ABSTRACT

SHUR, BRANDAN ALEXANDER. The Characterization and Development of Soilless
Substrate Systems for Enhanced Mother Plant Production of Strawberries in a Precision Indoor
Propagation (PIPEnvironmentUnder the direction of Brian Eugene Jackson).

As the derand for local produce, particularly fresh fruits like strawberries, continues to
rise, the imperative for yeaound production becomescieasingly evident. Controlled
environment soilless substrate systeaffers a potential solution to bridge this gap fulfill
consumer demand throughout the yeRespite advancementsaontrolled environment
systems, both traditional field and CEA growers encounter challenges in ensuring a consistent
supply of highquality plants to meet the rapidly escalating dedn&iven that strawberry
propagation is predominantly vegetative, the global strawberry industry requires a substantial
number of cloned plants, including bare roots and plugs, to fulfill geographical and seasonal
demand. However, the current field prop@masystem faces various issues, including decreased
plant quality after long storage, limited availability of planting material, and a high risk of
pathogen transmission from nurseries to production fields. Additional factors such as escalating
land andabor costs, environmental challenges, and the declining availability of soil fumigants
exacerbate these hurdlés.response, an alternative approach gaining momentum is the
transition toPrecision Indoor Propagation (PIgilless subsatebased systemsffering a
solutionthat mitigates soiborne pathogen pressures and potentially enhances overall
productivity. However, the development of soilless substrate systems for strawberry mother plant
production remains largely unexploréthis thesis investigates the influence of various wood
fiber products, aged pine bark, and perlite as potential amendments compared to a commercial
industry standard (50% perlite: 25% peat: 25% coconut coir) to reduce the reliance on peat moss

and coconutoir for strawberry mother plant production. Findings suggest that materials with



higher container capacity and lower air space levels increase daughter plant numbers. Wood
products energe as suitable alternativedditionally, the thesis examines the irghce of

container geometry (height and volume) and substrate air space by constructing containers out of
PVC pipe and evaluating two substrates (high and low air space). Results indicate that shorter
containers with a high air space substrate yield mauoglater plants, while taller containers

perform best with a low air space substrate. Increasing substrate volume from 2 to 3L in shorter
containers increases daughter plant numbers, whereas tall containers show Haastfgdhe

study evaluates varisglcommercially used containers and grow bags for the fruit industry and
models the hydrphysical properties of these with different substrates. Results underscore the
effect of container geometry on substrateveater profiles, necessitating different magement
approaches for the same substrate in different containers. This research contributes to the
improvement of soilless substrate systems to enhance production and deepen our understanding

of these systems.
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In the year 2000, Angela and Rarfslyur welcomed their first son, Brandan Alexander
Shur, in the small coastal community of Mattituck, New York. His parents operated an
agricultural irrigation and rare plant nursery business onacl®land neighboring the Long
| sl and S o u n scinatidh with iattiguttudesbeganaat his first steps; he explored his
fatherdéds greenhouses, assisted in potting pl a
in the garden. His childhood was rooted in this love for the outdoors and plants.
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near the Blue Ridge Mountains. Amidst peacocks, ducks, chickens, cats, and gogsilttiae
vibrant pink Victorian homeonaécr e pasturel and property. Her i
Georgiadb peach tree on the property became pi
tended to the tree while Brandan shadowed closely beimd hi Thi s tree spar ked
passion for fruit cultivation, leading to the expansion of an orchard housing nearly 2,000 peach
trees. Angela soon left retirement as well with her innovation that turned excess fruit into a
successful pienaking venture, edbdishing thriving businesses in downtown Mount Airy.

The orchard became Brandanodés classroom as
and sales within a frufiocused business. A comiuf-age moment arrived when Randy suffered
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involvement in the orchard. He worked long hours, earning the nickname as 'The Peach Kid' at
local farmers markets.

Graduating from Surry Early College School of Design in 2018 with afeeable

associate degree, Brandan, still unsure of his future endeavors, entered Surry Community



College's Viticulture and Enology program. While exploring vineyard management and
winemaking, his interest in research and fruit production grew. Knowitidgpdtaming a

winemaker was not the path for Brandan, he was advised by several instructors to continue with
his education and love for horticulture. This led him to North Carolina State University, pursuing
his bachelor's degree in Horticultural Productgystems and receiving a full ride scholarship
through the Goodnight Scholars Transfer Program scholarship. This program allowed him to
travel to several states across the country, islands, and several countries, all while learning more
about horticultur@long the way.

Despite pandemic disruptions, Brandan chose to seize opportunities and attempt to stand
out in a newfound virtual education, reaching out to professors and finding mentorship with Dr.
Brian Jackson when he was the only one to email him &agloffer him a chance to move to
Ral eigh. Joining Dr. Jacksonds Horticultural
passion for soilless substrates. This paved the way for a Graduate Research Assistantship and
pursuit of a Master of Science lforticultural Science, focusing on soilless substrate production
for small fruit crops.

With numerous projects, presentations, affiliations, scholarships, and awaotisding
the HortScholars award and the American Floral Endowment Richard T. Meistkrskhm
Brandandéds academic journey has been busy and
2024 is a steppingstone to a PhD position at Virginia Tech University's School of Plant and
Environmental Sciences under the mentorship of Dr. Michael Evansd&raspires to drive
innovation in soilless food crop production, aspiring to become a pioneering horticultural

scientist.
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Figure 4.1 Volume and percent moisture retained in 1 cm zone increments in a lay flat growbag
container derived from the moisture retention curve of 100% coconut .coir170

Figure 4.2 Images of cubes, plugs, and liner container treatments used in amel anater

capacity (AWC) models. Containers used included (A) mini blocks, (B) grow
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Figure 4.3 Imagesof lay flat growbags and trough container treatments used in the air and

water capacity (AWC) models. Containers used included (A)-L.&spberry pot,
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Figure 4.4 Images of open top growbags and pot container treatments used in the air and water
capacity (AWC)models. Containers used included (A) 4.7L lightweight, (B) 7L
square pot, (C) 10L square pot, (D) 20L square pot, (E) 15L square pot, (F) 1 gallon
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Figure 4.5 Four open top growbags modeled using thenaiter capacity (AWC) model. These
containers were compared based on the manufacturer fill level, and filled to capacity.
The first values are the amount of water, air, or solids in mL, and the value is () is
the percentage. For example, 2944 is 2944 mL with 60.5% water............. 174

Figure 4.6 Four artificial container geometries modeled using thavaber capacity (AWC)
model with 100% coconut coir. The first values are the amount of water, air, or
solids in mL, andhe value is () is the percentage. For example, 837 is 837 mL with
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Figure 4.7 Four artificial containegeometries modeled using the-aiater capacity (AWC)
model with 60% peat: 40% perlite. The first values are the amount of water, air, or
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CHAPTER 1
Literature Review
1. Strawberry Biology

The cultivated strawberry plarfragaria x ananassg originating in 18-centuy
France, is one of the most widely consumed fruihaworld(Simpson 2018) Alongside
economically important crops such as apples, blackberries, andstraederries arpart of the
Rosaceae famil{Galletta and Himelrickl989) The introduction to this economically
significant fruit is owed t?AmedeeFrancois Frezier. FrezierFaench engineer and explorer,
discovered-ragaria chiloensison a reconnaissance mission to Chile. Several of thests pla
were brought back to Franeed were cross bred with another species from the new world,
Fragaria virginiana (Frezier 1716) Themodern day commercialized strawberry is thybrid
betweerFragaria chiloensisandFragaria virginiana(Darrow, 1966), which has become the

predominant commercially grown strawberry.

