ABSTRACT

HUMPHREY, SAM. Controlled Environment Strawberry Propagation: CO3, Light Intensity, and
Daughter Plant Rooting Experiments. (Under the direction of Dr. Ricardo Hernandez).

The US strawberry industry has a market value of over 2 billion USD and produces over a
million tons of strawberries every year. This fruit production industry depends on strawberry
nurseries to annually provide new plant material. However, the conventional strawberry nursery
system is plagued with many challenges and threats, including low availability and increasing costs
of labor, increasing regulations on pesticides, and the high risk of disease. Controlled environment
agriculture (CEA) may be a solution to these many challenges. The environmental manipulation
and optimization of CEA could produce many more strawberry daughter plants per mother plant,
compared to conventional systems. But can CEA be an economically feasible solution?

We investigated the effects of CO2 enrichment and light intensity on the mother plants,
comparing overall growth rate and the number of daughter plants grown per mother. Walk-in
growth chambers at the NCSU Phytotron contained three CO; treatments: 500, 850, and 1200 pmol
mol™!, and two treatments of light intensity: 250 and 500 umol m~2s!. We found that a greater
CO2 concentration could increase the daughter plant yield by as much as 48%, and greater light
intensity could increase the yield by as much as 28%. The economic analysis indicates that it may
be economical to produce daughter plants indoors, even with the ongoing costs of electricity and
CO2 consumption. These results indicate that controlled environments with elevated CO-
concentration and light intensity are able to produce many more daughter plants than field
conditions.

In a second experiment, we investigated the effect of daughter plant size. In greenhouses
and controlled environments, strawberry mother plants produce daughter plants in a range of sizes,

with a few daughters that are very large, a few that are medium sized, and many daughters that are



small or very small. The objective of this study was to investigate whether the small and very small
daughters can successfully root and grow, and to quantify the growth rate differences between
daughters of different sizes. We collected a large number of daughter plants, and split them into
size categories based on their number of “peg roots”, then rooted them in a growth chamber for 28
days. We found that the small and medium plants had the best rooting rate and survival rate, while
the very small and large plants had a slightly lower rate of success by day 28. Overall, the rooting
and survival rate was higher than expected, and indicated that the majority of plants of all sizes
(90%+ overall) can be successfully rooted and sold. Taken together, these two experiments provide
evidence that CEA can produce usable strawberry daughter plants more efficiently than in the
field, especially when CO: is elevated, light intensity is increased, and daughter plants of all sizes

are harvested.
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CHAPTER 1
Controlled Environment Strawberry (Fragaria xananassa cv. Monterey) Propagation
Produces More Daughter Plants Under Elevated Carbon Dioxide Concentrations and

Higher Light Intensities



Abstract

Strawberry nurseries are facing unprecedented challenges of disease risk, fumigation
regulations, and labor availability, so nursery managers are considering alternative methods for
propagation. Controlled environment (CE) agriculture is a potential alternative to address those
challenges. One limiting factor to improve the economic feasibility of CE propagation is the
daughter plant yield: the total number of daughter plants produced per mother plant. The present
research investigates the effect of CO, enrichment (500, 850, and 1200 pmol mol™") and daily
light integral (14.4 mol m2 d! and 28.8 mol m™2 d™!' DLI) on strawberry mother plant growth,
daughter plant production, morphology, and development. Strawberry (Fragaria xananassa
Duch. cv. Monterey) mother plants were grown in three controlled environment growth
chambers for 70 days under combinations of CO2 and light intensity treatments under 26°C, 65%
relative humidity, and a 16-hour photoperiod. On average, plants under 500 PPFD
(photosynthetic photon flux density) produced 18% more daughters than plants under 250 PPFD.
Furthermore, the increase in CO. concentration linearly increased the production of daughter
plants. Under a CO2 concentration of 1200 umol mol™!, there were 40% more daughter plants
than under 500 pmol mol™! (60 compared to 84 daughter plants). The combined increase of CO.
and light (28.8 mol m™2 d~! DLI and 1200 pumol mol™!) increased daughter plant production by
70% when compared to 14.4 mol m~ d~!' DLI and 500 pmol mol™! CO>. The increase in the
number of daughter plants due to the rise in CO2 concentration is attributed to the 38% increase
of stolon development under elevated CO> on stolon development (11.3 to 15.55). Simple
economic analysis of CO, enrichment and electrical lighting is also presented, with a cost of CO-
enrichment being less than $0.01, compared to the cost of electricity for electrical lighting being
$0.03 to $0.06. Overall, CO. enrichment and increasing light intensity are methods that could be
used in indoor strawberry nurseries to improve daughter plant yield.



Introduction
The Nursery Industry

The US strawberry industry produced 13.9 million tons of strawberries in 2022, with an
annual market value of over three billion USD (Wu, Guan, and Whidden 2018, Samtani et al.
2019; Shi et al. 2021b; Shahbandeh 2023; Wade et al. 2024; Holmes 2024). Strawberry fruit
growers all acquire their plants from a small number of strawberry nurseries (estimated 8 to 15 in
total by Hoffmann, personal communication, July 10th, 2024), which are mostly located in
California and Canada (Hoffmann 2020, Holmes 2024). In California alone, strawberry nurseries
produce 1.5 billion plants annually (Holmes 2024). These open-field nurseries propagate
strawberry plants asexually, outdoors in rows (Hoffmann 2020, Holmes 2024). In this system, a
small number of mother plants are repeatedly multiplied in screenhouses and propagation fields
for three to five years before the plants are shipped and sold to strawberry fruit growers.
Conventional outdoor strawberry propagation is highly labor- and time-intensive, and additional
challenges include difficult disease prevention, increasing costs of transportation, and logistical
challenges of meeting demand for new cultivars (Hoffmann 2020).

Of those challenges, a key issue is disease prevention. With the current outdoor multi-
location, multi-year nursery system, disease transmission is unavoidable. Common nursery
diseases include powdery mildew (caused by Podosphaera aphanis), anthracnose fruit rot (caused
by Colletotrichum acutatum) and anthracnose crown rot (caused by C. gloeosporioides) Paulus
1990, Baggio et al. 2021). Other diseases of concern include Botrytis grey mold (caused by
Botrytis cinerea), Macrophomina root rot (caused by Macrophomina phaseolina), Phytophthora
crown rot (caused by Phytophthora spp.), Pestalotia Fruit Rot (caused by Neopestalotiopsis spp.),
and Fusarium wilt (caused by Fusarium oxysporum) (Holmes, 2024). Even though these
nurseries apply chemical soil fumigants, asymptomatic carriers of plant pathogens can lead to
crop loss (Samtani et al. 2019, Holmes 2024). Strawberry nurseries have repeatedly been linked
to disease outbreaks on fruit farms. For example, Neopestalotiopsis spp. samples from Canada
and Florida were traced back to a nursery in North Carolina (Baggio et al. 2021, Zuniga et al.
2023). Furthermore, the most reliable fumigation tools (such as methyl bromide (CH3Br), 1,3-
dichloropropene (C3H4CI2), chloropicrin (CCI3NO2)) may not always be available due to ever-
evolving fumigant regulations and restrictions (Hoffmann 2020). Methyl bromide was phased

out in 2005, however the California strawberry industry was awarded exemption to the full



phase-out until 2016, and methyl bromide is still being used in strawberry nurseries under
exemption (Holmes 2020). Currently popular fumigant alternatives to methyl bromide and 1,3-
dichloropropene products would warrant additional plant inspections, which are expensive, so
there is industrywide interest in developing non-fumigated methods for strawberry propagation
(Muramoto et al. 2014, Fennimore 2018, Samtani et al. 2019). The current strawberry nursery
industry is operating under the threat of losing methyl bromide as soil fumigant. If this happens,
the industry immediately would be in need of alternative propagation and fumigation methods
that can reliably and efficiently produce large numbers of clean stock plants (Samtani et al. 2019,
Baggio et al. 2021).

Controlled Environment (CE) Solutions

Controlled environment (CE) propagation could mitigate several challenges facing these
conventional strawberry nurseries. Controlled environment propagation can enable farmers to
produce more plants in a smaller amount of space, with fewer chemical inputs, and with less
labor needed to grow the plants (Vatistas et al. 2022, Despommier 2011, X. Xu and Hernandez
2020). Most importantly propagating strawberries in controlled environments could completely
mitigate soil-borne pathogens and diseases (Kroggel and Kubota 2017, Stanley and Hammond
1998). Controlled environments are also space efficient, producing more plants per square meter,
and they can be located closer to the final plant destination (fruiting fields), reducing land use
and transportation costs (Samtani et al. 2019, Hoffmann 2020, Vatistas et al. 2022). They also
provide the ability to accurately control environmental conditions and can be adjusted to the
ideal conditions for strawberry propagation. For example, nurseries in North Carolina typically
produce about 220,000 daughters per acre (54 daughter plants per m?), but a greenhouse
experiment almost doubled this output, yielding 104 daughter plants per m2. Furthermore, CE
experiments have yielded over 100 daughters per plant, and over 520 daughters per m?,
surpassing field production by nearly an order of magnitude (Hoffmann 2020, X. Xu and
Hernandez 2020, Shi, et al. 2021b).

COz and Light Intensity Affects Strawberry Growth
In CEs, CO> can rapidly become limiting unless it is supplemented, therefore CO>

enrichment is necessary in CE systems. Carbon dioxide enrichment can have a number of



positive effects, including increased water-use efficiency, increased photosynthetic rate, and
increased growth rate (Eamus 1991, Allen Jr et al. 2011, Balasooriya et al. 2018). Specifically in
strawberry, elevated CO> increases strawberry growth rate and fruit yield (Itani et al. 1998, Oda
1997, Keutgen et al. 1997, Jun et al. 2017, Y. Mochizuki et al. 2013, Desjardins et al. 1988,
Tagawa et al. 2022). For example, Itani, Y. Yoshida, and Fujime 1998 reported that CO>
enrichment increased total leaf area and increased total yield by up to 50%. Tagawa et al. (2022)
reported an increase of 25% in marketable fruit yields when CO. was increased to 800 pmol
mol~!. CO; enrichment also has some beneficial effects for fruit quality, where elevated CO-
increased the levels of dry matter-content, fructose, glucose, and total sugar (Sun et al. 2012,
Tagawa et al. 2022). Photosynthetic research has also shown that strawberry photosynthetic rate
increases with increasing CO. concentration, however the “optimal” concentration varies
depending on light intensity, temperature, and other factors (Keutgen et al. 1997, Jun et al. 2017,
Balasooriya et al. 2018, Tagawa et al. 2022, Tagawa et al. 2022). Furthermore, all the CO>
research on strawberry plants demonstrates the effect of CO2 enrichment on fruiting strawberry
plants or single leaves, with no published reports of the effects of CO elevation on strawberry
mother plants and propagation yields.

Research reports also show that increasing light intensity increases strawberry daughter
number (Xu and Hernandez 2020) and plant growth (Hidaka et al. 2013, Stadler 2017, X. Xu and
Hernandez 2020, Lee et al. 2020, Choi et al. 2016). The increase in plant growth under greater
light intensity includes increased photosynthetic rate, increased dry mass, and improved fruit
quality (such as increased soluble solids content of fruit) (Hidaka et al. 2013, Xu and Hernandez
2020). For example, Xu and Hernandez (2020) reported a linear increase in daughter plant
production with increasing light intensity, with light treatments of 250, 350, and 450 pmol m™
s 1. With a 12-week growth period, the number of daughter plants produced was 38.7, 45.7, and
56.7, for these three light intensity treatments, respectively. Overall, this is a 47% increase in
total number of daughter plants when light intensity is increased by 80% (200 pmol m=2s™"). The
study also demonstrated a production rate ranging from 0.29 to 1.29 daughter plants per mole of
light, with a maximum production rate of 107 plants per mother plant over a longer, 21-week
cycle. However, the combined effects of CO> and light intensity on daughter plant production

have not been investigated.



In the present study, the objectives are 1: to evaluate the effect of 500, 850, and 1200
pumol mol™! COz concentration on daughter plant production in strawberry cultivar ‘Monterey’
and 2: to determine how CO- concentration and light intensity affect daughter plant production
of ‘Monterey’ when applied in different combinations.

