Results and discussion

SURVEY. Survey responses were
obtained from 13 individuals (65%
response rate). A full demographic
profile of the respondents can be
viewed in Table 1. The average re-
spondent was male, white, and
ranged in age from 35 to 64 years.
Respondents represented five states
and one country outside of the
United States, with the largest num-
ber of respondents from Florida. All
but one of the respondents had at
least a 4-year college degree, and
nearly half of the respondents had
a graduate or professional degree.
More than half of the respondents
(58%) indicated their annual sales
value of young plants was between
$10 million and $249.99 million.

Most respondents (61%) indi-
cated they were currently using com-
mercial-scale indoor plant propagation
environments, and the remaining 39%
indicated they do not currently rely on
indoor plant propagation (Table 2).
The respondents produced a large
number of transplants, ranging from
one grower producing “100,000 to
499,999 two growers with “over
250 million” transplants per year,
and five growers in the median group
producing “10 million to 49.99 mil-
lion” (Table 1). Survey respondents
who indicated using commercial-scale
indoor plant propagation environ-
ments had dedicated spaces ranging
widely between 2300 and 8 million fi?
of bench or shelf space. To manage
their indoor propagation space, 63% of
respondents, all with spaces larger than
80,000 ft?, indicated needing five or
more full-time employees (Table 3),
which could represent a large cost of
production depending on the exact
scale of the indoor propagation space.
Mechanizing propagation processes
such as seeding, transplanting, trans-
plant quality-inspection, harvesting,
and packaging could be implemented
in indoor farms to reduce labor costs
associated with producing thousands
of young plants in a single space.
However, automation is still relatively
uncommon in indoor farms, as con-
sumables and facilities have not yet
been standardized; thus, equipment
for automation is typically made-to-
order (Shimizu et al., 2020).
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Table 1. Demographic characteristics of specialty crop grower respondents to

a survey in 2019 (N = 13).

Demographic characteristic

Grower responses (%)

Sex
Male
Female
Race
Asian or Pacific Islander
Black of African American
White
Other
Hispanic/ Latino Ethnicity
Age (years)
35-44
45-54
55-64
Education
2-year college degree
4-year college degree
Graduate or professional degree
U.S. State
Florida
Michigan
New Jersey
North Carolina
Virginia
Outside of the United States
Annual sales value of young plants
Less than $100,000
$100,000 to $499,999
$500,000 to $999,999
$1 million to $9.99 million
$10 million to $49.99 million
$50 million to $99.9 million
$100 million to $249.99 million
$250 million or more

76.9
23.1

7.7
7.7
76.9
7.7
7.7

46.2
23.1
30.8

7.7
46.2
46.2

30.8
23.1
7.7
23.1
7.7
7.7

8.3
8.3
8.3
16.7
50.0

8.3

Table 2. Indoor technologies used by specialty crop grower respondents to

a survey in 2019 (N = 13).

Indoor propagation environments used by growers

Grower responses (%)

Small-scale trial indoor propagation environment 0

Commercial-scale indoor propagation environment

None of the above

61.5
38.5

Seedlings, cuttings, and tissue-
cultured plants were all considered
appropriate for indoor propagation
by 31% of the survey respondents
(Table 4); however, most respon-
dents were interested in growing tis-
sue-cultured young plants indoors,
followed by seedlings and cuttings.
Three survey respondents indicated the
species they were most interested in
propagating indoors was hemp (Canna-
bis sativa). Others referred to a various
species of interest, including ornamental
plants [e.g., geranium (Pelargonium
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sp.), gerbera (Gerbera jamesonii), pansy
(Viola tricolor var. hortensis), hydran-
gea (Hydrangea sp.), chrysanthemum
(Dendrandema xgrandiflora), poin-
settia (Euphorbia pulcherrima), be-
gonia (Begonia sp.), coral bells
(Heuchera sp.), sage (Salvia sp.),
spurge (Euphorbia sp.), hellebore
(Helleborussp.), leopard plant (Ligu-
lavia sp.), primrose (Primula sp.),
carnation (Dianthus sp.), petunia
(Petunia sp.), pentas (Pentas sp.),
cone flower (Echinacea sp.), lisian-
thus (Lisianthus sp.), and other

Table 3. Employees needed by
specialty crop grower respondents
to a survey in 2019 to manage
indoor spaces (N = 13).