The strawberry plant's intricate stture includes a central crown, shallow roots, trifoliate
leaves, stolons, and inflorescen¢@arrow, 1966) The crown, supporting flower development,
gives rise to stolons that contribute to the growth of daughter plants. The root system,
characterizedby primary and secondary roots, presents a fibrous appearance. Strawberry fruit
development is intricately tied to the plant's inflorescences, featuring perfect flowers with pistils
and stamens. The resulting fruit is an aggregate and accessory frudchegtines carrying an
average of about 200 seeds. Contrary to common perception, the strawberry is not a true berry; it
matures on the receptacle, accompanied by a leafy cap. The ripening process takes 20 to 50 days

postpollination (Darrow, 1966).



Categorzation of strawberry cultivars is based on photoperiod requireniesigy short
day, longday, and dayeutral cultivars (Honjo et aR016) Traditionally, shorday cultivars
thrive in cold regions, budding with less than 14 hours of daylight angi@ocalty harvested in
late springlPadmanabhan et a22016) Longday cultivars exhibit less sensitivity to photoperiod,
producing fruit throughout summer and into autui@astro et aJ.2015; Darrow 1966;

Hancock 1999) Day-neutral cultivars show minial influence from photoperiod variations

(Castro et a).2015)
2. Strawberry Industry and Challenges
2.a. Overview

Il n 2021, China was the worlddéds | argest str
States and MexicFAOSTAT, 2018) The United Statestrawberry industry was valued at
$3.42 billion in 202 (USDA-NASS, 2022) Among North American contributors, California
took the lead in strawberry production, outpacing otbessithsuch as Mexic@California
Strawberry Commission, 202BSDA-NASS, 2022. This increase in crop production compared
to other states are due to the variations in acreage, climate, and harvest season, such as year
round strawberry productioAlthough year round production is achievable in California,
production yields are mudtigher in the spring and summer months. Florida and Mexico target
the off season strawberry market to take advantage of reduced Californig $eatdsni et al.,
2019) Following California, Florida ranked third in total strawberry production, contruti
approximately 8% to the overall U.S. production. Notable contributors included New York,

North Carolina, Oregon, and Washington.



2.b. Strawberry fruit production

Traditional fruit production systems include the annual hill plasticulture system,
establ shed as the primary outdoor stravolmgry pro
et al, 2005) This involves planting plug or bareot plants into raised, plastic covered beds for
easy and swift harvesting. Different plastic mulch types, inolydiack, clear, and white are
used, each influencing weed control, soil temperature, and fruit quality. In contrast, the matted
row production system, once predominant in the U.S., is now less common and mainly used in
cooler climates like the Northeast3J, offering low establishmenbstsand multiyear
harvesting from the same platfiBlack et al, 2002) While the annual hill system incurs higher
upfront costs, it reduces labor between establishment and harvestgleatigher yields and

income(Black et al, 2002; Fernandez et a2002; Garwood1998).

2.c. Strawberry nursery production

Another sector of the strawberry industry is the nursery trade, which supplies strawberry
growers with bargoot orrootedplug plants. Initially, nurseries Wpropagate virudree mother
plants through tissue culture, yielding daugh
daughter plants are harvested, rooted, and then sold to strawberry producers for fruit production.
This entire process, from tissaelture to strawberry production, spans approximately five years
(Kadir et al, 2006) Given the multiocation, multiyear process, disease management is crucial
for heathy, high yielding plants. Methyl Bromide, which is an effective soil borne disesiselc
chemical, was phased in in 2005 due to several environmental concerns. Despite this, nurseries
can still use methyl bromide through exemptions granted by the U.S. Environmental Protection

Agency, contingent on specific criteidS EPA 2022)



2.d. Challengef traditional production

While soil traditionally provides essential support for plant growth, strawberry fruit and
nursery production in soil encounter persistent challenges. Traditionafiefuestrawberry
production in the U.S. is confronted with a multitude of challengeésateareshaping the
landscape of the industry. Escalating land and labor costs are eroding the profitability of
production operations, with a visible impact on cultivated acreage due to the scarcity of migrant
labor (Samtani et al., 2019). Concurrentlyiesnmental challenges, encompassing variable
weather conditions, rising irrigation costs, and a reduction in available soil fumigants, are posing
significant threats to both productivity and profitability (Samtani et al., 2019). The complete
phaseout of methyl bromide and the imposition of stricter regulation on other fumigants have
intensified concerns among farmers regarding the-teng control of soil pathogens in
traditional production locations. ABese and morehallenges persisticluding water
efficiency, space utilizationynpredictable weather patterns, transportation distance (cost and
perishability of the fruit)and geographical harvest season constrahmsyeed for

transformative approaches become increasingly apparent.

2.e. Solllesstrawberry productionntroducedas an alternativeéo soll

One promising strategy to alleviate soilborne pathogen pressure and revolutionize
traditional strawberry production is the transition to soilless subdiested systems. Soilless
substrates, goposed of organic and inorganic components like peat moss, coconut coir, and
perlite, coupled with drihine nutrient solution irrigation, create a hydroponic production
environment. Theombination of the substrate composition, container geometry, ameut

solutioncollectivelyform asoilless growingystem Together, thisnfluences the rootzone's



physical, chemical, and biological properties, enhancing plant growth and productivity (Gruda et

al., 2013; Raviwet al, 2008; Savvas and Gruda, 2018).

Apart from pathogen control, soilless substrate systems offer various advantages. Plants
grown in containers, bags, or troughs provide ergonomic working conditions and higher planting
density, contributing to greater harvests per unit area compared tdiedecultivation (Lieten,

2013). Sollless strawberry cultivation is more prevalent in Europe, where innovative practices
have been developed, often in conjunction with greenhouses, plastic tunnels, or indoor
cultivation, to extend growing seasdhsetenet al., 2004 These controlled environment
systems optimize microclimate conditions, resulting in increased strawberry fruit yield and
quality, and potentially enable yeayund localized production. This contrasts with the
traditional North American wiretr market, where production shifts to more southern climates,
resulting in long transportation distances from production regions teploighlation areas

(Taghavi et al., 2019)

While greenhouse soilless production systems demand significant capital iineir
potential benefits include high planting density, season extension, and environmental
optimization(Lieten et al., 2004 However, challenges such as high annual production costs and
energy expenditures underscore the need for continuous éff@rmtance economic viability.
Efforts to improve fruit quality and maintain or improve yield are crucial, especially during the
wintertime controlled environment strawberry production in the U.S., aiming to create a

sustainable and economically viableusstty (Lieten 2013)

3. Introduction to Soilless Production of Strawberries

3.a. Originsof container grown strawberries



While the utilization of soilless container methods for strawberry production is gaining
momentum, its historical roots trace back to1B¢h century. Early references mentioned the
practice of forcing strawberries to yield earlier by rooting runners intdiked pots and
introducing them to heated forcing houses in winter. The first departure from generic soil
occurred in 1812, as Thwas Haynes introduced "soft bog earth” (peat moss) combined with rich
manure for improved growth in pafidaynes, 1812)In the 1800s, the horticultural market saw
the advent of "Jadoo Fibre," a substrate created by fermenting harvested peat masstwith
gypsum, and nutrien{®\merican Gardenings, 1898)his marked a shift towards cleaner,

lightweight alternatives with enhanced moisture retention.