We hypothesize that 1: CO2 enrichment increases plant growth in ‘Monterey’ and
therefore will increase the size and number of daughter plants, 2: increasing light intensity will
increase the total number of daughter plants per mother, and 3: the combination of high CO-
concentration and high light intensity will promote faster growth and development than other

treatment combinations.

Materials and Methods
Source of Mother Plants

This experiment was replicated twice over time. The original greenhouse stock plants
were sourced from Lassen Canyon Nursery (Redding, CA, USA) and grown at North Carolina
State University in a plastic greenhouse from October 2022 to February 2023. On December 7th,
daughter plants were harvested from the greenhouse, transplanted into ~70-mL wells, and
moved into a reach-in growth chamber at the Phytotron facility, NCSU. In this growth chamber,
temperature and light were maintained at 23°C and at 200 umol m2s' respectively. High
relative humidity was maintained using translucent plastic domes. After rooting for 35 days, the
plug plants were transplanted into 250-mL wells (7311 10-Hole Strawberry Tray; Beekenkamp
Verpakkingen, Maasdijk, ZH, NL) and grown for an additional 52 and 33 days for replicate 1
and 2, respectively, until they reached the minimum size threshold. The plug plants were
evaluated for leaf number and crown diameter before transplanting. Only single-crown mother
plants were used, and the target size of mother plants was 10 mm crown diameter. The mean
initial crown diameter was 10.5 £ 1.17 mm. On the same day, plants were transplanted into 2-L
pots and were randomly placed into growth chambers, under treatment conditions. Forty-eight
strawberry plants per replication in time were moved into their treatment conditions in large

walk-in growth chambers at the North Carolina State Phytotron.



Chamber Setup and Experimental Design

Three Phytotron growth chambers each provided a CO2 concentration treatment: 500,
850, and 1200 pmol mol~!. Environmental conditions in all chambers were maintained at 65%
RH (£10%), 25°C day/25°C night temperature, and 16-hour photoperiod (See Table 1). The first
and second rep were initiated on March 4th, 2023, and November 17th, 2023, and were run for
70 days and 71 days, respectively. The experimental design followed a split-plot approach, with
the primary factor being CO- treatment (chamber) and the secondary factor being light intensity
(250 PPF vs. 500 PPF). The experiment was repeated twice with different growing cycles
(temporal repetitions). For each light intensity (secondary factor), 4 plants (observational units-
OU) were sampled in the first repetition and 8 OU in the second repetition, resulting in 8 and 16
plants per chamber (primary factor CO>) in repetitions one and two, respectively. The average of
the OU in each repetition represented the sample size (n = 2).

For all chambers the photoperiod was set to 16 hours, and CO concentration was set to
fluctuate during the photoperiod: During the day the CO; setpoint would be maintained
according to each treatment (500, 850, and 1200 umol mol ™), but at night each chamber was
brought down to 500 pmol mol~! CO,. Day/night temp was set to 26°C, with days being warmer
than nights by less than 0.5 degrees (See Table 1). Carbon dioxide application was controlled by
a TC2 Microcontroller with two time-of-day-activated closed-loop process control channels
(Environmental Growth Chambers, Chagrin Falls, OH, USA). This microcontroller was
connected to a Vaisala CARBOCAP GMM112 compact diffusion aspirated CO> module inside a
GMW115 diffusion transmitter (Vaisala, Vantaa, FI). The CO. sensor was calibrated using a
CO2/H20 Trace Gas Analyzer (L1-7815; LI-COR Biosciences, Lincoln, NE, United States)
before the start of each replication.

As shown in Figure 1, each (2.44 x 1.27 m) growth chamber was split in half, such that
one half of the growth chamber was under a low light treatment (250 umol m~2s™), and the other
half was under a high light treatment (500 pmol m2s™') in a split plot design, as shown in Figure
3. The light spectrum was white light (BRV ARIZE Lynk; General Electric Current, Boston,
MA, USA) (Figure 2). Two light intensity treatments were deployed in each chamber: 250 pmol
m~2s™! (250 PPFD, photosynthetic photon flux) and 500 pmol m~2s™! (500 PPFD). In order to
maintain the treatment intensity at canopy height during the experiment, analog dimmers (0-
10V/0-22mA Analog Simulator; TKXEC, CN) were installed to adjust the light intensity and to



ensure that the average light intensity was similar (within 5% total intensity) between chambers,
treatments, and plant growth stage. Light measurements using a quantum sensor (L1-190R; Li-
COR, Inc., Lincoln, NE, USA) attached to a light sensor logger (L1-1500; Li-COR, Inc., Lincoln,
NE, USA), light intensity was measured at canopy level within each chamber. Several
measurements were collected per pot position, and all measurements were averaged to yield the
average treatment intensity. Then, the dimmer was adjusted, and measurements were taken again
until the average light intensity was either 250 or 500 umol m2s",

These two light intensity treatments within each chamber were separated by a 60 cm-
wide aisle. In the center of the aisle was a reflective polyethylene film (Pandafilm, Jiangsu
Leader Greenhouse Equipment Co., CN) curtain, folded in half so that the white side reflected
light back toward both sides of the chamber, with the black surface of the curtain hidden. This
curtain still allowed airflow above and below it, while greatly reducing light contamination.
Within each high-light (500 umol m~2s™) or low-light (250 umol m~2s™) plot, eight plants were
arranged in two rows of four (Figure 3). Plants were spaced equally from each other, at a density
of 7.18 plants per m?. They were placed on custom-made benches, 1.2 m above the ground to
allow the maximum amount of growing room for stolons under the benches. This experiment
was replicated twice over time, with 48 total plants per repetition. Within each treatment half of

the ‘Monterey’ strawberry plants were used for measurements at the end of the experiment.

Growing Conditions
Environment Conditions

Throughout the growth period, CO- sensors (CARBOCAP GMM112; Vaisala, Vantaa,
FI), and Lascar temperature and humidity sensors connected to a Lascar datalogger (Easylog EL-
GFX-2, Lascar Electronics Ltd., Erie, PA, USA) were placed inside a custom-built metal
aspirated box and used to measure CO> concentration, temperature, and relative humidity from
each growth chamber every 5 minutes. The humidifier (Trion CB777 Atomizing Humidifier; On
Time Mall Inc., AZ, USA) and dehumidifier (FFAD5033R1; Frigidaire Appliance Company,
NC, USA) were attached to a controller (IHC-200; INKBIRD, Shenzhen, GD, CN), which had
its built-in humidity sensor located in the same aspirated box. Relative humidity was maintained
around 65% (+£10%). The aspirated box was located underneath a bench, within the daughter

plant canopy.



Two fine-wire thermocouples (type T, wire diameter of 0.13 mm, Omega, Inc., Stamford,
CT, USA) per treatment combination of CO- and light intensity were used to collect crown
temperature data. The thermocouples were fixed on stakes to allow them to be adjusted to within
5 mm of the crown/apical meristem of the strawberry plant.

Irrigation and Substrate

treatment combinations of CO> and light intensity. This was necessary to provide similar
soil moisture conditions between the various treatments, regardless of the rate of plant water
uptake. For each CO2/light treatment combination, an EC-05 capacitance volumetric water
content sensor (ECH20 EC-5; Decagon Devices, Inc., Pullman, WA, USA) was placed within
one pot (6 sensors total). The sensor readings were manually calibrated before the start of
repetition 1, to maximize consistency between sensors. The triggering threshold of the sensors to
start irrigation was 40 cm3/cm3 (volume of water per volume of substrate) and the length of time
was adjusted (9-15 minutes) to achieve 30% leachate volume for each CO2/light treatment
combination.

Plants were irrigated with a hydroponic nutrient solution containing 83.8 mg L' N, 7.78
mgL!'P,121mgL'K,457mgL "' Ca 954 mgL ! Mg,11.2mgL'S,0.83mg L Cl, and
micronutrients (Table 6). The EC and pH of the nutrient solution were recorded for both the
supply solution and the leachate, using a portable solution sensor (HI 9813-6, Hanna Instrument
Inc., Woonsocket, RI, USA) (Table 1).

The substrate was custom-mixed containing two parts coarse perlite, one part sphagnum
peat moss, and one part coconut pith (Shur 2024). This substrate had a pH of 5.2, EC of 0.04,
airspace of 22.8%, container capacity of 52.3%, and bulk density of 0.11 g cm™. The
capacitance sensors used to trigger irrigation were calibrated to this substrate, to provide more

accurate soil moisture measurement.

Data Collection

Throughout the growth period, mother plants were evaluated daily for inflorescence
development. Inflorescences were removed as soon as they were large enough to pluck without
damaging adjacent leaves, and at this point the inflorescences were approximately 1 to 2

centimeters long. Every time inflorescences were removed, we recorded the number of



inflorescences and the mother plants they grew from, to track the rate of new inflorescence
growth per mother.

Stolons were evaluated daily for the presence of daughter plants. A new daughter plant
was recorded when they developed a leaf greater than 1 cm long, with one or more leaflets
partially or fully opened. Each daughter plant was labelled on the plant, using a white piece of
tape with a handwritten label describing the position of the daughter plant, as a unique identifier
code. This data was not collected for the full duration of replication 1 due to the labeling process
taking too much time, but due to improvements in our data management system, new daughters
were logged daily during repetition 2.

Primary stolons (developing from the mother plant crown), secondary stolons
(developing from primary stolons), and tertiary stolons (developing from secondary stolons)
were recorded on the date when they developed their first daughter plant. We created the
parameter “stolon number”, which indicates the order in which the stolons developed their first
daughter plant. Stolon number is not necessarily the same order as when the stolons first began
elongating from the main stem and was only recorded when daughter plants began to develop on
each stolon.

Destructive Measurements

At ~10 weeks the experiment was terminated. During harvest, daughter plants were
evaluated for leaf number, number of dead (dry) leaves, fresh mass, and leaf area as previously
discussed. Mother plants were evaluated for crown diameter (averaged from two measurements),
fresh mass of leaves, fresh mass of stems, number of leaves, number of dead (dry) leaves, height
of the tallest leaf, and leaf area as previously discussed. Both the daughter and mother plants
were bagged, then dried in a horizontal airflow drying oven (VWR-1685; Avantor Inc. PA,
USA) at 70°C for at least 1 week before they were weighed again for their dry mass (MS104TS,
Mettler Toledo, Greifensee, Switzerland). The dry mass of daughter plants was collected for the
full daughter plant (leaves, petioles, and stems), but separate measurements of mother plant dry

mass were collected for leaves and stems.
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Economic Analysis
Costs of CO2 Supplementation

The equation (Equation 1) and methods described in Ohyama and Kozai 1998 and Huber
et al 2021 were used to estimate the usage of CO2 consumed during the growth period. Setpoints
and measurements from the present experiment were used for the estimation (Table 2). We also
made generous assumptions for the consumption of CO- and leaf area per m?, to demonstrate
how even a potential overestimate of CO> consumption yields a low total cost. One underlying
assumption is that the CO> leakage is proportional to the difference between the CO>
concentration inside and outside the chamber (B. Acock 1989). All measurements used for these
equations are listed in Table 2.

The Pn, CO2 mass consumed per leaf area per hour, was estimated from the total leaf area
of mothers and daughter per m? of growing area, and from our estimate of the photosynthetic rate
reported in the literature. References state strawberry photosynthetic rates between 2 and 8 pmol
m~2s! (Yanagi, Okamoto, and Takita 1996), or between 6 and 8 umol m—2s™! (Tabatabaei,
Fatemi, and Fallahi 2006), or between 4 and 14 pmol m™2s™! (Choi and Jeong 2020). For this
calculation, the high photosynthetic rate of 14 umol m=2s™! was used to account for a potential
increase under elevated CO,. The total leaf area was then calculated within one m? of growing
space by multiplying the average total leaf area of one plant under 1200 pmol mol™' CO; by the
plant density: 0.4591 m? multiplied by 7.18 plants per m? yields 3.29634 m? leaf area per m?
growing area. Using the photosynthetic rate of 14 umol m~2s™!, after unit conversions this would
yield a total Pn of 0.007312 kg m2 h™".

B = (A X Pn+ KnxEaxV (Cin— Cou)) X P )

Then, the total cost of CO2 supplementation is calculated in Equation 2, where the total
consumption of CO2 per day per m? is multiplied by D, the number of days per growing period,
then multiplied by CC, the cost of CO2 per kg ($0.58 per kg, Airgas, Radner, PA, United States).