Employees

needed (no.) Grower responses (%)
0 0

1 0

2 375

3 0

4 0

5 or more 62.5

Table 4. Types of plants specialty

crop grower respondents to a survey
in 2019 believed were best suited for
indoor plant propagation (N = 13).

Type of plant  Grower responses (%)
Tissue culture 69.2
Seedlings 61.5
Cuttings 53.8

vegetative and tropical annuals],
hard-to-root woody crops [e.g., lor-
opetalum (Loropetalum sp.), crape
myrtle (Lagerstroemin sp.), blue-
berry (Vaccinium sp.), and koreans-
pice viburnum ( Viburnum carlesii)],
lettuce (Lactuca sativa), and baby
leaf greens.

Most of survey respondents
(88%) who had indicated using com-
mercial-scale indoor plant propaga-
tion environments used LED
lighting. The light intensity used for
indoor propagation was reportedly
between 15 and 6000 umol-m=-s71.
This unrealistic range highlights
a need for improved training and un-
derstanding of the differences among
light units commonly used in horti-
culture (intended variously to de-
scribe radiation level in terms of
PAR, electrical energy, visible light,
and total radiation), given that the
typical light intensity for indoor prop-
agation ranges from 100 to 300
umol-m=2-s (Kozai, 2020).

Survey respondents indicated
one primary concern when deciding
whether to adopt indoor plant prop-
agation environments was to reduce
shrinkage (Table 5). Shrinkage refers
to the economic cost of product that
is not successfully sold. A previous
survey of ornamental plant growers
found that losses tend to be higher for
seedling plugs (15%) and rooted cut-
tings (12%) compared with finished
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Table 5. Importance of factors in specialty crop grower survey respondent’s adoption decision related to using indoor
propagation environment as determined in 2019 (N = 13).

Not important

Slightly

Moderately

Very

Extremely

Factor at all (%) important (%) important (%) important (%) important (%) Mean”* SD
Reduce shrinkage 8.3 0 0 16.7 75.0 450 1.17
Increase your ability to produce 0 8.3 0 33.3 58.3 442 090
more in the same land area
Faster germination or rooting 8.3 0 0 33.3 58.3 4.33 1.16
Economic costs and benefits 0 8.3 8.3 25.0 58.3 433 099
Improve overall plant quality 8.3 0 8.3 25.0 58.3 425 1.22
Improve labor efficiency 0 16.7 16.7 0 66.7 417 1.27
Faster crop time 8.3 0 25.0 16.7 50.0 4.00 1.28
Increase crop uniformity 8.3 8.3 0 41.7 41.7 4.00 1.28
Reduce pesticide use 0 16.7 25.0 16.7 41.7 3.83 1.19
Increase duration of growing season 8.3 8.3 16.7 25.0 41.7 3.83 1.34
Plants are more likely to be 8.3 0 25.0 41.7 25.0 375 1.14
acclimated before moving
them to a greenhouse
Implement automation 0 58.3 16.7 25.0 3.67 0.89

“The highest mean indicates the highest associated level of importance.

flowering plants (6%) because of fac-
tors such as poor germination and
rooting success (Fisher et al., 2016).
Shrinkage in greenhouse propagation
of hard-to-root young plants such as
blueberry microcuttings can some-
times exceed 70% (T. Strode, personal
communication). A transitional phase
in which young plants with significant
losses are grown indoors could rap-
idly increase the return on investment
in indoor propagation if shrinkage
can be reduced (Kozai, 2020;
Zobayed, 2020a). Survey respon-
dents were also interested in the abil-
ity to produce more plants in the same
land area, faster germination and
rooting rates, economic advantages,
and improved overall plant quality
(Table 5). Survey respondents were
least interested in implementing au-
tomation, but conversely were fairly
concerned about increasing labor
efficiency.