Throughout the 19th century, various materials, including loam, decayed manure, sand,
and ashes, wereglored for growing strawberries in containers. The term "pot culture” emerged
to describe this otf-season containerized cultivation, primarily adopted by average gardeners
and lacking commercial importan@@euller, 1862) Towards the late 19th centutyberty Hyde
Bailey and Charles Ellas Hunn conducted research on commercial strawberry production in
containers under glass. Their "pot method" employed fibrous loam, sand, bone flour, and
dissolved rock, demonstrating increased profitability through jorerpriced offseason fruit

and higher overall yielddHunn and Bailey, 1897)

By the 1920s, France and Belgium pioneered soilless production in stone containers,
transitioning to wooden boxes in the 1980eten, 2013) Despite initial hesitations in trearly
20th century due to higher investments, interest in soilless container methods persisted. In the
1960s, Italy introduced vertical systems with white plastic containers filled with peat moss, and
in the 1980s, the focus shifted to "bag culture,'lzitiy peatfilled bags(Lieten, 2013)

Challenges were evident, but success emerged by th&98@k. Concurrently, the ability to



cold store strawberries for up to eight months and the release of the high producing cultivar

'Elsanta’ in 1981 fueled intestein yeafround production.

During this time, there was an increased interestetbsed hydroponic systems, such as
the nutrient film technique (NFTWhich recirculates a nutrient solution onto the plants root
systems. However, with strawberries bemignger cycle crop~12 months)Phytophthora
becamea commondiseasessue, which led to a rapid decline in water culture usage. Growers
then more commonly adopted the practice of cultivating strawberries in buckets filled@&vith 5
liters of peat mosdertilized by dripline and freeraining, preventing the spread of root

pathogens and increasing commercial interest in substrate culture.

3.b. Modern soilless strawberry production

Controlled environment strawberry production has witnessed a rich higtanying
nearly a century across Asia and Europe, showcasing remarkable milestones in cultivation
techniquegLieten and Misotten, 1992da and Kawata, 1993As of 2013, Japan boasted over
6,000 hectares of greenhouse strawberry production, primarilpaséd, with a rising trend in
substrate culture occupying around 500 hect@feshida, 2013)China follows suit, with
approximately 80% of its extensive 55,00€ctare strawberry production occurring under

plasticcovered greenhouséSarter et al., 2005)

In Europe, lowtech methods, dating back to the 1930s, paved the way for protected
strawberry cultivatior{Lietenand Misotten1992). By 2004, Europe had aroun@00 hectares
of greenhouse and tunnel production, constituting 8B0% of the total strawberry cultivation

area(Lieten et al., 2004)Iitaly, France, and Spain emerged as key players in protected strawberry



cultivation, with soitbased systems dominating, and limited prevalence of soilless production in

Belgium and théetherlandg¢Hancock and Simpson, 1995; Lieten, 2006)

In North America, protected strawberry culture is rapidly expanding, with notable
research on tunndélased soil cultivatiofSamtani et al., 2019¥%oilless tabletop cultivation, an
emerging method i@anada and the United States, reflects a growing paradigm shift. Despite
minimal soilless greenhouse production in North America, commercial operations or planned
ventures in Canada, Mexico, and the United States indicate a changing lar{Gsculikée et
al., 2007; Kempler,@4; Paranjpe et al., 2003 he absence of an established greenhouse
production industry in the United States, driven by yyeand supply from opefield producers,
is gradually giving way to increased consumer interest in locaetigyzed, higkguality

strawberries, especially during California's-sffasor{Guda, 2019Kadir et al., 2006)

Distinguishing North American greenhouse production is the prevalent eserof
bearingcultivars, a departure from shatay cultivars in Asiand EuropgSamtani et al., 2019;
Lieten 2006; Yoshida 2013Research delves into photoperiodic and photosynthetic responses,
addressing physiological disorders like burn(Garcia and Kubota, 201 AVhile supplemental
lighting is considered, its ecomic viability for greenhouse strawberry production remains a
topic of debat€Kubota et al., 2016)The imperative lies in developing methods and
technologies to enhance yield or quality, justifying higher prices and ensuring sustainability in
North American greenhouse strawberry production. The evolving landscape promises a dynamic
future for controlled environment strawberry cultivation on a global sBaleearch initiatives
have displayed an exponential increassoilless strawberrgesearch efirts(Figure 1), ranging
from substrate composition, lighting, harvesting efficiency, economidspeerall system

management



3.c.Characteristic of soilless substrates

Although soilless production is commonly thought to be a modern practice,biecan
dated back to nearly 4,000 years ago by the Egyptians. For modern horticdiiless
substrates have played a pivotal role in both ornamental and edible horticultural crop production
Si nce t.hhhesversate@aegory encompasses any gromiedia other than mineral
soil, offering a diverse range of components to optimize plant growth (Gruda et al., 2013).
Typical organic constituents, suak peat moss, coconut coir, and tree Haaike been staples in
soilless substrates, with the incorpara of other organic materials steadily increasing.
Inorganic components like rockwool, perlite, vermiculite, sand, and pumice further contribute to
the variety of soilless substrate formulations (Gruda et al., 2013). The productivity of soilless
substrag production systems stems from their ability to finely control rootzone water and air

conditions, manage nutrient availability, and mitigate soilborne pathogens @ali\2008).

Each substrate component introduces unique physical propeftiesicing water and air
availability, emphasizing the importance of careful selection during the substrate creation
process (Carlile et al., 2015). Metrics like water holding capacity and air porosity, contributing to
total porosity, define the substratability to retain water and facilitate air exchange. Optimal
ranges for these metrics vary depending on container geometry and the specific crop under
consideration. Rootzone oxygen requirements, which vary among horticultural crops, further

emphasizelhte need for tailored substrate selection (Morad Silvestre, 1996



The interplay between substrate components and container geometry determines the total
porosity andoot zonewater: airratio. Pore size distribution and container heaylet alsccritical
factors influencing these conditions. Fine particles creating Apigres enhance water holding
capacity, while coarse particles form mapares, improving drainage and air porosity.
Container height influences gravitational drainage, making stdstwanponents and container
selection crucial for maintaining optimal air and water conditions (Gruda et al., 2013; Savvas and

Gruda, 2018).

Rootzone chemical characteristics, including pH and electrical conductivity (EC), result
from intrinsic substraterpperties, nutrient solution contents, and irrigation strategies. Rootzone
pH influences nutrient availability, with an optimal range of&.5 for most plants. Factors such
as substrate components and rootasater: airratio impact pH dynamics. Similgy EC,
influenced by nutrient solution, irrigation practices, and plant uptake, requires careful monitoring
to prevent salt stress. Additional considerations include cation exchange capacity and nutrient

concentrations in the rootzone (Carlile et al.,20&ruda et al., 2013; Savvas and Gruda, 2018).

A significant advantage of soilless substrate cultivation is the absence of natural soilborne
pathogens, promoting a healthier growing environment (Retvéd, 2008). However, managing
the potential decompdion of substrate components over extended production periods is crucial.
Woody materials not properly composted can lead to nitrogen immobilization, negatively
impacting plant and microbial growth. Understanding and addressing these factors during the
substrate selection process are vital for ensuring optimal plant performance in soilless substrate

cultivation (Barrett et al., 2016; Gruda et al., 2013).