TCC=BxDxCC (2)
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Costs of Lighting

These calculations are based on equations from Aldrich and Bartok 1994 and Kubota et
al. 2016 and are also demonstrated in X. Xu and Hernandez 2020. The cumulative cost of
electricity (USD kWh™!) increases linearly with the number of photons provided to the plants
(mol m2d™"). The yield in terms of number of daughter plants can be compared with this
cumulative cost of electricity to estimate the cumulative cost of lighting per daughter plant. For
this example, we use the repetition 2 data to demonstrate how the electricity cost per m?
decreases as the cumulative photon number (mol m~2d™") increases. We calculate these values
separately for the high intensity and low intensity treatments (500 and 250 pumol m2s™).

To calculate the number of hours required to provide 1 mol of photons over 1 m? growing
area, we can use Equation 3. The equation input PPF indicates photosynthetic photon flux, the
desired light intensity over the growing area (umol m=2s™"). Using inputs from the light fixture
specifications sheet (MF, EM, and E), and the additional variable UF, we can reformulate the
Aldrich and Bartok 1994 equation to calculate the amount of energy in kilowatts required per m?
(Equation 4). Within Equation 4, the input E is the fixture power consumption in Watts (32 W,
for our fixtures), EM is the emission rate of the fixture (70 pmol s™!), and MF is the maintenance
factor, which accounts for the rate decay of light output over time. A MF value of 0.9 was used
for this calculation because these fixtures are rated for a 10% light output decay over the 36,000-
hour fixture life (equivalent to 6.16 years of use at 16h per day). For the utilization factor (UF),
we assumed that 90% of the light emitted was captured by the plants.

1
Hours mol™" =

~ PPF x 0.0036 (3)

We can calculate the total energy required to produce 1 mol of photons over 1 m2. Then,
by multiplying this equation by the cost per kWh of energy, we generated Equation 4, which
yields the cost per kWh per mole of light used to reach the desired PPF over a growing area of 1
m2. In our own equations, we used $0.14 kwWh™', which is the average cost of electricity within
North Carolina in 2024.

Cx Ex 0277

USD kWh™ mol ™' m? =
§ o T EM < UF x MF (@)
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As demonstrated in X. Xu and Hernandez 2020, this cost per m? can be divided by the
propagation efficiency of strawberry (number of daughter plants per m? of growing area) to yield
the cost of energy per daughter plant. We used the same equation (shown in Equation 5) to yield

the total electricity cost per daughter plant.

Electricity cost per mole of light

Flectricity cost per daughter plant = — .
Y b g b Propagation ef ficiency of strawberry (5)

Statistical Analysis

Statistical analyses were conducted to compare the treatments using R version 4.2.1 (R
Core Team 2021) and these results were corroborated using JMP version 16.0.0 (SAS Institute
Inc. 2023). The analyses confirmed the absence of significant interactions between the treatment
and replications over time. Linear regression was applied to the quantitative response to
increasing CO; at each light intensity. For most variables, no interaction between light and CO>
was observed, so one-way ANOVA tests were performed to evaluate the impact of light
intensity. However, some variables showed a significant interaction between CO; and light
intensity.

To evaluate the effect of CO> treatment on dependent variables, a linear model was fitted
using Type 111 sums of squares. Global contrast settings were configured to use sum contrasts for
unordered factors and orthogonal polynomial contrasts for ordered factors by specifying
base::options(contrasts=c(“contr.sum”,“contr.poly”)), from R Core Team 2021. The CO>
variable was centered around its mean to reduce the collinearity of this model (JMP Note 575394
2022). Centering was achieved by applying the scale function (base::scale) to the CO- variable,
with centering enabled and scaling disabled. A linear regression model was fitted to the data to
examine the effects of replication, CO> treatment (numeric data, centered), light treatment
(categorical data), and their interaction on the response variables, using the Im() function from
base R (R Core Team 2021).

In a separate analysis, to investigate the effects of CO> treatment on each variable under

different light treatments, the dataset was filtered into two subsets based on the light treatment
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levels 250 and 500 pmol m2s!, using dplyr::filter (Wickham et al. 2023). Separate one-way
ANOVA tests were performed for each light treatment, using the aov() function from the car
package (Fox and Weisberg 2019). The ANOVA summaries provided F-statistics and p-values,
which were used to assess whether the differences in variables between CO; treatments were

statistically significant within each light treatment condition.

Results
Impact of CO2 and Light Intensity on Daughter Plants

As shown in Figure 4, the number of daughter plants linearly increased with increasing
CO- concentration, by 33% for the high light intensity or 49 % for the low light intensity. The
total number of daughter plants was significantly impacted by lighting treatments, where greater
light intensity increased the total number of daughter plants by 28%, 11%, and 14% under 500,
850, and 1200 pmol mol™!' CO;, respectively.

The total leaf number in the canopy formed by the stolons (humber of daughter leaves)
per mother plant was significantly impacted by CO2 concentration, and light intensity. As shown
in Figure 5, as CO> concentration increased, the total number of daughter leaves increased by
37% under the low light intensity treatment and by 21% under the high light intensity treatment.
The high light intensity treatment had 27%, 16%, and 12% more daughter leaves than the low
light treatment under 500, 850, and 1200 pmol mol™! CO,, respectively.

The total number of stolons (primary, secondary, and tertiary) significantly increased
with increasing CO2 concentration, where increasing the CO2 concentration from 500 to 1200
umol mol™! increased the stolon number by 44% under the low light treatment and 32% under
the high light treatment (Figure 6 and Table 5). We analyzed each stolon type and found that
secondary stolons (p = 0.0262) showed the strongest response to the increase in CO2, compared
to primary (p = 0.0702) and tertiary (p = 0.37) stolon counts.

The stolon fresh mass was significantly impacted by CO2 concentration (p = 0.0029),
light intensity (p = 0.0324), and the interaction between CO2 and light intensity (p = 0.0224).
Increasing CO, concentration from 500 to 1200 pmol mol~! increased the stolon fresh mass by
21% under low light intensity, but CO2 concentration did not significantly impact the stolon

fresh mass under high light conditions (Table 5).
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Impact of COz and Light Intensity on Mother Plants

Mother plant height (cm) was significantly affected by light intensity (p = 0.0158), where
the low light treatment was roughly 3 cm taller than the high light treatment (Table 3).

CO2 enrichment from 500 to 1200 umol mol™! increased the total number of leaves per
mother plant by 54% under low light intensity (p = 0.009) but had no significant effect under
high light conditions (p = 0.321) (Figure 7). Similarly, the stem and petiole fresh mass per
mother was impacted by the interaction of CO> and light (p = 0.0487), likely due to the close
correlation between number of petioles and number of leaves. In this case, when CO>
concentration was increased from 500 to 1200 pmol mol™!, stem and petiole fresh mass increased
by 44% under the low light treatment. There was no observed significant effect of CO; or light
intensity on the fresh mass of mother plant leaves (Table 3).

The dry mass of the mother plants (stems, petioles, and leaves) was summed with the dry
mass of every daughter attached to that mother to yield the dry mass of each whole plant,
excluding the stolon mass. Plant dry mass was significantly impacted by light intensity (p = <
0.0001), where plants under the high light intensity had a 29% greater dry mass than plants under
the low light intensity (Figure 8). There was also a significant effect of the interaction of CO>
and light intensity (p = 0.00935), where plants under the low light intensity treatment had a 31%
increase in total dry mass when CO, concentration was increased from 500 to 1200 pmol mol™
(p = 0.016) (Figure 8). However, plants in the high light intensity treatment were not impacted
by CO2 concentration (p = 0.207).

Impact of COz and Light Intensity on Fresh Mass, Leaf Area, and Inflorescences

Although CO> concentration impacted the total number of daughters, it did not
significantly impact the total fresh mass or dry mass of daughter plants (p = 0.605 and p = 0.724,
respectively). Rather, fresh mass was impacted by light intensity (p = 0.00303), where plants
under high light intensity had 40%, 31%, and 22% greater total fresh mass of daughters per
mother under 500, 850, and 1200 pmol mol~! CO; than plants in low light intensity. Daughter
plant dry mass followed the same pattern in response to light intensity (p < 0.0001), where
daughter plants under low light intensity produced 49%, 35%, and 30% lower dry mass under
500, 850, and 1200 pmol mol™! CO; than plants in the high light intensity treatment (Figure 9).

This difference between values was much less pronounced for fresh mass compared to dry mass,
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where high light intensity produced 30.6% more fresh mass and 61.1% more dry mass than the
low light intensity treatment.

Similar to daughter fresh mass, light intensity significantly increased (p = 0.000198) the
leaf area of daughter plants from all positions (primary p = 0.00598, secondary p = 0.000288,
tertiary p = 0.014). Daughter plant leaf area was 45.3% greater in the high light intensity
treatment (3156 + 1121 cm?) compared to plants in the low light intensity treatment (2172 + 731
cm?). Mother plant leaf area was also significantly affected by light intensity (p = 0.00127), but
with an opposite trend: the mother plants under the high light intensity treatment had 28% lower
leaf area compared to the low light intensity treatment (1627 + 472 cm? and 2251 + 545 cm?,
respectively) (Figure 11). Neither daughter nor mother leaf area were significantly affected by
CO. treatment (p = 0.81 and 0.91, respectively) (Figure 11).

Plants in the low light treatment also had 45% greater total number of inflorescences that
developed throughout the experiment compared to the high light treatment (p = 0.0163) (Table
3). There was no significant impact of CO. concentration on the total number of inflorescences
(Table 3).

Discussion
Growth and Development

Three hypotheses were proposed for this study: 1. Increasing light intensity will increase
the yield of mother plants. 2. Increasing CO> concentration will increase the yield of daughter
plants. 3. The benefit of CO enrichment will be higher under higher light intensity.

Hypothesis 2: Increasing light intensity will increase the total number of daughter plants
per mother.

In the present experiment, when light intensity was doubled from 250 to 500 pmol m2s,
the number of daughter plants per mother plant increased by 11-29%, depending on CO>
treatment. Furthermore, whole plant dry mass, daughter leaf number, stolon number, and stolon
fresh mass also increased with the increase in light intensity from 250 to 500 pmol m2s. Plant
growth (dry mass) increased in both mother and daughter plants. Specifically for daughter plants
(the final propagation product), greater light intensity improved daughter dry mass, leaf area, and
leaf mass area by 64%, 45%, and 15%, respectively. However, the cost of doubling the light is

significant (see next section), and the cost-benefit should be carefully analyzed.
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As expected, based on published studies (Hidaka et al. 2013, Stadler 2017, Xu and
Hernandez 2020, Lee et al. 2020, Choi, Moon, and Kang 2016), increased light intensity
improved propagation yield (daughter plants per mother plant). Increasing light intensity has
overall shown a positive impact on strawberry propagation rate and vegetative growth in general.
For example, Zheng, He, and Ji (2019) reported that the number of stolons and daughter plants
increased under daily light integrals from 8.6 to 11.5 mol m~2d™!, but no increase was observed
above 11.5 mol m2d!. Furthermore, Xu and Hernandez (2020) reported a linear increase in
daughter plants with increased light intensity (250-450 pmol m~2s™!) with a propagation efficacy
to light between 0.3 and 1.9 daughter plants per mole of light (depending on light intensity and
harvest time) and with a maximum recorded yield of 50 plants per mother plant over a 21-week
propagation cycle.