In response to an open-ended
question, survey respondents listed
the following as specific business ad-
vantages they believed could be
attained with an indoor propagation
environment: uniformity, year-round
quality, better space utilization, protf-
itability, reduced rooting times, yield
optimization, and elimination of
pest breakouts. In contrast, they
listed the following as perceived busi-
ness challenges with indoor propaga-
tion: disease pressure, learning curve,
temperature control, ongoing main-
tenance, and identifying a location. It

Horllochnology + August 2020 30(4)

is widely accepted that indoor farms
benefit from qualified and skilled per-
sonnel to maximize the advantages of
controlled-environment production,
and attempts to provide training
about new technologies and utiliza-
tion methods for indoor farms exist
within several academic and industry
groups in Asia (Yamaguchi, 2020);
however, training and education op-
portunities for U.S. growers are
mainly limited to field or greenhouse
crop production (Kubota, 2020).
Growers would presumably benefit
from training materials that could
minimize risk from potential produc-
tion challenges as the ones described
previously. Despite this apparent ben-
efit, the development of training ma-
terials for staft was listed as the least
important focus direction for re-
searchers (Table 6).

Survey respondents indicated the
most important focus for new re-
search should relate to economic
costs and benefits/return on invest-
ment, followed by efforts aiming to
improve crop quality, production
time, uniformity and shrinkage, and
strategies to improve light manage-
ment indoors (Table 6). Kwon and
Lim (2012) identified the need for
research to overcome economic chal-
lenges with energy-efficient sole-
source lighting as a priority for indoor
farms, and Sugano (2015) suggested
that costs to install and operate in-
door farms must be reduced to ensure
financial viability. To our knowledge,

there have been limited economic
analyses of indoor farms, and those
available have focused on leafy green
production (Fang, 2020; Inada,
2016). Capital investment and sole-
source lighting costs are easily cal-
culated for case study analyses.
However, cost data are especially
lacking on labor needs, energy re-
quirements, and economic modeling
for proper environmental control in
indoor propagation. Potential eco-
nomic benefits from using indoor
farms in propagation include reduced
shrinkage, lower losses from pest and
disease pressure (and its associated
management costs), increased poten-
tial for automation, traceability and
biosecurity, and improved quality
from better plant performance during
hardening off and posttransplant
stages (e.g., increased survival, uni-
formity, growth rate, economic yield,
and reduced crop time) (Kozai, 2020;
Nunomura et al., 2020). In addition,
because plant responses to indoor
propagation can be highly dependent
on species and sometimes cultivar,
several of the factors identified above
would need to be quantified for in-
dividual crop species and cultivars in
complete economic analyses.

Three survey respondents shared
additional information about their
interest with indoor propagation re-
search. One respondent explained
they were interested in “how [...]
technology [...] can contribute to
the development of the industry.”
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Table 6. Specialty crop grower respondents to a survey ranking of factors for new
indoor plant propagation research in 2019 (N = 13).

Factor Mean sp Rank
Economic costs and benefits /return on investment 325 226 1
Effects on crop quality, production time, uniformity, shrinkage  3.58 2.78 2
Light management 5.33 3.50 3
Automation 550 4.12 4
Clear options, plans, and guidelines for technology use 583 371 5
Temperature, humidity, and air flow management 6.83 4.39 6
Labor management 7.08 4.06 7
Disease management 7.33 1.56 8
Irrigation management 7.50 2.68 9
Fertilizer management 8.67 2.50 10
Chemical application methods (pesticides, micronutrients, 9.17 2.69 11
plant growth regulators)
Pest management 9.50 247 12
Training materials for staff 1142 247 13

Another respondent suggested “[with ]
a surge on indoor propagation and
production facilities, [...] more in-
terest and focus on leafy veggies and
cannabis and lack of information and
resources on ornamental crops.” The
third survey respondent highlighted
the importance of research addressing
proper humidity control for indoor
plant propagation. These specific pri-
orities align well with research and
development challenges previously
identified for the next generation of
indoor farms, which when resolved,
could help expand the diversity of
plant production systems beyond
open fields and greenhouses (Kozai
and Niu, 2020Db).