4. Substrate Components for Strawberry Production
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4.a. Overview of components and data from prevexyeriments

In European soilless strawberry cultivation, peat or a coconupeairmixture stands out
as the dominant substrate, with rockwool and perlite making lesser appesataieten et al.,
2009). Substrates, characterized by distinct physicalciednical properties, form the backbone
of the cultivation process. Recent studies on alternative growing media for strawberries have
garnered significant attention, emphasizing the need fordeélhed water holding capacities
and air porosities to optize production (Depardieu et al., 2016; Diel et al., 2018; Kuisma et al.,

2014).

Strawberries exhibit a higher root oxygen requirement compared to common greenhouse
crops, making high air porosity a crucial characteristic for ideal substrates. Studiess suc
Evans and Gonzaldzuentes (2011), suggest that 'Albion’ root growth is optimal -ditleot
porosities ranging from 135%, aligning with general recommendations for soilless substrates
(Yeageret al., 2007). However, further research is neededriolasively determine the optimal

air porosity range for strawberry production, considering factors like yield.

Chemically, strawberries thrive in the standard soilless substrate production pHfrange o
5.5-6.5 (Lucas and Davis, 199With an EC range typally reported as-1.45 dS ml (Gallace
et al., 2017). The effectiveness of a broader EC range @&.1.dS ml has also been

demonstrated, providing comparable growth and production (Sun et al., 2015).

Extensive studies have delved into the impact bésates on strawberry yield,
vegetative vigor, and fruit quality. Yield comparisons reveal variations influenced by cultivar
and environmental conditions. Pdxtsed mixtures, owing to their favorable physical and

chemical characteristics, emerge as papahoices, although environmental and economic
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factors warrant ongoing exploration into alternative substrate components and mixtures. The
shift towards sustainable and renewable resources becomes paramount, considering the
environmental, social, econonfectors withresources like peat (Barrett et al., 2016; Savvas and
Gruda, 2018). Continuous research into new substrate components is essential for informed and

sustainable choices in European soilless strawberry production.

Coconut coir, wood fiber, teebarkscompostandbiocharare becoming more widely
used alternatives to peat moss for strawberry production. A study investigating the effect of
wood fiber and compost as growing media compo
wood fiberandpat and OMuranod i s wo otgieldwadnamintaireeth d ¢ o mj
in all substrate treatments compared to a coconut coir control (Aetrdaj2022). However, a
75% wood fiber and 25% compost mixture produced the highest yield, suggesting that
components of nutritious materials with wood fiber may improve the strawberry plant
performance (Aurdatt al.,2022). Another study that also investighte 6 Ma |l | i ng Cent en:
investigated a 80% peat and 20% perlite mixture, with 100% coconut coir, and three particle
textures of 100% Norway spruce wood fibers (coarse and fine textured fiber treatments). This
study discovered that plants grown in 100% wabdrfshowed earlier berry maturation and had
less unripe berries (Woznickt al.,2023).Similar to these findings, Depardietial.(2015)
found that a peat and sawdust mixture and a 100% aged bark substrate had comparable yields to
coconut coir dustA study by Vandecasteeds al.(2023) displayed that woodbasediochar

amended with peat showed no effect on the nutrient retention or nutrient balance

4.b. Peat
Peat, a heterogeneous mixture of decomposed plant material, is a vital component in

horticultural substrates widely utilized in container crop production (IPS, 2018). It is crucial to
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note that the extraction of peat is an environmentally degradative process, promptiagdans
extraction regulations peatproducingvarious regions globallyrhe major distribution of
peatlands in North America lies in therbal zone of Canada and Alaskad the northeastern

and northcentral United States (Gajewski et al., 2001).

Despite its significance in horticulture, the processes involved in obtaeatg
necessitate reconsideration due to environmental degradation concerns associated with
extraction. In 1998, peat production for horticultural use was estimated at 25,006/000th
the United States consuming the largest share at 5,800 0@&an{Caronet al, 2003). The
particles in peat, ~75% of which are less than 2.0 mm in diameter, contribute to its high
variability based on the source, allowing for diverse pore sizes and properties (Fields et al.,

2014). This variability, however, can letma lack of uniformity in horticulturajrade peat.

The longterm harvest and supply of peat present potential detrimental future issues,
primarily environmental concerns. Peat bogs, natural environments abundant with life, play a
significant role in cdyon sequestration, similar to wetlands. Unfortunately, harvesting peat from
these bogs reopens carbon storage, releasing greenhouse gases into the atmosphere. This has led

to the gradual ban of peat from horticultural use in many European countries.

Peat las been a major soilless substrate for decades in the greenhouse and nursery
industry (Raviv and Lieth, 2008). Derived from peat bogs in Canada or Europe, peat is expensive
and not produced locally in the southern United States, resulting in high inigplrey costs for
nurseris in these regions (Fields et al., 2D18phagnum peat, the primary type used in the
industry, is acidic with a pH ranging from 3.5 to 4.5, exhibiting high cation exchange capacity

(CEC) and nutrient content relative to othetless substrates like bark (Raviv and Lieth, 2008).
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Despite its widespread use, challenges arise due to peat's characteristics, such as its
ability to retain water, holding nearly 20 times its weight, making it suitable for horticultural use.
However, thischaracteristic becomes problematic in op@mursery production in the southern
U.S., where heavy rain events can lead to-byelrated containers, increased runoff, and
nutrient loss (Fields et al., 2018). Additionally, peat's inefficiency in retaimatigr during dry
conditions, coupled with its potential to develop hydrophobic conditions, can impede plant

development and decrease production efficiency (ArgbBiernbaum1996).

4 .c. Coconut coir

Coconut coir, known by various trade names such as coco dust, coco peat, and coco fiber,
is a versatile horticultural substrate derived from the fibers of the mesocarp of the coconut palm
(Cocos nucifera L.JAbad et al., 2005). Produced as a byproducbobnut processing in
tropical countries like Sri Lanka, India, the Philippines, Indonesia, Mexico, Costa Rica, and
Guyana, coir has gained prominence in the horticulture industry as an alternative to peat due to

peat usage restrictions (Evans et al., 1996

Primarily grown in tropical coastal areas, coconut palms have been shown to absorb salts
that can occasionally result in high salinity in coir, affecting its electramadiactivity values
(Fields et al., 2014 This characteristic, combined with theping costs associated with

tropical regions, adds to the considerations when choosing coir over peat.

Traditional coconut coir comprises approximately 75% fiber and 25% fine material,
derived from coconut husks during the production of oils and fruitifRend Lieth, 2008;
Adeniyi et al., 2019). However, coir husk chips are also available and are utilized to increase

aeration due to their larger particle sizes. Coir's water holding capacity, similar to peat, allows it
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to hold up to nine times its weigint water due to its finer particle€fiscione et al., 2092

However, coir's hydrophilic nature and inverse ratio of unavailable water to available water mean
that it holds water to a greater degree than peat in dry conditions, reducing plant steesk or
(Fields et al., 2018). Notably, the lower bulk density of coir, in contrast to peat, allows for a
compression rate nearlyl® times when formulated into bricks, while peat achieves o8ly 2

times. Coir's distinctive advantage lies in its abilityp&orewet after drying, overcoming the

hydrophobicity often observed in peat under similar conditibredds et al., 2014

The physical properties of coir dust, shaped by its particle size distribution, contribute to
elevated adfilled porosity, facilitding exceptional water and gas exchange in containers (Fields
et al., 2014 Studies have shown that coir fibers, when amended with pine bark, can enhance
hydraulic conductivity, allowing for efficient water flow through the substrate (Fedlds,

2018. In terms of pH and nutrient content, coir generally falls betweef.9.8nd exhibits
higher levels of pH, phosphorus, potassium, and sodium, as well as lower levels of calcium and

nitrogen compared to peat (Roand Haase, 20R0

4.d. Bark

The Univergy of California's study on peat and bark, initiated in the late 1950s (Baker,
1957), marked a pivotal moment in the industry's experimentation with various substrates.
Today, these substrates, particularly peat and bark, are widely adopted in theindusgry.