Even though the increase in light enhanced daughter plant production, the increase was
lower than expected. For example, Xu and Hernandez (2020) grew mother plants ‘Albion’ under
increasing light intensity treatments from 250 to 450 pmol m2 s~ under similar environmental
conditions to the present study. In Xu and Hernandez (2020), an increase in light intensity (250
to 450) produced a 47% increase in the number of daughter plants that developed over a 12-week
growth period. Based on Xu and Hernandez's (2020) linear predictive model, an increase from
250 to 500 pmol m™2s~! should have produced a 59% increase in daughter plants. However, in
the present experiment, the number of daughter plants increased by 11-29%, depending on CO-
treatment. The difference in the magnitude of this effect could be due to Xu and Hernandez
(2020) having a longer growth period (12 weeks compared to our 10 weeks) or could be due to
the differences in cultivar ‘Albion’ vs. ‘Monterey’ (both long-day cultivars). Another plausible
explanation is the difference in light diffusion within the canopy. In Xu and Hernandez (2020),
light penetrated deeper into the canopy due to the use of fluorescent lights as top lighting
(providing diffuse light), whereas in the present study, LED fixtures with a narrow beam angle
were used at the top of the canopy. Furthermore, Xu Hernandez (2020) had fewer mother plants
per growing area (5.23 compared to 7.18 plants m-2), which likely allowed greater light
penetration into the canopy. Generally, greater light penetration into the canopy allows more
light capture at the bottom of the canopy, where many newly developing daughter plants are

located. It is plausible that the difference in daughter plant yield is related to Xu Hernandez
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(2020) having greater light capture at the bottom of the canopy, which may have stimulated more
daughter plant development than in the present experiment.

Hypothesis 1: CO enrichment increases plant growth in strawberry and therefore will
increase the size and number of daughter plants

Although there is an abundance of literature on CO. enrichment on strawberry fruiting
plants, no studies are available reporting the impact of CO> on strawberry mother plant yield. In
the present study, strawberry plants positively responded to CO2 enrichment. For example, the
number of daughter plants increased linearly with CO2 enrichment from 33%-50%, depending on
light intensity. Therefore, CO2 enrichment can be considered a good strategy for increasing
propagation yield since the cost of CO2 in controlled environments with low room air exchange
(0.01-0.1 h'') is very low (see next section).

Despite the increase in the number of daughter plants per mother plant, this response was
not reflected in daughter plant dry mass, mother plant dry mass, and only for whole plant dry
mass under low light intensity. This result was unexpected since, based on well-understood CO>
responses in other horticultural plants, plant growth (dry mass) increases with increased CO> due
to the greater photosynthetic rate caused by the greater rate of CO> diffusion into the stomatal
cavity under higher CO- concentrations. This is well documented in photosynthetic studies
(Keutgen et al. 1997; Balasooriya et al. 2018; Tagawa et al. 2022; Jun et al. 2017; Balasooriya et
al. 2018) as well as in fruiting strawberry studies (Itani, Yoshida, and Fujime 1998; Oda 1997,
Keutgen, Chen, and Lenz 1997; Jun, Jung, and Imai 2017; Mochizuki et al. 2013; Desjardins et
al. 1988; Tagawa et al. 2022). With the results of the current experiment, we do not have
evidence that this is the case for strawberry mother plants. A possible explanation for the lack of
increase in dry mass is the low light intensity in the canopy, as discussed before, reducing the
benefits of CO, enrichment. Another potential explanation is that the additional photo-
assimilates generated by increased CO2 enrichment were translocated to the roots, which were
not measured in the present study.

A more plausible explanation for the linear increase in the number of daughter plants
with increased CO2 enrichment is the impact of CO2 on plant development or plant structure,
specifically the development of new stolons (primary, secondary, and tertiary) leading to the
development of more daughter plants. In the present study, CO- linearly increased the number of

stolons per plant. Furthermore, the increase in light intensity did not affect the number of stolons,
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indicating that new stolon development is not a photosynthetic-based response but rather a
developmental response influenced by CO- concentration. Research on other plant species under
elevated CO: has shown altered branching patterns, increased node numbers, increased branches
per node, and reduced apical dominance (Pritchard et al., 1999), which supports this idea.
Therefore, the current study is the first to report strawberry mother plant responses to elevated
CO., demonstrating that CO> enrichment increases propagation yield by promoting new stolon
development.

Hypothesis 3: The combination of high CO2 concentration and high light intensity will
promote faster growth and development than other treatment combinations.

CO- enrichment did not perform better under increased light intensity. Plant research has
shown a synergistic effect of CO, concentration and light intensity due to the chemical
requirements of photosynthesis. According to the FvCB biochemical model of C3
photosynthesis, the photosynthetic rate can be limited by either carboxylation or regeneration of
ribulose-1,5-bisphosphate (RuBP) (Farquhar, Caemmerer, and Berry 1980; Kanno et al. 2022).
When CO; concentration is inadequate, carboxylation of RuBP becomes limiting, and when CO-
is elevated and light intensity is insufficient, regeneration of RuBP can become limiting. Due to
this dynamic between RuBP regeneration and carboxylation, we hypothesized that the high light
intensity treatment should have larger gains in photosynthesis and growth associated with the
increase in CO2 concentration. On the other hand, the lower light intensity treatment should have
a slower rate of RuBP regeneration and would therefore not be as strongly affected by CO>
elevation. A possible explanation could be due to acclimation to higher CO2 levels. When plants
are first introduced to elevated CO> concentration, photosynthesis usually initially increases, but
in the long term, photosynthesis may decline or stay the same (Long, Baker, and Raines 1993;
Keutgen, Chen, and Lenz 1997). However, different responses to CO> are observed under
different light levels, nutrient concentrations, and other environmental conditions (Kirschbaum
1994), so the long-term effect of CO> concentration on strawberry mother plants is still
unknown. Another plausible explanation is the limited light reaching the stolon canopy, a unique
morphological characteristic of strawberry mother plants. The canopy of the mother plants
(excluding stolons and daughters) is mostly exposed to top lighting, leaving little light to
penetrate to the daughter plants. This limitation prevents any synergistic benefits between light

and CO> enrichment.
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Costs of Lighting and CO2 Supplementation

As shown in Figure 12, although the high light intensity treatment produced more
daughter plants, the cost of energy required per daughter plant was greater than the low light
intensity treatment. Even as the values seem to stabilize near $0.00 dollars, the ultimate cost per
daughter plant was $0.06 under high light intensity, compared to $0.03 under low light intensity.
The total cost per square meter of growing area over the 70-day growth period was low, at
$44.25 and $22.12 under high and low light intensity, respectively. In a separate study, X. Xu
and Hernandez 2020 performed similar calculations for strawberry propagation with a different
LED fixture and propagation system. X. Xu and Hernandez 2020 calculated an efficiency of
$0.029 to $0.036 per daughter plant (cv. ‘Albion”) between 1 and 12 weeks of growth, with
different light intensity treatments (250, 350, and 450 pmol m~2s™!). These results are reasonably
similar to our efficiency under low light intensity. Although the cost of electricity is typically the
largest ongoing cost of indoor propagation systems, the costs calculated for strawberry
propagation in the present manuscript and also in X. Xu and Hernandez 2020 are low, when
divided between the daughter plants.

The economics calculation of the cost of CO; yielded a cost of $4.84 m—2 for the 70-day
growing cycle. On average under the 1200 pmol m~2s™! COz concentration there were 83.4
daughter plants per mother, and therefore 598.812 daughter plants per square meter of growing
area. Distributed between these daughters, the cost of enriching CO2 to 1200 pumol mol~! would
be $0.0081 per daughter plant. This value is very insignificant, especially considering how we
were generous with some assumptions we made within the calculation (such as photosynthetic
rate, Pn, and air exchange rate, E), and it is more likely that the cost of CO> was overestimated
rather than underestimated. This calculation demonstrates that even when a high CO>
concentration is applied, the cost of CO. per daughter plant is less than one cent.

The lighting cost per daughter plant under high light intensity ($0.06) was more than
seven times greater than that of high CO, supplementation ($0.0081) (500 pumol m~2s™! light
compared to 1200 pmol mol~! CO2). Furthermore, the initial cost of fixtures drives the cost of
electrical lighting even higher, further supporting our conclusion that CO2 enrichment is more

economical than increasing the light intensity for CE strawberry propagation.
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However, it is possible that the CO> and lighting costs may be offset by a higher selling
price of daughter plants from controlled environments. Further work into economic analyses
could open new opportunities for specialty strawberry cultivars. In the conventional outdoor
propagation system, any cultivar which produces few daughter plants per mother is difficult to
propagate and is therefore unlikely to be sold regardless of its potential fruit quality and quantity.
Holmes (2024) describes a personal communication with D. Thomas and M. Nelson, stating that
“any cultivar not producing at least 741,000 daughter plants per hectare is not likely to be
grown”. Even if a strawberry cultivar produces a high fruit yield, or high fruit quality, its
inefficient propagation prevents it from being made available to fruit growers. As continued
developments are made for CO. concentration, lighting, and other methods for increasing
daughter plant production, further economic analyses must explore the minimum yield
requirements for mother plants to make a profit in CE agriculture. It is possible that strawberry
cultivars with poor propagative rate could be especially benefitted by controlled environment
propagation and might sell for an increased price as a specialty cultivar.

Ultimately, although CO. supplementation and electrical lighting are added costs for
strawberry propagation, the daughter plants which are produced may be of higher quality (low
risk of disease), they have a relatively low cost per daughter (less than $0.01 even under a
combination of high CO2 and high light intensity), and CE production opens up new

opportunities.

Future Work

Intracanopy lighting is another promising research area that could improve daughter plant
growth. As observed in the present research, the light intensity at the bottom of the canopy was
less than 10 pmol m s, below the photosynthetic compensation point of most plants. By
supplying intracanopy light, the daughter plants may photosynthesize at a greater rate and may
grow more vigorously as a result. Furthermore, due to the large amount of leaf area within the
canopy of daughter plants, intracanopy light has the potential to increase whole-plant light
capture and photosynthetic rate.
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Conclusions

This research aimed to elucidate the effects of CO, concentration and light intensity on
propagation rates of the long-day strawberry cultivar Monterey. Our data support hypothesis 1,
that CO2 enrichment increases daughter number and some plant size metrics. Our data also
support hypothesis 2, that greater light intensity increases the number of daughter plants and
whole-plant growth. However, in hypothesis 3 we expected the positive effect of CO> to be
greater under the higher light intensity, but the opposite was found: for a few variables, CO2 only
significantly improved growth under the low light intensity treatment. In addition to further
research on COz enrichment and supplemental light intensity, we recommend future research to
be done on light quality, light fixture placement (intracanopy lighting), nutrient management,

and daughter plant manipulation with hormone treatments.
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FIGURES

Figure 1: A view of one chamber, shown from the door (replication 1, day 42). Nutrient solution
reservoir (A), dehumidifier (B) and humidifier (not visible) are on the floor, in the center of the
chamber. Pandafilm (C) is hanging from the ceiling in the center of the growth chamber. The
black paper (D) covering the walls is visible behind the daughter plants. Hanging below the
benches there are leachate drainage gutters (E), and drainage tubes are visible on the far side of
the chamber, away from the door. Leachate collection buckets (F) are located on the floor, below

the daughter plant canopy.
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Figure 2: Spectral graph of high and low intensity light treatments under the light fixtures, which

visually appear white and have a blue:green:red ratio of 25B:38G:37R (BRV ARIZE Lynk;

General Electric Current, Boston, MA, USA) Photosynthetic Photon Flux (PPFD) shown on y-

axis, and wavelengths in nanometers (nm) are shown on the x-axis.
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Figure 3: Chamber layout, shown from above. This layout is identical between all three
chambers. Nutrient solution reservoir, dehumidifier, and humidifier are located on the floor in
the center of the chamber, and the sheet of reflective polyethylene film (Pandafilm, Jiangsu
Leader Greenhouse Equipment Co., CN) is located directly above it, hanging from the ceiling in
the center of the growth chamber. Each circle represents a mother plant, with a total of 16 mother
plants per chamber. A different light intensity treatment was applied to each bench, with one
bench receiving 500 pmol m2s™! and the other bench receiving 250 pmol m2s™!. CO2 tanks
were stored outside the chambers (not shown in the above figure) and pumped into both sides of

the chamber at equal rates, through horizontal vents in the walls.
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Figure 4: The average number of daughter plants per mother plant (average +/- SE). The mean
values are labeled and for each light treatment the linear model equation. The presence of a line
represents a significant linear response to CO- increase (p = 0.00217). The asterisk (*) represents
a significant difference between the two light treatments (p = 0.05065). No interactions were

found between CO; and light intensity (p = 0.72).
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Figure 5: The average number of daughter plant leaves per mother plant (average +/- SE). The
mean values are labeled and for each light treatment the linear model equations for each
treatment are shown. The p value below the equations indicates the significance of CO>
concentration. The p value below the legend represents the significant effect of light intensity.
The presence of a line represents a significant linear response to CO: increase (p = 0.03089). The
asterisk (*) represents a significant difference between the two light treatments (p = 0.03987). No

interactions were found between CO2 and light intensity (p = 0.55).