Focus group. Focus group par-
ticipants identified research needs
for indoor plant propagation, includ-
ing light management, crop quality,
production time, uniformity and
shrinkage, and temperature, humid-
ity, and airflow management. More
specifically, when discussing light
management strategies, focus group
participants were interested in in-
creasing light-use efficiency, improv-
ing concentration and composition
of functional components in plants
with light quality, and on the eco-
nomics of using sole-source lighting.
Participant K, who managed a whole-
sale supply company, explained, “[...]
I want to figure out how we do more
with less because if we can do
more with less light, then we imme-
diately have an impact on tempera-
ture, humidity, and airflow, [...].”
Participant I, who managed an indoor
farm, also commented on light man-
agement when he stated, “lettuce, it’s
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important [...] we’ve seen recent
studies looking at using blue light
[...] but what about the nutritive part
of the plant, and obviously that’s the
vital elementals of why we do food
crops.” Participant B, who managed
an organic herb company, posed
questions about light management,
asking “[...] what is your optimum
light levels, what is your maximum for
maximum production? Where are you
wasting your money? Where are you
investing your money properly and
your capital costs? And how does that
affect your operating costs? How far
can you push things? How [...] fast
can you do your turnover of plants
without hurting quality?” Participant
F, who was a greenhouse propagator,
also addressed light management by
stating, “for light management, I
think one thing that would be impor-
tant for us to [...] really start to
question the wavelengths [...] seeing
what the response is to these different
spectrums [...].” Recent research has
shown that far-red radiation with
LEDs has significant potential to pro-
mote adventitious root formation in
unrooted cuttings (Christiaens et al.,
2019) and may increase seedling
growth under light-limited condi-
tions (Meng and Runkle, 2019) such
as the ones used for indoor propaga-
tion. However, according to Mitchell
and Sheibani (2020), long-term com-
mercial profitability in indoor farms
supported by specific LED fixtures
and light-qualities for particular spe-
cies or cultivars remains to be de-
termined by economies of scale.
When discussing crop quality, pro-
duction time, uniformity, and shrinkage,

focus group participants were mostly
interested in reducing crop time. For
example, Participant R, who worked
for a seed breeding company, sug-
gested, “[...] people have talked
about reducing crop time by a week
or two by putting the plants under
optimum systems [...] So if it is
actually true [...], then we can actu-
ally catch up on losses.” In agree-
ment with this comment, others have
suggested that indoor farms can pro-
vide significant advantages for acceler-
ating breeding programs, as multiple
generations of plants could be pro-
duced each year under optimal envi-
ronmental conditions, enabling
scientists to rapidly release new cul-
tivars with high growth rates (Kozai
and Niu, 2020b). When discussing
temperature, humidity, and airflow
management, focus group partici-
pants were particularly interested in
improving environmental unifor-
mity. For example, Participant A,
who managed an indoor farm, said
“[...] we create a macroclimate in
the whole facility and then we create
microclimates within the growing
module itself [...] we’re not trying
to keep the whole facility [ ... ] at this
really fine environmental [setpoint]
[...]1.” Furthermore, Participant K,
who managed a wholesale supply com-
pany, asked, “[...] almost every farm,
while the configurations are maybe
similar, almost every farm is different
[...] how do we find something that is
uniform enough [ ...] how do we make
this apply to everyone?”