Before the 1970s, bark, mostly considered a waste product in the forestry industry, was often
burned for energy production in sawmills (Raviv and Lieth, 2008). Despite this, an estimated 3.5
million tons of bark are produced annually in Queldeoe& with much of it buried or burned

(Naaszet al, 2009).
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Bark, constituting up to 10% volume of a
rhytidome and undergoes an aging or composting process. The aging process stabilizes the bark,
reducing the rease of nitrogen, while ucomposted bark can release high levels of nitrogen
(Joshi et a].1997). The properties of bark, such as pH, water retention, and drainage, are
influenced by factors like the tree species, growth conditions, age, and time bagpessted

(Solbraa, 1979).

In the southeastern U.S., pine bark is predominantly utilized, while in the western U.S.,
bark from trees liké&seudotsuga menziefdouglas fi) is common. Pine bark, particularly from
Pinus taeddloblolly pine) trees, is fagred for its coseffectiveness and suitability for outdoor
container production (Pokorny et al., 1986). Hydrophysical studigierbark by Fields et al.
(2019 revealed its quick water release and higHiléd porosity, allowing for efficient

drainage and making it suitable for container production throughout the U.S.

Comparisons between peat and pine bark in terms of water retention and drainage have
shown that peat retains more water, but plants in peat wilt quicker than those in pine bark.
Beardsell et al. (1979) found that crops in pine bark lasted 80% longer than those in peat before
wilting. However, challenges arise as organic substrates, including pine bark, can become
hydrophobic and challenging to rewet after drying (Airhart et al81Beardsell and Nichols,

1982). The pH of pine bark, generally acidic, is often amended with dolomitic lime to influence

nutrient availability (Altland and Jeong, 2016).

The aging process of pine bark is critical for its stability and performance. Adaik
ages, microbial decomposition occurs, reducing particle size and increasing water retention.
Despite becoming stabilized for plant production after approximately six months of aging, pine

bark remains susceptible to shrinkage and degradation aottainer. Microbial activities can
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lead to nitrogen release during decomposition, requiring supplennermtiznts (Jackson et al.,

2009. Composting has been shown to reduce nitrogen immatidiz rates (Guster et al., 1983

Predictions indicate a stadecline in the availability of pine bark as a soilless substrate
(Lu et al., 2006). To address this, alternative components like peat, coir, wood fiber, and
sugarcan®agasse are suggested to enhance crop vigor through increased water retention and
nutrient availability Hoskins et al., 204 Pine bark, remains the most common substrate in the
Southeastern United States nursery industry, offering excellent aeration and moderate water
holding capacity (Owen et al., 2008). The industry acknowledges thiaidg availability of
pine bark due to reduced timber and paper industry activities, urging exploration into alternative
components for sustainability (Jackson, 2009). Studies have shown that aging processes improve
wettability, making aged pine bark necsuitable for container production compared to its
hydrophobic fresh counterpakKdderabek et al., 20L7The physical characteristics of pine bark
substrates, including low watbpolding capacity and higher availability of water, make them

distinct frompeat moss and coir (Pokorrny984.

4.e. Wood products and fibers

The decline in the use of pine bark has prompted research into wood alternatives, offering
new possibilities fohorticultural substrates. Process$esk substrates (PTS) present an
innovative approachwhich three various forms of this productiudingWholeTree, Clean
Chips, and Clean Chip Residual (CCR), which can athitked in different mesh screens for
diverse shapes and siZ8oyer et al., 2012)WholeTree includes the bark, limbs, and needles of
the tree and is milled all together. Clean Chips are trees that have had the limbs and needles
removed, leaving behind the bark and wood. GE& material that is derived as a byproduct of

forest thinningoperations, typically being left in the pine plantations or sold to pulp mills for
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fuel. Research results show interchangeability betwiboleTree, Clean Rips and CCRall
with minimal growth differences, indicating the potential for esfé¢ctive praluction without

the need for complete denbing before grinding (Gaches et,&010).

The idea of using wood in substrates originated in Europe in the late 80s and early 90s,
gaining popularity in the U.S. in the early 2000ss&sch focused on speclé® Pinus taeda
(loblolly pine), Pinus strobugwhite pne), Platanus occidentaliésycamore, Acer rubrum(red
maple), andQuercus albgwhite cak) to identify the most effectivegpgcies for the industry
Pinus taedaamended with peat emerged as the most commonly used wood substrate in the
industrydue to its abundance in the southeastern With an estimated 29 million acres planted
(Perdue et al., 2017The trend extends to alternatives like coconut coir andhmao, all aiming

to replace perlite while being environmentally conscious andeftesttive.

PTS provides economic advantages by allowing local production, reducing transportation
costs associated with traditiondatperlite mixtures (Jacksoetal., 2009). However, using
alternative substrates like PTS requires adjustments in container capacity, liming rates, and
fertilizer requirements. Plant production in weloalsed substrates, comparegédat andoine
bark, tends to face nitrogen deficiencies dutigh rates of nitrogen immobilization (Handreck
et al., 1993). Nutrient issues in wood substrates are attributed to the larger amounts of usable
carbon but limited available nutrients to microorganisms (Jackson et al., 2009). Composting
wood materials isnemethodemployedo alleviate nitrogen immobilization by lowering the
carbonto-nitrogen ratio andacilitating initial breakdownlLittle to no composting of any wood
substrate materials is done however. Altering fertigation practices to compenshéNairaw

is the most common solution.

18



Woad fiber substrateroducts ike HortiFiber, GreenFiber, HydraFiber, and ForestGold
are gaining prominence globally, aiming to replace peatlite reduce peatsageas a
horticultural substrate component. The wdiber industry is rapidly evolving, with companies
contributing to the quest for sustainable and environmentally friendly alternatives in horticulture

(Gruda, 201%

4.f. Spent growing media

The disposal of spent substrates after cultivation poses awwmeméntal threat,
prompting a shift towar ds tilReduce,iReuseydndRecyeec o n o m
With strawberry production cycles typically lasting for less than a year, many soilless growers
dispose of large quantities of substrates alyu&/hile some spent growing media can be
recycled as soil improvers or solid fuel, the risk of containing harmful chemicals remains.
Although mineral wool has been demonstrated to be suitable for strawberry production, its
derivation from norrenewablesources and involvement in costly and enearggnsive
production and recycling processes pose environmental concerns (Bussel and Mckennie, 2004;
Pluimers et al., 2000). If not appropriately recycled, mineral wool may persist in landfills for

thousands ofears (Bussel and Mckennie, 2004).