27



o 15.8
S s I %15:3
=
L=
2. i 116 0.006 x + 8.855
: =0. + 8.

2 10{ 1110 4 *
2
g
wn
= 5]
c PPFD »s
8 . 250
g s 500
01

500 750 1000 1250

CO, Treatment (umol mol ')

Figure 6: The average number of stolons per mother plant, plotted with standard error bars. The
mean values are labeled and for each light treatment the linear model equation with its p value i
labeled. The presence of a line represents a significant linear response to CO> increase (p =
0.0321). The “NS” below the legend indicates no significant effect of light intensity. NS
represents no significant differences between light treatments (p = 0.68). No interactions were

found between CO; and light intensity (p = 0.46).
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Figure 7: The average number of leaves per mother plant (average +/- SE). All non-destructively
harvested plants and the three outlier mother plants were excluded from the linear regression
model. The mean values are labeled and for each light treatment the linear model equation for
the low light treatment is labeled. The presence of a line represents a significant linear response
to COz increase for the 250 PPFD light treatment (p = 0.009). NS represents no significant
differences between light treatments (p = 0.08). An interaction was found between CO; and light

intensity (p = 0.013943).
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Figure 8: The summed dry mass of mother plant leaves, petioles and stems, and all the daughter
plants attached to that mother plant, plotted with standard error bars. All non-destructively
harvested plants and the three outlier mother plants were excluded from the linear regression
model. The mean values are labeled and for each light treatment the linear model equation for
the low light treatment is labeled. The presence of a line represents a significant linear response
to CO; increase for the 250 PPFD light treatment (p = 0.0155). The asterisk (*) represents a
significant difference between the two light treatments (p < 0.0001). An interaction was found

between CO- and light intensity (p = 0.00935).
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Figure 9: The dry mass of all daughters per mother (average +/- SE). The p value below the
legend represents the significant effect of light intensity. The asterisk (*) represents a significant

difference between the two light treatments (p < 0.0001). No interactions were found between

CO- and light intensity (p = 0.10).
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Figure 10: The leaf area per mother plant (average +/- SE). The asterisk (*) represents a

significant difference between the two light treatments (p = 0.00127). No interactions were found

between CO- and light intensity (p = 0.14).
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Figure 11: The leaf area of all daughters per mother plant (average +/- SE). The asterisk (*)

represents a significant difference between the two light treatments (p = 0.000198). No

interactions were found between CO> and light intensity (p = 0.30).
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Figure 12: Data from replication 2, plotting cumulative photons against daughter plants per m?

and cost per daughter plant (where one mole of photon was calculated to cost $0.0219479). The

low light treatment minimum cost is $0.03, and the high light treatment minimum cost is $0.06.
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Table 1: Growing conditions during the experiment presented with mean + standard deviation.

This was a split plot design, with CO; as the main treatment and light intensity as the split.

500 pumol mol™

850 pumol mol™!

1200 pmol mol™

Variable - - -
Day Night Day Night Day Night

CO; Setpoint, pmol mol 500 500 850 500 1200 500
Actual COz, umol mol 508 +36.7 478+27.1 846+51.2  492+419  1188+76.4 509+ 145
Air Temp, °C 26.3+047 259+051 26.2+028  26.1+0.2 26.0+0.21 26.0+0.11
Crown Temp, °C 251+0.86 246+080 2524071 249+064 250+0.64 246+0.72
Relative Humidity, % 67.8+550 58.8+6.9 72.1+6.86 61.2+563 705+4.69 59.3+561
Irrigation pH, replication 1 5.49+0.31 5.36 £ 0.37 5.31+£0.43

o .
Irrigation EC, uS cm, 1.09 + 0.09 1.10+0.13 115+ 055
replication 1
Irrigation pH, replication 2 455+0.21 4.7 £0.52 4.53+0.45

o .
Irrigation EC, uS cm, 1.24+0.18 1.27+0.22 123+0.2

replication 2
Light intensity

Photoperiod
Daily Light Integral

500 or 250 umol m~2 s depending on plant placement on the left or right side of the
chamber. Side selection was randomized between treatments and repetitions.

16 hours
28.8or 14.4mol m2d?
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Table 2: Symbols, descriptions, values, and units of the inputs to the economics calculations.

Symbol Description Value Unit

A Total growing area 1 m?

B Usage of CO; per day 0.11929 $ kgt

C Cost of energy for light $0.14 $ kWht
cC Cost of CO> $0.58 $dim?
Cin CO; concentration inside the chamber 0.0005-0.0012  mol mol*
Cout CO, concentration outside the chamber 0.0004 mol mol*

D Growing days per cycle 70 days

E Fixture power consumption 32 W

Ea Air exchange rate 0.10 exchanges h
EM Emission rate of light fixture 70 pmol st
Ko ;/;Igme to mass conversion for CO; at 1.7976 kg CO, m®
MF Maintenance factor 0.90 —

P Photoperiod 16 h

Pn Net photosyntheyic rate per LA 0.007312 kgm?ht
TCC Total cost of CO; per production cycle $4.84 $ m?2

(70 d)
UF Utilization factor 0.90 —
\Y Volume of growing facility 1 m3
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Table 3: Mother plant measurements, with means and standard deviations. Significance values

are given for the model with model effects of repetition, CO>, light intensity, and the interaction

between CO- and light intensity. No interactions between CO2 and light were found for the

parameters where no interaction is listed. All analyses have n = 6 except for CO2 500/light 500,

where n =5, and for CO 850/light 500, where n = 4,

Light Treatment

500 umol mol CO, 850 umol mol™ CO,

1200 pmol mol™ CO,

Mother plant height (cm)

250 PPFD 23.1+24 23.6+2.89 23.1+18
500 PPFD 20.8+251 19.5+2.48 21.2+4.62
Significance CO; Regression: p = 0.9372, Light: p = 0.0158, CO- x Light: p =0.9372
Leaf fresh mass (g)
250 PPFD 50.6 £ 14.6 67.3+11.3 60.8 + 18.7
500 PPFD 56.4+17.4 55+ 15.3 42.7+14.6
Significance CO; Regression: p = 0.8266, Light: p = 0.0941, CO- x Light: p = 0.0929
Leaf dry mass (9)
250 PPFD 18.8 +5.88 27.5%+6.44 245+8.1
500 PPFD 25.8+8.11 26.4 £ 8.16 21.2 £7.56
Significance CO; Regression: p = 0.7211, Light: p = 0.9942, CO; x Light: p = 0.1037
Number of dead leaves per mother plant
250 PPFD 45+2.88 62 6.67 £ 3.39
500 PPFD 54+23 5.25+4.03 5.67 +£3.33
Significance CO; Regression: p = 0.3586, Light: p =0.8676, CO, x Light: p =0.3731
Number of crowns per mother plant
250 PPFD 35+1.38 5.67+1.21 5.83+1.47
500 PPFD 56+251 475+1.71 45+1.87
Significance CO; Regression: p = 0.2759, Light: p =0.7360, CO- x Light: p =0.0200
Average crown diameter per mother plant (cm)
250 PPFD 30.4 £ 4.67 37.31+4.1 36.2+5.12
500 PPFD 38.6 £5.38 39.7+2.77 35.7 £9.07
Significance CO; Regression: p = 0.4533, Light: p =0.1539, CO, x Light: p =0.0807
Fresh mass of crowns/stems and petioles (g)
250 PPFD 38.5+13 56.9+ 12 55.4+175
500 PPFD 47.9+16.4 43.7+14.1 37.7+17.8
Significance CO; Regression: p = 0.5572, Light: p = 0.1390, CO- x Light: p = 0.0487
Cumulative number of flowers that grew throughout the experiment
250 PPFD 10+£4.29 12.8 £ 7.47 15+74
500 PPFD 12.6 +6.35 4.75+4.19 8+3.52
Significance CO; Regression: p = 0.7011, Light: p = 0.0163, CO- x Light: p = 0.0515
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Table 4: Daughter plant measurements, with means and standard deviations. Significance values

are given for the model with model effects of repetition, CO>, light intensity, and the interaction

between CO- and light intensity. No interactions between CO; and light were found. All analyses

have n = 6 except for CO2 500/light 500, where n = 5, and for CO 850/light 500, where n = 4.

Light Treatment

500 pmol mol™ CO:2 850 umol mol™ CO2

1200 pmol mol™* CO:

Total number of primary daughter plants per mother

250 PPFD 245+5.13 35.7+14.38 38.3+8.45

500 PPFD 29.2+6.91 37+4.97 35.7+153

Significance CO; Regression: p = 0.0331, Light: p = 0.7804, CO- x Light: p = 0.3533
Total number of secondary daughter plants per mother

250 PPFD 26.8+9.62 34.5+8.98 36 £ 8.83

500 PPFD 30.6 +7.64 39.5+15.9 457+11.1

Significance CO; Regression: p = 0.0077, Light: p = 0.0629, CO- x Light: p = 0.5445
Total number of tertiary daughter plants per mother

250 PPFD 1+1.1 3+2.28 3.5+4.28

500 PPFD 7.2+£5.72 45+£3.7 75+6.16

Significance CO; Regression: p = 0.3958, Light: p = 0.0123, CO; x Light: p =0.5910
Total fresh mass of all daughters per mother

250 PPFD 99.9+45.38 106 £ 46.1 126 £29.9

500 PPFD 140 £45.9 139+ 75.8 154 £ 28.5

Significance CO; Regression: p = 0.2506, Light: p =0.0031, CO; x Light: p = 0.4856
Total fresh mass of all primary daughters per mother

250 PPFD 69.5 £ 30.1 72.4+329 85.2+22.3

500 PPFD 92.1+47.2 94.7+44.3 93.5+28.2

Significance CO; Regression: p = 0.6041, Light: p =0.0256, CO, x Light: p =0.3322
Total fresh mass of all secondary daughters per mother

250 PPFD 29.8+16.9 31.5+14.7 374+9

500 PPFD 41.4+6.71 41 +£29.2 55.3+10.2

Significance CO; Regression: p = 0.0821, Light: p =0.0038, CO, x Light: p =0.6729
Total fresh mass of all tertiary daughters per mother

250 PPFD 0.603 +0.679 2.22+1.99 3.65+4.65

500 PPFD 6.49 + 5.96 3.27 £3.02 524+ 4.14

Significance CO; Regression: p = 0.5392, Light: p = 0.0366, CO, x Light: p =0.2074
Total dry mass of all primary daughters per mother

250 PPFD 11.2+£3.64 12.7 £ 4,93 144 £ 351

500 PPFD 19.6 +11.2 199+74 189+6

Significance CO; Regression: p = 0.7287, Light: p = 0.0003, CO- x Light: p =0.2343
Total dry mass of all secondary daughters per mother

250 PPFD 4.39+233 5.19+2.07 5.67+1.38

500 PPFD 7.68 £ 0.976 7.32+4.39 9.79 + 2.56
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Table 4 (continued)

Significance CO; Regression: p = 0.0784, Light: p = 0.0001, CO, x Light: p =0.7385
Total dry mass of all tertiary daughters per mother

250 PPFD 0.0846 + 0.0945 0.315+0.228 0.528 £ 0.674

500 PPFD 4.38+7.05 0.558 + 0.498 0.91+0.704

Significance CO; Regression: p = 0.2296, Light: p = 0.0949, CO; x Light: p =0.1185
Total leaf number of all primary daughters per mother

250 PPFD 75.8+225 945+ 40.7 108 £ 30.6

500 PPFD 92 +32.3 108 £ 23.3 101+445

Significance CO; Regression: p = 0.163, Light: p = 0.440, CO; x Light: p =0.297
Total leaf number of all secondary daughters per mother

250 PPFD 71+32.6 80.8 £ 25 87.8+215

500 PPFD 79.8+15.9 925+45.38 110+ 27.2

Significance CO; Regression: p = 0.0410, Light: p =0.0642, CO, x Light: p =0.6165
Total leaf number of all tertiary daughters per mother

250 PPFD 2.17+248 6.83 +5.23 7.83+8.08

500 PPFD 16.8 £ 145 11.2£957 157+£123

Significance CO; Regression: p = 0.5322, Light: p = 0.0097, CO- x Light: p =0.4213
Total leaf area (cm?) of all primary daughters per mother

250 PPFD 1438 + 650 1479 + 568 1585 + 433

500 PPFD 2178 + 1321 2070 + 1039 1870 + 591

Significance CO; Regression: p = 0.5380, Light: p = 0.0061, CO, x Light: p =0.2271
Total leaf area (cm?) of all secondary daughters per mother

250 PPFD 611 + 334 631 + 245 661 + 118

500 PPFD 1008 + 121 832 + 618 1137 + 280

Significance CO; Regression: p = 0.5136, Light: p = 0.0003, CO- x Light: p = 0.8246
Total leaf area (cm?) of all tertiary daughters per mother

250 PPFD 11.3+13.1 25.7+41.7 59.1+73.3

500 PPFD 159 + 153 73.3+71.2 112+ 94

Significance CO; Regression: p = 0.935, Light: p = 0.014, CO, x Light: p =0.215
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Table 5: Stolon measurements, with means and standard deviations. Significance values are
given for the model with model effects of repetition, CO,, light intensity, and the interaction
between CO- and light intensity. No interactions between CO2 and light were found for the
parameters where no interaction is listed. All analyses have n = 6 except for CO2 500/light 500,

where n =5, and for CO 850/light 500, where n = 4.