Focus group participants identi-
fied a broad range of crops they were
interested in propagating indoors.
Among the crops identified, blue-
berry, hemp, hibiscus ( Hibiscus rosa-
sinensis), lettuce, strawberry, and
tomato (Solanum lycopersicum) were
highlighted as those with the most
potential for indoor propagation.
More specifically, when discussing
lettuce, Participant B, who managed
an organic herb company, explained “
[lettuce is] the most cost-effective
and most widely used product out
there that can be cost-effective grow-
ing in a vertical farming environment
or indoor farming environment. So of
course, it becomes really important
for plant factory propagation.” Cur-
rently, a limited number of indoor
farms are growing vegetable seedlings
or herbs in the United States, and
a few more producing leafy greens to
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promote local food production. How-
ever, indoor propagation for vegeta-
ble and ornamental crops is expected
to increase in the coming years, par-
ticularly for greenhouse finishing
(Kubota, 2020). According to a white-
paper recently published by a trade
magazine, indoor propagation is one
of the top eight greenhouse technol-
ogy trends in 2020, with significant
potential to help growers standardize
propagation before transplanting in
the greenhouse (Greenhouse Grower,
2020).

Several growers expressed con-
cerns about potential challenges with
maintaining multiple microclimates
for different crop species. Although
most research has focused on system-
atically evaluating environmental re-
quirements of specific crops that
are suited for indoor farms (Kozai
and Niu, 2020a), indoor propagation
would entail the production of
multiple crop species with different
morphologies and environmental re-
quirements at a given time within the
same production space (Adegbola
et al., 2019). The diversity in crop
uniformity with indoor propagation
highlights the need for research to
define environmental conditions that
will maximize production for multi-
ple species of young plants, and those
are expected to differ between seed-
lings and vegetatively propagated
crops. Furthermore, economic analy-
ses need to define the return on in-
vestment for propagating multiple
crop species indoors, as benefits from
indoor farms are likely to differ based
on shrinkage reduction or production
advantages from improved product
quality, which are likely to be spe-
cies-specific (Christiaens et al., 2016;
Meng and Runkle, 2019; Zheng
et al., 2020).

Focus group participants expressed
nterest in hemp propagation re-
search, but there are current barriers
that may exist in securing funding for
hemp research. The unevenness in
genetics used for hemp production
proves to be problematic for opti-
mization in indoor farms, and the
use of diverse propagation methods
(seed, unrooted cuttings, or tissue-
cultured plants) contribute to the
difficulty of developing protocols
that can ensure consistency with canna-
binoid content (Chandra et al., 2010).
Nevertheless, there are significant
advantages to producing indoor-grown
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transplants for different phytophar-
maceutical purposes, as it is currently
difficult to consistently obtain high-
quality medicinal plants through
conventional propagation and produc-
tion methods (Goto, 2020; Zobayed,
2020b). Therefore, indoor propaga-
tion of medicinals could provide good
business opportunities for U.S. spe-
cialty crop growers, as they typically
have a higher value per unit dry weight
than most leafy greens or ornamental
plants.

Focus group participants identi-
fied the ability to produce year-
round, better or increased yield in
controlled environments, and crop
uniformity as primary benefits of us-
ing indoor plant propagation envi-
ronments. Participant J, who worked
for a company specializing in peren-
nial ornamental plant production,
said, “trying to light an entire green-
house is very expensive, [...] it’s
maybe more efficient [...] [for] a ver-
tical indoor setup [...], and we can
produce and propagate cuttings
throughout the winter time, which
we normally can’t do in our green-
houses.” Participant R, who worked
for a seed breeding company, dis-
cussed environmental effects on yield,
“[...] we have an indoor seed testing
facility, so these are indoor rooms
[...] Then we grow our greenhouse
situation. The exact same seed [and]
often times we get lesser yields. [...]
We understand that our indoor sys-
tem is much more efficient. We just
are not able to translate that into
a greenhouse production system, be-
cause of the fluctuations in the envi-
ronment. We actually have solid data,
and for certain varieties, we get much
better results in the indoor system.”
Participant N, who managed an in-
door farm company, discussed uni-
formity stating, “[...] success is
programmable. Because of the uni-
form temperatures, [ ...] It makes [in-
door propagation] a very reliable
way of growing plants. [...] The
uniformity is greatly improved [...]
Now, we can plant everything [...].”
Year-round production of high-quality
transplants that are physiologically
and morphologically uniform re-
gardless of weather is one of the
single most important advantages
of indoor propagation (Chun and
Kozai, 2000; Kozai, 2020). How-
ever, commercial implementation of
indoor farms for propagation requires