The reuse of growing substrates, though economically and environmentally beneficial,
raises concerns about nutrient accumulation impacting subsequent plant growth, emphasizing the
need for careful consideration of physibemical properties and cr@pecifictolerances during
reuse (Recchia etl., 2013; Incrocci et al., 201L0Nonznickiet al.(2024) investigateche reuse
of coconutcoir, peat, and wood fiber, and results show that yields slightly decreased in peat and
wood fiber in the second and third year of reuse; however, the yield was comparable to the yield

in the new and reused coMineral wool slabs have been shown to daesed at the end of the
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growing period ly grinding the slab into fine particlés be amended into new suladé blends

(Donners et al., 2037

5. Container Geometry andContainer Types for Strawberry Production

5.a. Container geometry

The interaction between substrate and container dimensions is crucial, impacting plant
support, aeration, and moisture levels. Long (1933) identified an "ideal" growth medium as
pathogeHree, aerated, with high watlolding capacity, and efficient draige. Container
dimensions significantly influence media characteristics, affecting aeration anehoktieg
capacity. The same substrate exhibits distinct properties in containers of varying sizes; larger
containers yield different results than smalleegrWhile total porosity may remain consistent,
air space increases with container height, impacting container capacity. Challenges in shorter
containers include poor aeration and a "perched water table" after irrigation, affecting plant
growth.Containermeight influences gravitational drainage, reducing water holding capacity due
to decreased capillary action and adhesion with increasing column height (Grugd204t3l.
Careful selection of substrate components and containers is essential to emsaldefar and
water conditions (Barret et a2016). Inalequate drainage may cause root asphyxia, while low
water availability can induce drought stress, both adversely impacting plant performance (Barrett
et al. 2016; Gruda et al. 2013). The region$inits container vary in air and water conditions,
with hypoxic conditions at the container base and higher gas exchange in the upper regions

(Evans and Gonzaldzuentes 2011; Morad and Silvestt896).

The container volume plays a pivotal role in shapiregtrajectory of plant growth within
a pot, wielding influence over various critical facets. Its impact is profound on root development,

as larger pots provide ample space for the cultivation of extensive and robust root systems,

20



thereby fostering healigr aboveground growth. Additionally, container volume serves as a
determinant for water retention, with larger pots acting as a buffer against dehydration,
maintaining consistent soil moisture levels and preventing water stress. The facilitation of
adequate aeration is another hallmark of larger containers, ensuring optimal oxygen exchange for
roots and mitigating issues such as suffocation. Moreover, the size of the container influences
nutrient availability, with larger pots boasting a more substamtsarvoir of nutrients,

consequently reducing the necessity for frequent fertilization and fostering sustained and
balanced growth. Beyond its direct impact on plant development, the volume of containers also
resonates in the realm of production costduerfcing the economic considerations associated

with soilless media.

Notable reports, including studies by Cantliffe et al. (2001) and Dufault and Waters
(1985), underscore the multifaceted implications of container volume. While Takdda
Hokanson(2000 observed comparable yields from 'Chandler' and 'Camarosa’ strawberry plants
in greenhouses using differesized pots, Dijkstra et al. (1993) emphasized a minimum peat
volume requirement for optimum yields from 'Elsanta’ strawberry growth in specifsizest
illuminating the nuanced relationship between container volume, plant growth, and production
outcomesContainer size alters subste propertieshighlighting the importance of optimizing

the substrate system (combination of container and sudsstrat

5.b. Container typse

A variety of container types are utilized in strawberry cultivation, each with its unigue se
of advantages and challeng&ne commonly used system is fiwg/container setup, involving
either pots, troughs, or buckets that one or multiple strawberry plants are planted into. Initially

praised for its open surface that creates a favorable microclimate after planting. However, this
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system can also lead to potentsaues such as increased humidity lswehich can lead tfuit
rot from the fruit being exposed to the substratas leads to growers having to be carefith
excessively wide containemnfrethan 18 cm) taninimize fruit contact (Jones ah@e, 20D).
While these containers provide an accessible planting surface, the risk of fruit spoilage
necessitates strategic management practices to ensure optimal conditions for fruit development

and quality preservation.

In contrast, layflat growbags offer aneahative system that eliminates frtatsubstrate
contact and employs wider pots (typically-26 cm), allowing more space for root development
and growth Klguyen et al., 2019 Despite this advantage, since these comdilpge with
substrate, there tgpically a higher costs, and limits the growing media formulation options a
grower can use. These growbags are discarded after each growing cycle, so this can also
contribute to plastic waste, raising sustainability conceMgsiyen et al., 2009 The tadeoff
between enhanced plant growth and the environmental impact of plastic waste requires careful

evaluation when considering the adoption of such systems.

6. Growing Systems Utilized for Soilless Substrate Strawberry Production

Various growing systems augilized in soilless substrate strawberry production, each
with distinctive setups, advantages, and challenges (Smith 2021). Solid growing media,
such as pot and bag cultures, involve systems where the bags or containers rest directly on the
grourd or on ridges and elevated beds filled with substrate. These systems benefit from soil
contact, enabling earlier growth due to the warmth retained by the substrate. However, the
groundlevel positioning poses challenges similar to traditional soil plgnéffecting picking

efficiency and labor conditions (Jones drek, 2020).
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The tabletop or highbed system, elevated above ground level on poles, provides
economic advantages by reducing labor costs. The varying heights of these systems, ranging
from 80cm to 1.4 meters, cater to different picking techniques, accommodating seated-or stand

up picking practices (Brown et al., 2019).

The "Rakuchin" Japanese system introduces innovative hanging structures, facilitating
easy mobility within the production aréa transporting substrate, plants, fruit, and conducting
spraying operations. However, constructing these systems requires robust designs to support the
substantial weight of the hanging infrastructure (Johnson, 2018). Hanging systems offer mobility
advantages but demand sturdy construction due to the considerable weight borne by the hanging
structure. On the other hand, liquid growing media systems, like nutrient film technique (NFT)
or aeroponics, embrace both recirculating (closed loop) and-teateaste (open loop) systems,

providing distinct nutrient solution control nheidologies (Garcia arfélerez, 2021).

These systems are often associated with different structures like glasshouses, high/low
tunnels, and indoor vertical farming setups. Estchicture offers unique advantages in terms of
climate control, light exposure, and space utilization, contributing to the diversity of soilless

strawberry growing systems (Perez dadrcia, 2020).

7. Potential Limitations of Soilless Substrate Strawberry Prduction

Soilless substrate culture for strawberries is not without its challenges, prominently
centerednthe significant upfront investment and ongoing operational costs. The establishment
of soilless systems demands a substantial initial investmeablpdtigher when compared to
conventional fieldgrown systems. The infrastructure required for soilless cultivation,

encompassing specialized equipment, climate control, and irrigation systems, incurs substantial
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expenses, posing a challenge for smatate or financially constrained growers to embrace this
technology (Li et al., 2020). Additionally, the recurring costs associated with maintaining these

systems can be substantial, impacting the overall economic feasibility of soilless cultivation.

The mamagement of water quality stands out as another critical challenge in soilless
strawberry production. Precise control of pH and electrical conductivity (EC) levels in the
nutrient solutions is paramount. Deviations in these parameters can adverselyaitdutgth
and growth, necessitating meticulous monitoring and adjustment (Rorabaugh et al., 2019).
Equally crucial is the maintenance of optimal micronutrient levels in the nutrient solutions.
Deficiencies or imbalances in micronutrients, such as iramganese, or zinc, can impede plant
development, influencing yields and quality (Zaller, 2019). This requires continuous monitoring

and adjustments in the nutrient solution, adding complexity and costs to the production process.