Light Treatment 500 umol mol~* CO:z 850 umol mol™*CO2 1200 pmol mol~t CO:z

Number of stolons per mother plant

250 PPFD 11 £5.87 1531761 15.8+£4.49

500 PPFD 11.6£351 155+6.24 15.3+6.77

Significance CO; Regression: p = 0.0321, Light: p = 0.6756, CO- x Light: p = 0.4569
Number of secondary stolons per mother plant

250 PPFD 9+1.26 13+£5.73 13.7+5.96

500 PPFD 13.2+£581 16.8+7.14 14.8+4.79

Significance CO; Regression: p = 0.0262, Light: p = 0.0868, CO- x Light: p = 0.4927
Number of tertiary stolons per mother plant

250 PPFD 0.5+£0.548 167+£121 1.33+£1.37

500 PPFD 3.2+1.92 2.25+1.89 3.67+£3.44

Significance CO; Regression: p = 0.3720, Light: p = 0.0096, CO- x Light: p = 0.9039
Length of longest stolon (cm)

250 PPFD 155+18.5 180 £ 22.8 165+ 354

500 PPFD 158 + 34 174 £ 26.6 179 £29.2

Significance CO; Regression: p = 0.192, Light: p = 0.786, CO- x Light: p =0.640
Stolon fresh mass (g)

250 PPFD 40.4 £6.95 59.3+33.2 89.3+135

500 PPFD 78.1+14.2 73.4+13.2 85.8 £ 3.53

Significance CO; Regression: p = 0.0029, Light: p =0.0324, CO, x Light: p =0.0224
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Table 6, Supplemental: This table shows the nutrient analysis measurements from the NCSU

Phytotron solution.

Nutrient Name Formula mg L!
Nitrate nitrogen NO3 4.60
Ammonium nitrogen NH4 79.2
Phosphorus P 7.78
Potassium K 121
Calcium Ca 45.7
Magnesium Mg 9.54
Sulfur S 11.2
Chlorine Cl 0.83
Iron (chelated) Fe 3.56
Boron B 0.19
Manganese Mn 0.05
Copper Cu 0.09
Zinc Zn 0.21
Sodium Na 11.0
Aluminum Al 0.00
Hardness CaCOs3 153

SAR unitless 0.39
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CHAPTER 2
Rooting Efficacy of Different Size Strawberry (Fragaria xananassa cv. Monterey)

Daughter Plants in a Controlled Environment
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Abstract

Strawberry propagation relies on the asexual production of daughter plants from mother
plants. It has been recently demonstrated that controlled environment techniques can yield up to
100 daughter plants per mother in 9 weeks. However, these daughter plants are of different sizes,
and it is unclear whether the smallest daughter plants are capable of rooting and growing to an
adequate size for commercialization. The objective of this study was to compare the rooting
success rate of strawberry (Fragaria Xananassa Duch., ‘cv. Monterey) daughter plants,
categorized as large (L), medium (M), small (SM), or very small (VSM). The categories were
based on their number of root nodules (L, 22-54; M, 14-20; SM, 7-12; VSM, 1-6) and crown
diameter (3.5-6.7 or 6.7-13.3 mm) at planting. All daughters were transplanted into a completely
enclosed growth chamber and conditions were maintained at setpoints of 25 °C, 80 pmol m2s™!
photosynthetic photon flux density, and >90% relative humidity, with a 18-hour photoperiod, for
28 days. At 14 days after transplant, 100% of the evaluated daughters had successfully developed
roots. When all daughters were destructively harvested, 98% of them had well-developed roots.
Furthermore, the relative growth rate during the rooting process decreased with the increase of
initial plant size—smaller daughter plants had higher relative growth rate during the 28-day
rooting period. This research shows that daughter plants of all sizes can be rooted successfully in
controlled environment rooting chamber, allowing nurseries to use all plants produced by the
stolon including small daughter plants sizes as low as 0.883 + 0.515 g fresh mass, 4.75 + 0.797

mm crown diameter.

52



Introduction

Conventional strawberry (Fragaria xananassa) propagation is a multi-year, multi-step
process, currently facing several challenges including labor cost and availability, fumigation
constraints and regulations, and the risk of disease. In addition to these challenges, a limiting
factor for efficiency is the production of daughter plants of adequate size and quality. Strawberry
mother plants produce long stolons with many daughter plants, where daughters develop young
leaves and small root buds called “peg roots” (Xu and Hernandez 2020, Shi et al. 2021). In
conventional strawberry nurseries, these daughter plants are allowed to develop roots in the field
and are later dug up and sold with the roots attached, called “bare root” plants. This method is
the most common strawberry propagation method in the United States, however bare-root
propagation has many challenges (Hoffmann 2020). These open-field nurseries are at high risk of
disease transmission, they require annual fumigation, and they need regular maintenance (such as
flower pruning and irrigation management) throughout the season (Poling 2008, Maas 2012,
Hoffmann 2020, Holmes 2024). Furthermore, it takes years to propagate enough strawberry
plants to sell. In California alone, the nursery system produces 1.5 billion plants annually
(Holmes 2024). This high number of plants demanded by fruit growers takes three to five years
to produce, and therefore the costs of this propagation system are compounded by time. Due to
these mounting challenges, nurseries are seeking additional methods for propagating strawberry
daughter plants.

Using controlled environment (CE) systems to propagate strawberries has potential to
mitigate some of the abovementioned challenges. Controlled environment systems have several
benefits, including control of the environmental conditions and reduction of pathogens. Research

in CE using day neutral ‘Albion’ showed that mother plants can produce up to 56-100 daughters
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in 63 days (Shi et al 2021). In greenhouse experiments using other cultivars, mother plants have
been reported to produce up to 84 daughter plants (Bish et al, 2001).

There are many questions open about CE strawberry propagation, especially in one key
area: we don’t know how many of these daughter plants are usable for rooting and sale. In
greenhouses and CE systems daughter plants are grown vertically and they develop a range of
daughter plant sizes, becoming progressively smaller the farther they are from the mother plant.
For example, Hokanson and Takeda 2001 weighed ‘Chandler’ daughters from different positions
on the stolon and found that the first-position daughters (closest to the mothers) weighed 672
grams per 100 daughters, compared to the fifth-position daughters which weighed less than 100
grams per 100 daughters. In addition to fresh mass, these daughters typically differ in their leaf
number, leaf area, and other size metrics, such as crown diameter. Xu and Hernandez 2020
classified the different daughter plant sizes based on crown diameter and showed that <10% of
daughter plants were in the large or extra-large categories, about 60% to 66% of daughter plants
were small and medium categories, and 20% to 26% were in the “premature bud” category.
Additionally, Shi et al. 2021 described the relative size of daughter plants by calculating the
percentage of plants in the lower 25%, middle 50%, or upper 25% for metrics like crown
diameter, leaf number, number of roots, and dry weight, and used these metrics to compare
between treatments of harvest interval (7-day, 21-day, and 63-day treatments).

Limited research on daughter plant size has already been conducted, but these studies
vary in scope and results. Some reports (Takeda and Newell 2007, Hokanson and Takeda 2002,
E. Bish et al. 1996) have concluded that smaller daughter plants could have a similar rooting
success rate to ‘standard’ sized plug plants. For instance, Hokanson and Takeda 2002

categorized daughter plant size by fresh mass, transplanted them into plasticulture beds, and

54



found that plug plants greater than 1 gram in size had a 96% rate of successful rooting in two
weeks, and that 1-gram daughters had an 87% rate. Takeda and Newell 2007 concluded that
daughters greater than 1 gram in size were suitable for plasticulture. Kozai et al. 2019 also found
that young daughters on recently developed stolons, with only one unfolded bract (small leaflike
structure) could develop root systems in controlled environment conditions. This research
indicates that daughters seem to have a similar rate of successful rooting, regardless of initial
size.

Research has shown that younger leaves have higher net photosynthetic and growth rates
compared to older leaves (Bielczynski et al. 2017). Therefore, it is plausible that smaller
daughter plants (with younger leaves) will exhibit a higher relative growth rate during the rooting
process than larger daughter plants under the same conditions. The objective of this experiment
is to evaluate the rooting capability of various sizes of strawberry (‘Monterey’) daughter plants.
Additionally, we aim to determine whether daughter plant size affects their growth and
development during rooting. The two hypotheses are: 1) All daughter plants will have the
capability to root, regardless of size. 2) Smaller daughter plants will exhibit an increased relative
growth rate during rooting.

Materials and Methods
Mother Plant Conditions

‘Monterey’ was selected for this study due to its widespread popularity with fruit growers
(Holmes 2024) and the fact that it is a long-day cultivar and produces flowers in propagation
fields. As a long day cultivar, it produces flowers/fruits at the same time as it produces daughter
plants, and the practice of removing flowers to promote stolon development is costly for

conventional nurseries (Hoffmann 2020, Shi, et al 2021).
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The original stock plants were sourced from Lassen Canyon Nursery (Macdoel, CA) and
grown at North Carolina State University in a heated plastic hoop house from October 11, 2021,
to March 2022. These stock plants had no visible pests, diseases, or deficiencies by the time they
started producing stolons and daughter plants in mid-February (Figure 14A). Stolon and daughter
plant development was tracked for two weeks prior to daughter plant harvest, and on March 8th,

2022, daughters were harvested from stock plants.

Experiment Initiation

On the day of experiment initiation, stolons were harvested from the stock mother plants
and data was collected (Figure 14B), and each daughter was planted. One of these measurements
was “position”, indicating the position of the daughter plant on the stolon, relative to the other
daughters on the stolon. Morphological data was collected (see Table 7), including crown
diameter (mm) and number of visible peg roots, where any round bump-like protrusion on the
crown was considered a peg root, regardless of its color or length. All peg roots did not exceed 5
mm. Number of leaves longer than 1 cm and length of the longest leaf (including petiole) were
measured. SPAD chlorophyll content (Model SPAD-502; Spectrum Technologies, Plainfield, IL,
USA) was measured from the apical leaflet of the largest leaf on each daughter plant. After
measurement, daughters were cut from their stolons (with 1 cm of stolon still attached to each
daughter plant) and were weighed with an electronic scale for fresh mass (g) (Ohaus
Corporation, Pine Brook, New Jersey, USA). Based on these measurements, 48 daughters were
selected for this trial, and were organized into four treatment categories: large (L), medium (M),
small (SM), and very small (VSM). This trial was not replicated in time. Treatments were

separated by root number and crown diameter, where L had 22-54 roots and 6.7-13.3 mm crown
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diameter, M had 14-20 roots and 6.7-13.3 mm crown diameter, SM had 7-12 roots and 3.5-6.7
mm crown diameter, and VSM had 1-6 roots and 3.5-6.7 mm crown diameter.