the development of appropriate pro-
tocols to maximize production and
profitability.

Focus group participants also
identified perceived challenges of using
an indoor propagation environment,
such as economic considerations, ef-
forts to manage multiple macro- and
microclimates, and costs of unused
space. For example, Participant A,
who managed an indoor farm, dis-
cussed costs associated with managing
multiple environments, “It is expen-
sive, [...] some of the smaller farmers
they don’t have access to [a] plant
factory, they might want the outcomes,
they might want those high-quality
plants, they might want it to be condi-
tioned to be certain things, [...] but
they can’t afford what it costs to put
in a plant factory.” Participant R,
who worked for a seed breeding
company, also discussed challenges
of managing multiple environments,
“[...] with indoor propagation,
there is a lot of variability between
shelf to shelf, distance from the
lights. We just presume that this
microclimate is perfect and perfectly
uniform, but it is not. It poses a lot
of challenges.”

In conclusion, this study identi-
fied needs of specialty crop stake-
holders interested in supporting,
implementing, or currently using in-
door plant propagation environments.
Overall, the findings suggested there is
a need for education about the oppor-
tunities and challenges with indoor
plant propagation. Most research to
date has focused on using indoor
farms for leafy green production, and
information is lacking about the po-
tential to leverage indoor farm tech-
nologies to maximize production
efficiency of high-value young plants.
Stakeholders are interested in technol-
ogies that can improve crop quality
and uniformity, reduce production
time and shrinkage, and optimize light
management during propagation.
Plants that have high crop loss rates,
are of poor quality when produced
with standard practices, or experience
slow rooting were highlighted as
priorities to propagate indoors. Spe-
cifically, there is interest in improving
propagation practices for tissue-cul-
tured young plants, followed by seed-
lings and unrooted cuttings. However,
due to the different requirements in
environmental conditions (e.g., light
and temperature) and production
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practices (e.g., mist frequency and nu-
trition) of these transplant types, re-
secarch must systematically identify
growth and developmental limits of
young plants to improve resource use
efficiency, which is a critical factor to
balance economic viability of indoor
farms.

Findings from this study con-
firmed the perception that indoor
farms are more efficient for year-
round, high-quality transplant pro-
duction than greenhouses. However,
commercial implementation of in-
door plant propagation will require
the development of appropriate pro-
tocols to maximize production and
profitability, which based on the
results from this study, must be pri-
oritized by research efforts to fill
important gaps in knowledge. A
systems-based, transdisciplinary ap-
proach that can draw on the exper-
tise of several field experts is needed
to address the needs of industry
stakeholders. Research and outreach
activities that bring together socio-
economists, engineers, plant scien-
tists, and extension specialists who
can work closely with stakeholders
could help identify limiting fac-
tors with the goal of solving techni-
cal and economic issues affecting
young-plant production. Collabora-
tive efforts could include improve-
ments in system designs to increase
yield per square foot week, environ-
mental optimization to reduce shrink-
age and seasonality, improvements in
resource-use efficiency and product
quality, automation implementation
to reduce labor costs, and facilitating
the development of training materials,
among others. Improving indoor plant
propagation processes will further sup-
port the viability of the controlled-
environment industry as it develops in
the United States. However, as sug-
gested by the results of this study,
a strategic plan encompassing stake-
holder needs must be implemented
to maximize the benefits and enable
adoption of indoor plant propagation
environments.
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