Ongoing expenses relatedsobstrate materials and pots also contribute significantly to
the overall financial burden. The price of these materials can notably impact annual operational
costs. Depending on the chosen substrate comp@nsath as peat moss, coconut coir, or other
organic and inorganic elemedtshe annual expenses for replenishing or replacing substrates
and containers can pose a financial challenge. The need for regular substrate replacement to
maintain optimal conditions for plant growth further adds to the opeadtamsts (Li et al.,

2020).

In summary, while soilless substrate culture offers numerous advantages in strawberry
production, the substantial initial investment, ongoing operational costs, water quality
management, and expenses related to substratesmtathers present notable limitations that

growers must carefully consider before adopting this cultivation method.
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8. Future Trends

One significant advancement on the horizon involves the integration of automation and
robotics into strawberry productionquesses. Tasks conventionally performed by human labor,
such as fruit picking, are increasingly being automated. Robots equipped with advanced sensors
and manipulators are being developed to delicately pluck ripe strawberries, reducing reliance on
manual &bor and optimizing efficiencyKpong et al., 202 This transition toward
mechanization not only addresses labor shortages but also improves precision and productivity in

harvesting operations.

Lighting research stands as another pivotal area in saliesgberry cultivation. As the
industry moves toward yeaound production, optimizing light conditions becomes paramount.
Advancements in LED technology and tailored light spectrums are being explored to enhance
plant growth, flowering, and fruit qualitgnsuring consistent and optimal yields irrespective of
seasonal variation®almitessa et al., 202Ijhese innovations in lighting technologies aim to
mimic and optimize natural sunlight, fostering improved photosynthesis andewaitogppment

throughouthe year.

Additionally, strategies to decrease row spacing are gaining attention. A significant
hurdle in traditional strawberry harvesting is the need for adequate spacing between rows,
allowing room for harvesters to maneuver. Research is focusiognopacting row layouts
without compromising harvesting efficiency. Innovations in cultivation techniques, such as
modified plant architecture or contaifgsised systems, aim to optimize space utilization while

maintaining accessibility for harvesting equignt (Fernandez et al., 2019).
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Enhancing flavor characteristics remains a crucial frontier. Despite advancements in
production methods, ensuring strawberries retain their distinct taste and aroma is a priority.
Researchers are exploribgeeding techniques and cultivation practices that prioritize flavor
over other attributes, aiming to preserve and even enhance the natural sweetness and tanginess of

strawberries (Sgnsteby et al., 2020).

Moreover, there is a growing interest in sustailigbincluding the reuse of spent
substrate materials. Efforts are underway to develop innovative ways to recycle and repurpose
substrates used in soilless cultivation. Strategies to rejuvenate spent substrates through
composting or processing aim to nmmke waste and production costs while maintaining or even

enhancing substrate quality for subsequent crop cycles (Martinez et al., 2021).

As the agricultural landscape continues to evolve, these futuristic trends in soilless
strawberry research prosa to revolutionize cultivation methods, productivity, and
sustainability, paving the way for a more efficient, technologically advanced, and flavorful

strawbery industry in the years to come
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Figure 11. Field of annual hill plasticulture gum strawberries in North Carolina.

Figure 1.2. Field grown strawberries with runners growing off of them and rooting into the soil.
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Figure 1.3The Small Fruit Culturisby Andrew Fuller (1867) is one of the earliest references of

Apot cultureo of strawberries.

Figure 1.4. Historical image fromimerican Gardeningnagazine from 5 February, 1898,

showing the method of Abarrel cultureo to
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Figure 1.5. Soilless substrate production of strawberries inside a plastic greenhouse structure

located in Zebulon, NC.

Figure 1.6. Adanced raised soilless substrate system for strawberry production in Spain.
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Figure 1.7. Canadian peat bogs before peat extraction.

Figure 1.8. Closaip view of peat moss, which is the most commonly used soilless substrate.
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Figurel.9. Truckload awaiting shipent of coconut coir in India. Coconuicis produced from
the husk and shell of the coconut.

Figure 1.10. Clos&p view of coconut coir, a commonly used substrate for soilless fruit
production.
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Figure 1.11L oblolly pine Pinus taedatrees, which are typically grown for pulpwood and the
saw timber industry. However, research is investigating its use for producing wood fiber
substrates for the horticulture industry.

e

[/4” Dine Tree Wood Coarge Pine Wood
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Figure 1.12. Loblolly pine woodhips that were hammanilled into a wood fiber substrate.
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Figure 1.13. Substrate lay flat coconut coir growbags that had strawberries growing in them for
10 months. This material is typically sent to the landfill or composted after each crop cycle since
it is not reused.
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Figure 1.14. Example of two digrent container heights of troughs used for strawberries.
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CHAPTER 2

Evaluation of Peat and Coconut Coir Blended with Pine Woodroducts, Aged Pine Bark,
and Perlite: Impacts on Substrate Physical Properties and Mother Plant

Productivity of bBragarlakanandssdSt r awberry (
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Abstract:

As the demand for locally grown produce, especially fresh fruitstileavberries,
continues to escalate, the necessity for-yeand production becomes increasingly apparent.
Given that strawberry propagation primarily relies on vegetative methods, the international
industry requires a large number of cloned plants, agdbare roots and plugs, to fulfill
geographical and seasonal demands. While 'Albion’ strawberry plants have gained popularity in
the United States for their extendgeiason production capabilities, the nuanced environmental
factors influencing daughteraoit production remain incompletely understood, including the
impact of soilless substratésiven theincreasing concern favailability of peat resources and
the heightened governmental restrictions on its usage, there is a projectedigtbetmarket
for peatreduced alternatives. Coconut coir aisay present drawbacks such as a significant
CO2 footprint due to transportation and concerns regarding ecosystem quality and human health.
Therefore, this study aims to evaluate the influence of varioud ¥iloer products, aged pine
bark (APB), and perlite as potential 20% and 40% amendments compared to a commercial
industry standard (50% perlite: 25% peat: 25% coconut coir) to reduce reliacompanents
such agpeat and coir, for enhancing strawberrythes plant productiorDuring the peabased
experiment, plants grown in a 20% APB amended substrate exhibited an increase in daughter
plant yield. Similarly, 20% and 40% amendments of various wood fiber products showed no
significant decrease in daughtdant yield compared to the industry standard. In the lwased
experiment, various wood fiber components showed a slight reduction in daughter plant
numbersThese findings suggest that utilizing welbdsed products may be suitable for mother

plant prodation of strawberries with minimal adverse effects on growth and production.
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Introduction:

As the demand for local produce continues to rise, particularly for fresh fruits like
strawberries, the need for yeaund production becomes evident (Zacharaki et al., 2024). While
California, Florida, Oregon, and Washington dominate strawberry producttbe United
States, accounting for 96% of the production area, access tgundjty, local produce remains
a challenge for those residing outside these states, especially during winter months (USDA
NASS, 2017; Banerjee et al., 2022). Controlled Earvinental Agriculture (CEA), utilizing
heated greenhouse structures and soilless substrates, presents a potential solution to bridge this
gap and meet consumer demand throughout the year (Bradford et al., 2010; Hamano et al.,
2014). Despite the advancem@nCEA systems, both traditional field and CEA growers face
the challenge of ensuring a consistent supply of-lyiggdity plants to meet the rapidly escalating
demand.

Since the propagation of strawberries is mainly vegetative, primarily via aerial stolons
that yield daughter plants for largeale propagation (Heide et al., 2013),ititernational
industry requires a vast number of cloned plants, such as bare ropisigsdo meet the
geographical and seasonal demand (Hoffmann, 2020). In order to have enough planting material
(daughter plants) to supply fruit growers, propagators have to carefully coordinate the
reproduction of strawberry stock plants for severatyaad in multiple geographical locations
[USA and Canada (Samtani et al., 2019)].