Daughters were planted into 50-cell seedling trays with 70-mL wells (Figure 13). These
seedling trays were prepared for the experiment to allow for easy access to the roots: Each well
had a single cut down one side, and the cut was taped closed. This cut made it easy for
researchers to periodically remove the tape and gently open the well, for non-destructive root
assessment throughout the experiment. After assessment, the well was taped shut again and
returned to its original position within the growth chamber. Substrate was composed of 50%
coconut coir, 50% perlite by volume, and daughters were planted with peg roots about 5 mm

below the substrate surface.

Experiment Conditions

Four daughter plants were spaced evenly in the center of each seedling tray, to avoid
shading, with one daughter plant of each treatment per tray. A total of 12 trays were used (12
repetitions), and all trays were placed within the same growth chamber. Each tray was placed
under its own tunable light emitting diode (LED) fixture (325 Pro HV LED; LumiGrow,
Emeryville, CA, USA), and all fixtures were set to provide 80 umol m2s™! at leaf level, with an
18-hour photoperiod. Between the light fixtures and the plants there was a transparent acrylic
sheet to minimize temperature effects. To ensure all daughter plants within each tray received
approximately the same intensity of light (Table 8), individual wells were raised to the height of
the tallest plant in each tray. For example, if the tallest plant within the tray was 5 cm taller than
the smallest plant, the smallest plant was raised by 5 centimeters. As these plants grew taller,

plant height was manually adjusted.
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The chamber was maintained at setpoints of 24 °C and 99% relative humidity until day
26, when the relative humidity setpoint was lowered to 90%. The humidity setpoint was lowered
once transplants were able to take up adequate water through their roots. These environmental
conditions were controlled with a CR1000 data logger (CR1000; Campbell Scientific Inc.,
Logan, UT, USA), and high humidity was maintained with deionized water and ultrasonic
foggers.

Starting six days after the experiment was initiated, every other day daughters were
watered with nutrient solution containing 49.5mg L' N, 23.2mg L' P, 726 mg L' K, 101 mg
L' Ca, 29.6 mgL'Mg,57.2mg LS, 53.4mg L Cl, and micronutrients (Table 11). The
plants were removed one by one for watering. Using a 10 mL plastic dosing syringe, we applied
a known volume of water to the substrate of each plant. Five minutes after watering leachate was
collected, but if no leachate was observed, plants were given another dose of water. This process
was repeated until leachate began dripping from the bottom of the seedling well.

Fourteen days after the experiment was initiated, 50% of the daughters were evaluated for
daughter plant height and for whether any roots developed (yes/no binary rating). The daughters
chosen for this evaluation were from the reps on one half of the growth chamber (trays 1, 2, 3, 7,
8, and 9). Root assessment involved removing one seedling tray well and gently opening it from
the split side (Figure 14D). This gentle method allowed us to see if roots were touching the wall

of each seedling tray well, while also minimizing disruption of roots during root assessment.

Destructive Measurements
At 28 days after experiment initiation, final harvest data was collected, and daughters

were destructively harvested. These measurements included shoot height (mm), number of
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leaves larger than 1 cm, length of longest leaf, crown diameter (averaged from two
measurements), and SPAD chlorophyll contents (averaged from two measurements) measured
from both the oldest and youngest leaves. We gently pulled the plants and their roots and
substrate from the seedling trays, and roots were visually evaluated using a rating scale from 1-3,
where 1 denoted plants which grew some roots, but those roots were not holding the substrate
together, 2 denoted plants which grew enough roots throughout the substrate to hold the mass of
substrate together in a single clump, and 3 denoted plants which grew vigorous roots, which
layered upon each other in the substrate (Figure 16). For all the plants, the substrate was washed
away, root length (cm) was measured, and root and shoot fresh mass (g) were measured
separately. We took pictures of each treatment block for later comparison. Root and shoot tissue
of each daughter plant were separately placed in paper bags and left in a drying oven (VWR-
1685; Avantor Inc. PA, USA) for three days, before being weighed using an electric scale

(MS104TS; Mettler Toledo, Greifensee, CH).

Statistical Analyses

All statistical analyses were conducted using R version 4.2.1 (R Core Team 2021). The
data comprised four treatments with twelve repetitions each, however, the final measurements
excluded three plants: the two that died during the experiment, and the one that did not produce
any roots. Data was cleaned and prepared using the tidyverse package (Wickham et al. 2019).

To check for normality, linear regression models were fitted with the Im() function in
base R, with various combinations of dependent and independent variables. Residual plots were
generated to assess the goodness-of-fit, and these plots seemed to confirm the assumption of

normality (R Core Team 2021).
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To evaluate the assumption of homogeneity of variances across different treatment
groups, both Levene’s Test and Bartlett’s Test were used, with functions leveneTest() from the
car package and bartlett.test() from base R (Fox and Weisberg 2019, R Core Team 2021). We
evaluated the significance of the results, where the significance level was set at a = 0.05.
Numerous variables were statistically significant in one or both tests, indicating that the
assumption of homogeneity of variances was not met for multiple variables (including initial root
number, root and shoot dry mass, and others). A logarithmic transformation was applied to these
variables using the log() function from base R, and the normality and homogeneity tests were
repeated on the transformed variables. Many of these log transformed variables still generated
significant values, indicating that even after transformation there remained statistically
significant differences in the variances between treatment groups.

Therefore, to accommodate the limitations of our dataset, we applied the Welch’s
ANOVA test using base R function: oneway.test(variablename ~ treatment, data = dataset,
var.equal = FALSE) (R Core Team 2021). This test is generally recommended as an alternative
to Classic ANOVA when the dataset does not assume homogeneity of variances. We set the
significance level at o = 0.05.

In our analysis of relative growth rate data, we also applied a linear model using the base
R function Im(), with the only model effect being the variable of interest, listed on the x-axis of
the pertinent plots (R Core Team 2021). Treatment was not used as a model effect for these
linear models.

To compare overall rates of rooting, survival, and success, we created contingency tables

for each of these metrics, then applied Fisher’s Exact Test. This test was used to detect if there
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are statistically significant differences in rooting, survival, and success between treatments. To

perform this test we used the function fisher.test() from base R (R Core Team 2021).

Results and Discussion

As shown in Table 9, the survival rate was 100% in all treatments except the large
treatment, where two plants died. This could be due to desiccation as a result of too much
transpiration—the large plants started out with more leaves and greater leaf area, which likely
caused their whole-plant transpiration rate to be greater than the other treatments. It is possible
that even in this high humidity environment they were unable to retain adequate water for
survival, however this is unlikely because the VPD was calculated as 0.02 + 0.06 kPa. This could
also be an issue resulting from their morphology—in our previous preliminary work, we found
that large daughter plants tended to stick poorly in substrate, where their large leaves make them
more likely to tip over during transport/handling of the tray, causing them to have poor crown-to-
substrate contact. This is due to the heavy weight of the leaves, causing the plant to shift after
transplant, even when handled gently.

Between all treatments the rooting rate was also greater than expected, where 100% of
the surviving plants rooted, except for one plant in the very small treatment. Although this plant
survived and seemed visually healthy for the full duration of the 28-day experiment, it did not
develop any roots longer than 5 mm. The success rate combined the survival rate and rooting rate
into one “success” value, and these results indicate that the medium and small treatments may
have a greater overall success rate compared to the large and very small treatments. However,

when we applied the Fisher’s Exact test to detect significant differences between treatments, we
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found that the significance of survival, rooting, and success rate was not significant. whether this
effect might be significant when greater sample sizes are used.

Table 9: Survival rate is the number of plants per treatment by the end of the 28-day
experiment. Rooting rate indicates the number of plants that produced roots longer than 5 mm by
the end of the 28 days. Success rate combines both survival rate and rooting rate into a single
value, where “success” is granted to any plant that has produced roots longer than 5 mm and that

has not died.

Root Growth

Root development was measured in three ways: by a binary “rooting success” metric, by
visual root rating, and by quantitative measurement. We expected that the most roots would
develop in the largest treatment, and that the fewest roots (or no roots) would develop in the very
small treatment. We found that in general, larger plants developed more roots than smaller

plants, but smaller plants had much more rooting success and overall root mass than expected.

Rooting Rate

“Rooting rate” was a binary measurement of whether the plants developed any roots
longer than 5 mm. We expected some plants to develop no roots, but almost 100% of surviving
plants developed roots that proliferated through the soil volume. Even the smallest daughter
plants developed several inches of roots that extended through the substrate, far surpassing the 5
mm threshold we initially specified. This rooting rate of 45/46 (or 97.83% between all

treatments) was far greater than expected from previous preliminary experiments. This
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experiment maintained higher relative humidity than our preliminary work, and we believe that

is why rooting success rate was so high. Rooting success is described in Table 9.

Visual Assessment: Root Rating

The visual root rating indicated how thoroughly the roots had proliferated through the
substrate, from what was visible on the surface of the “root ball”. Examples of each rating are
shown in Figure 16, and the distribution of plants from each treatment assigned to each rating are
shown in Figure 17. As illustrated in Figure 17, plants with very strong root development (rating
3) tended to be large and medium plants, and very small plants tended to have roots that were
more loosely holding the substrate (rating 1).

Although root rating is a visual categorical metric, we can also average these ratings to
indicate what the ‘average’ root rating of each treatment was (Figure 15). The average root rating
measurements were almost evenly spaced between treatments: large (2.5), medium (2.33), small
(1.88), and very small (1.27).

These root rating results indicate that plants which started at a large or medium size filled
their root zone with roots more quickly than the small and very small plants and were possibly
ready to be transplanted into larger pots or trays sooner than the small and very small plants. This
is also consistent with E. Bish et al. 1996, who found that daughters at a later developmental
stage (i.e. plants that were initially larger) were ready to be transplanted sooner. Plants with root
rating of 2-3 are considered salable (pers comm. Hoffman); therefore, plants which are large,
medium, or small may be salable within 28 days of transplant, and that very small plants may

need slightly more time to establish a stronger root ball before they can be sold.
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Quantitative Root Measurements

The quantitative measurements of root development included length of longest root (cm),
fresh biomass of roots (belowground biomass, g), dry biomass of roots (g), and the percent of
plant fresh mass that was allocated to the roots (belowground biomass, %).

The root dry mass was significantly different between treatments (p = 0.0009) and was
greatest for the large and medium treatments, compared to the small and very small treatments.
This trend was also similar for the fresh mass (p = 0.0011), where the fresh mass of the large and
medium treatments (2.14 and 1.92 g) seemed greater than the fresh mass of the small and very
small treatments (0.69 and 0.53 g). The percentage of the plant mass that is made up of the roots
(belowground biomass, %) is also significantly different (p = 0.0183). As shown in Table 10, the
total biomass is made up of a greater percentage of roots for the large (21%) and medium (19%)
treatments than for the small (16%) and very small (13%) treatments.

Although Welch’s ANOVA only tests for differences between group means and does not
indicate the nature of these differences, we observe that generally the medium and large
treatments seem to have significantly more root development than the small and very small
treatments. This indicates that root development is significantly impacted by initial crown
diameter and fresh mass. This could be explained in part by stored carbohydrates, where plants
with larger crown diameters have a larger crown mass overall, which will provide a larger store

of energy for the daughter plants to allocate to root development.

Overall Growth
We hypothesized that growth rate would vary between daughter plants of different initial

size. Generally, the larger two treatments (large and medium) remained larger than the small and
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very small treatments at the end of the 28-day growth period (Table 10). The large and medium
treatments produced similar results for final shoot height, leaf number, and other final
measurements, despite having significantly different fresh mass and leaf number at the start of
the experiment. For the smaller treatments, a greater proportion of the mass was made up by the
shoots, and a lesser proportion was made up by the roots. We calculated the percentage of the
plant fresh mass that was made up of the aboveground portion of the plant, there were significant
treatment differences (p = 0.0183) (Table 10). We also recorded the position of the daughter on
the stolon, and whether the daughter came from the primary stolon or from a branched stolon
coming off the primary stolon. In theory, position could affect the photoassimilates the daughter
received from the mother, and thus the long-term performance of daughters, however we saw no
effect of position on growth or size by the end of the 28-day rooting period. However, the
relative growth rate of fresh mass decreased with the increase of the plant’s initial size (initial

plant fresh mass and initial crown diameter) (Figure 18).

Application in Industry

The key finding of this research was that most daughter plants are able to root, even the
very small daughter plants. However, even though most daughter plants can root successfully,
categorizing them and growing them separately based on these categories is probably ideal to
prevent the large plants from shading the smaller plants. In industry applications, two categories
are probably enough to adequately separate large and small daughters. This is the current
standard practice in Europe, where daughters are split into two categories based on size (per
comm. Hoffmann 2024). We recommend that industry members select daughter plant categories

based on a metric that is easy and quick to measure, like leaf number or fresh mass. For example,
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there is no need to measure crown diameter because it takes much more time and effort, and our
correlation analysis showed that it is not a better predictor of daughter plant growth than the
other metrics (data not shown).

This finding could broaden the scope of which daughter plants are salable. Production of
daughter plants is somewhat dependent on cultivar, but also dependent on how the grower
defines the minimum size for sale. In personal communications with growers, the authors learned
that different growers use different methods to decide which plants are salable, including by
looking at the number of roots and the overall fresh mass of the daughter plant. However, this
research indicates that almost all daughter plants (93.75%) may survive and produce roots and
may be sold after rooting for only ~30 days. Furthermore, when mother plants are grown in a
greenhouse or controlled environment, they tend to produce a greater number of daughter plants
than in the field (Bish, et al, 2001; Shi, et al 2021). Based on previous research that demonstrated
mother plants can grow 56-100 daughter plants, if we assume that 93.75% of those daughter
plants were salable, this would be an improvement over the field production by as little as 87%
(30 vs 56) to as much as 900% (10 vs 100). This increase in mother plant efficiency indicates
that controlled environments may be a more efficient approach for strawberry propagation,
compared to conventional field methods.

As shown in Figure 7, even after rooting there is a difference in the size of the plug
plants—therefore we must discuss how the size of the plug plants affects ultimate fruit
production. To do this, we must separately discuss early yield (produced in late winter and early
spring) separately from late yield (produced in late spring through fall).

Rice (1986) suggests that early yield is highly dependent on the number of flowers which

have initiated prior to planting, where fruit weight may be more dependent on the carbohydrates
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stored in the plant. According to this theory, we may expect larger plug plants to have greater
early yields. This is consistent with data reported by Bish (1996), who found that larger plugs
had increased early production, and theorized that this was due to larger plug plants having more
carbohydrate reserves. Takeda (2001) also found that although the size of small daughters (1
compared to 5 g) had no effect on the initial bloom date or crown development, the larger
daughters produced slightly more fruit early. However, this early fruiting effect seems cultivar
dependent. Rice (1986) found that larger initial plant size correlated positively with early yield of
the early cultivar ‘Cruz’, but not early yield of the late-season cultivar ‘Sequoia’. In the same
study, the somewhat-early cultivar ‘Douglas’ had a greater number of fruits from plants of larger
daughters, however smaller plants produced larger berries, and initial plant size did not correlate
with total fruit weight. This result with ‘Douglas’ indicates that initial tip size affected flower
number but did not affect the plant’s ability to yield fruit biomass. Overall, these findings from
Bish (1996), Takeda (2001), and ‘Cruz’ in Rice (1986) indicate that initial plant size affects early
season fruit yield, but the findings from ‘Douglas’ and ‘Sequoia’ in Rice (1986) suggest that this
effect is highly cultivar dependent.

In the same publication, Rice (1986) also theorized that late yield is most dependent on
the photosynthetic capacity and growth rate of the plant, which seems to be uniform despite
initial size differences. Rice (1986) found that late yield was unaffected for all initial sizes
regardless of cultivar, between ‘Cruz’, ‘Douglas’, and ‘Sequoia’. Bish (2001) also found that size
differences between strawberry plants at transplanting did not affect yields of ‘Sweet Charlie’.
And, as previously described, ‘Douglas’ produced the same fruit mass regardless of initial size,
even though the initially smaller plants produced fewer fruits. Overall, it seems that regardless of

cultivar, late-season fruit mass is not affected by initial tip size. In several cultivars, it seems that
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propagating small daughters may not affect overall yield, and therefore smaller cuttings are a

viable option for growers that use these cultivars.

Economics

Overall, propagating and rooting strawberry plants in protected environments like
greenhouses and controlled environments will introduce additional costs. However, one of the
biggest limiting factors for strawberry nurseries is the number of daughter plants produced per
mother, and protected environment propagation has the potential to double or triple the number
of daughter plants that could be produced by a single mother plant. It takes 3 to 5 years for
conventional nurseries to produce enough daughter plants for fruit growers. However, this
method could greatly reduce the time required, by increasing the efficiency of rooted plug plants

that can be produced by one mother plant.

Conclusion

Conventional open-field strawberry propagation has many risks and costs, but recent
research indicates that controlled environments (greenhouse or controlled environment systems)
could help reduce these challenges. The research presented above indicates that most daughters,
even very small daughters, can be rooted successfully as tray plants. The implication of this
finding is that mother plants grown in controlled environments could be 2 to 4 times more
productive than they are in conventional field systems, where controlled environments can yield
as many as 100 daughter plants, compared to the 10 to 30 daughters per mother produced in the

field. Future work must continue to investigate the economics of sheltered environment
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strawberry propagation. Future work also must be done to determine methods which prepare

strawberry plug plants to be transplanted into the field, such as vernalization techniques.
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Figure 13: Chamber layout, showing door placement and water vapor blower placement relative

to all trays.
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Figure 14: The progression of the experiment, in sequential order from A to H. Part A: Daughter
plants growing in the greenhouse. Part B: Initial evaluation of daughter plant size and assignment
of treatments. Part C: Plants placed into the chamber. Part D: On day 14, plants were evaluated
for presence of roots. Part E: On day 22, photosynthetic measurements were taken on a sample of
plants (data not shown). Part F: Plants were evaluated for root development and nondestructive
measurements. Part G: Roots were washed, additional pictures were taken, and plants were
destructively harvested. Part H: Leaf scans were collected so that leaf area may be evaluated in

the future, after harvest by image processing with ImageJ software.
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Figure 15: Average root rating on day 28, plotted by treatment. These values are unitless mean

values based on the visual root rating assessment.

Figure 16: Examples of each root rating, where 1 denoted plants which grew some roots, but
those roots were not holding the substrate together, 2 denoted plants which grew enough roots
throughout the substrate to hold the mass of substrate together in a single clump, and 3 denoted

plants which grew vigorous roots, which layered upon each other in the substrate.
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Figure 17: Sankey plot demonstrating the distribution of plants from each treatment varied at day

28 when root rating (1 to 3) was evaluated.
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Figure 18: Relative growth rate, plotted against initial fresh mass and crown diameter. These

plots show how relative growth rate at day 28 can be extrapolated from the fresh mass before

transplant.
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Figure 19: An example image of all the plants from one tray, showing a clear difference in root
mass between treatments. This picture was taken after the roots were washed, but before the
destructive measurements were collected. The white square in the upper left corner is a 1 cm size
reference. This image was edited only to remove dust from the black background, the plants

themselves were not manipulated to create this image.
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Table 7: Initial size measurements, collected on the day of experiment initiation. The sample size

for each treatment is n = 12.

Dependent Variable Large Medium Small Very Small
Root Number 33.6 =103 169 + 227 9.08 +2.11 3.17 £ 1.59
Leaf Number 3.58 £ 0.67 3.08 £ 0.67 2.17 £ 0.58 1.83 £ 0.39
Length of longest leaf (cm) 13.5 £ 1.44 9.88 £ 243 6.19 £ 1.54 3.71 £ 1.40
Fresh Mass (g) 6.35 +2.17 3.13 + 1.81 151 +0.72 0.88 + 0.51
Crown Diameter (mm) 936 = 1.11 74 =087 575084 4.75 =080
SPAD (unitless) 36.9 &£ 3.78 36.50 £ 3.82 33.7 =294 30.6 &= 5.35
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Table 8: Measured values (average +/- SD) for environmental conditions.

Measurement Value
Temperature (°C) 242 +1.30
CO; Concentration (umol mol ™) 470+ 73.0

Relative Humidity (%) for the first 26 days
Relative Humidity (%) for the last 2 days
Photoperiod (hours)

Light intensity (umol m2s™!)

Light spectrum (%)

Light spectrum (umol m2s™!)

pH

EC (uS cm™)

99.3+2.27%

90.4 + 4.79%

18

80.4 +0.95

70.0 £ 1.03 red, 30.0 + 1.03 blue
56.2 +£0.97 red, 24.1 £ 0.92 blue
58+0.5

20+04
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Table 9: Survival rate is the number of plants per treatment by the end of the 28-day experiment.
Rooting rate indicates the number of plants that produced roots longer than 5 mm by the end of
the 28 days. Success rate combines both survival rate and rooting rate into a single value, where

“success” is granted to any plant that has produced roots longer than 5 mm and that has not died.

Treatment | Survival Rate Rooting Rate Success Rate

Large 10/12 83.3% | 10/10 100% | 10/12 83.3%
Medium 12/12 100% 12/12 100% | 12/12 100%
Small 12/12  100% 12/12  100% 12/12  100%
Very Small | 12/12 100% 11/12 91.7% 11/12 91.7%
Significance ‘ P = 0.2340 P = 1.0000 P = 0.6004
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Table 10: Final measurements collected on day 28 from the surviving daughter plants, excluding

the two dead plants and the unrooted plant. Therefore, the sample size for each treatment is n =

12, except for the large (L) treatment where n = 10, and the very small (VSM) treatment where n

11.

Dependent Variable Large Medium Small Very Small Significance
Shoot Height (mm) 108 £13.6 105 £25.2 927 £17.5 86.8 + 30.0 = 0.0707
Total Number of Leaves 5.00 £ 1.05 517+ 1.19 442+ 0.52 4.09 £+ 0.94 p = 0.0784
Length of Longest Leaf (mm) 129 + 149 134 +£ 183 113 + 194 101 + 24.0 = 0.0038
Average Crown Diameter (mm) 9.73 £ 1.80 9.44 +2.02 7.78 £ 0.775 6.99 + 1.65 = 0.0033
Average SPAD of Old Leaves 36.5 £ 3.95 357 +£267 345276 327+210 p=0.0188
Average SPAD of Young Leaves 24.3 + 4.18 284 + 458 2524+ 4.06 22.8 + 2091 = 0.0186
Average SPAD 304 £ 281 321 +283 298 +220 27.7+205 p=0.0036
Length of Longest Root (cm) 1.8+ 1.5 109+160 1234+191 11441656 p=0.3145
Aboveground Biomass (g) 7.50 £ 3.05 7.50 +£4.23 377 £ 081 287+1.71 = 0.0009
Belowground Biomass (g) 214 +£ 119 1924+ 124 069+ 0.19  0.53 £ 0.55 p = 0.0011
Total Biomass (g) 9.65 £ 422 942+ 536 446 £ 0.85 3.41 4+ 2.23 = 0.0009
Aboveground Biomass (%) 0.79 £ 0.05 0.81 £0.06 0.84+0.05 0.87 £ 0.06 = 0.0183
Belowground Biomass (%) 021 £0.05 0.19£0.06 0.16+0.05 0.13+0.06 p=0.0183
Shoot Dry Mass (g) 1.66 £ 0.69 1.68 £094 0.73+£0.14 0.57 £ 0.44 = 0.0005
Root Dry Mass (g) 0.35 £ 0.18 0.32+£0.20 013+0.03 0.09+0.09 p=0.0009
Total Dry Mass (g) 2.01 £ 0.87 201 +112 0.85+0.16 0.66 £+ 0.53 = 0.0005
Leaf Mass Ratio, LMR (kg/kg) 0.83 £ 0.03 0.85 £ 0.04 0.85 £ 0.03 0.87 £ 0.04 =0.14
Percent Dry Mass 0.21 £0.03 021 £0.03 0.19£0.01 0.19 £ 0.02 p = 0.057

78



Table 11, Supplemental: Nutrient solution test results from the North Carolina Department of

Agriculture.

Nutrient Name Formula mg L!
Nitrate nitrogen NO3 49.51
Phosphorus P 23.22
Potassium K 72.61
Calcium Ca 100.99
Magnesium Mg 29.58
Sulfur S 57.17
Chlorine Cl 53.35
Iron (chelated) Fe 10
Boron B 0.18
Manganese Mn 0.31
Copper Cu 0.25
Zinc Zn 0.17
Sodium Na 0.19
Molybdenum Mo 0.03
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