OAl bioné strawberry plants have bwseasome pop
production. Al bi on i s-neamnmaidanng (EBYHagesng pldante d a s
since it is capable of flowering under both lesty and shortlay light conditions (Garcia and

Kubota, 2017). Albion and other EB cultivars often produce low numbers of daughter plants in

50



openfield propagation systems (Durner et al., 1984k intricate environmental factors
influencing daughter plant production, especially in EB cultivars designed for extended
production windows, are not fully understood (Guttridge, 1955). These EB cultivars, propagated
in North American nurseries, contriieuover two billion strawberry plants annually, highlighting
their economic importance (Hoffmann, 2020).

The current field propagation system is vulnerable to several problems including a
decrease in plant quality after long storage, limited availabifipfamting material, and high risk
of pathogen transmission from the nursery to the production field (Hoffmann, 2020; Samtani et
al., 2019; Pritts and Sjulin, 2019). Additional factors such as rising land and labor costs,
environmental challenges, and tteclining availability of soil fumigants pose significant
hurdles (Samtani et al., 2019; Gutherman, 2017). In response, an alternative approach gaining
traction is the transition to soilless substiatsed systems, providing a controlled environment
thatmitigates sodborne pathogen pressures and enhances overall productivity (Ameri et al.,
2012; Martinez et al., 2013; Samtani et al., 2019). Utilizing strategies such as precision indoor
propagation [PIP (Xu and Hernandez, 2020)], to produce strawberhenmants and asexually
propagate them in a controlled environment utilizing soilless substrates may offer solutions to
certain challenges encountered in ofiefd strawberry propagation. A gap exists in the current
literature regarding available datatwe impact of substrate composition on the growth and
productivity of strawberry mother plants.

Considering the diminishing availability of peat resources and the heightened
governmental restrictions on its usage in some countries, there is an ardigioatéh in the
market for alternatives that are peatluce/free (Caron et al., 2013; Blok et al., 2048eri et

al., 2014. Despite coconut coir and mineral wool being existing options available in the market,
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they are not devoid of sustainability e@mns. Coir, a commonly used substrate, exhibits
potential drawbacks such as a substantial CO2 footprint due to extended transportation and
concerns related to ecosystem quality and human health (Chauhan et al., 2020). While mineral
wool has been demondted to be suitable for strawberry production, its involvement in costly
and energyintensive production and recycling processes pose some environmental concerns
(Flury et al., 2012; Bussel and Mckennie, 2004; Pluimers et al., 2000). If not appropriately
recycled, mineral wool may persist in landfills for thousands of years (Bussel and Mckennie,
2004).

In recent years, various research teams have investigated alternative substrates like
composts, rice hulls, and biochar for soilless strawberry productitier{4t al., 2014;
Signorini et al., 2023; Vandecasteele et al., 2023; Depardieu et al., 2016). However, several
factors such as availability, consistency, and unstable physical/chemical properties may pose
issues with these components. Forestry praguatiuding wood fiber, have emerged as
promising components for sustainable growing media (Drotleff, 2018; Harris et al., 2020). The
global market for wood fiber has witnessed steady growth for nearly 15 years, with its initial
development dating backtohe 19706s (Jackson, 2019). There
incorporating wood fiber in soilless strawberry production (Woznicki et al., 2023; Aurdal et al.,
2022; Kusnierek et al., 2021). These substrates are attracting attention due to their lowgr cost a
renewability (Harris et al., 2020). Nevertheless, they present challenges, including nitrogen
immobilization, particularly shown when used at 40% amendment rates or more by volume
(Gruda et al., 2000; Handreck, 1993; Harris et al., 2020; Jackson2€Qd), and the possible

leaching of toxic compounds (Gruda et al., 2000; Bugbee and Heins, 2018).
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Existing research has demonstrated the viability of various wood fiber types as effective
alternatives to reduce the reliance on peat or coir in soillesststrry production (Woznicki et
al., 2023; Aurdal et al., 2022; Kusnierek et al., 2021). Notably, success has been achieved even at
100% wood fiber usage rates through careful engineering of the physical and chemical properties
to create a suitable roatdronment (Woznicki et al., 2023). Despite these promising findings,
the commercial adoption of wood fiber as a substrate necessitates thorough evaluations of the
properties of different wood fiber products and their effectiveness as growing mediapdrile
studies have showcased encouraging outcomes, comprehensive assessments are imperative for
successful implementation in commercial settings.

This research aims to address the gaps in understanding the influence of wood fiber
products utilized as stdéiss substrates, specifically their impact on substrate physical properties
and mother and daughter plant production of strawberries. By comparing major wood fiber
sources with traditional substrate materials like peat, coir, perlite, and aged pine®BjkgdA
more thorough evaluation of incorporating wood components in soilless substrates for strawberry
mother plant production can take place.

The first objective was to evaluate the physical properties of peat and coir amended with
various wood fiber pragcts, aged pine bark, and perlite. The second objective was to evaluate
peat or cokbased substrates blended with three wood products, APB, and perlite for effects on
strawberry mother and daughter plant growth and substrate chemical properties ovnisme.
second objective was separated into two trials, the coir and thbgsest trials, so the data will
not be cross analyzed between the two. It is hypothesized that the amount of peat and coir can be

reduced without a reduction in plant growth.
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Materials and Methods:

Substrate preparation and blendirgphagnum peat (Premier Fvioss, Quakertown,

PA) was used as one of the primary substrate components. The compressed bale of peat was
unpacked and placed into a large tub. Water was incrementally ad2iiter increments, and

the peat was manually agitated to facilitate proper water absorption, reaching an initial moisture
content (IMC) of 50%. Similarly, compressed 5kg blocks of coconut coir (Jiffy Group
International, Zwijndrecht, the Netherlanaggre hydrated by adding 14 liters of water ihtér
increments. The blocks were fluffed by hand until hydrated to an IMC of 50%.

The blending process involved combining each of these substrates with ForestGold [FG
(Pindstrup, Midtjylland, Denmark)], discrefined wood fiber sourced froRinus sylvestris
GreenFibre [GF (KlasmarbDeilmann, Niedersachsen, Germany)], an extruded fiber Bom
sylvestris processed tree substrate [PTS (NCSU, Raleigh, NC)], a hamithedl product made
usingP. taeda aged pine bark [APB (Pacific Organics, Henderson, NC)] aged for six months in
outdoor windrows and specifically engineered, and cegirage perlite (Supreme Perlite,

Portland, OR).

The experimental substrates for the geaged trial were formulated lopmbining peat
with each of the five components at two volumetric blend percentages (20% and 40%) along
with a 100% peat treatment. For the dmitsed trial, coir was combined with each of the five
components at two volumetric blend percentages (20% @#td dlong with a 100% coir
treatment. As an strawberry industry standard (McKean et al. 2019), an experimental substrate
was made utilizing 50% perlite, 25% peat, and 25% coir (by volume) and included in each of the
two trials. All blending procedures wecarried out by hand. Notably, fibers in FG, the 100%

peat, and the 100% coir substrates tended to aggregate during blending, forming clumps. To
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optimize fiber distribution and minimize clumping, these aggregates were meticulously separated
by hand. It's wrth noting that in commercial settings, mechanical equipment is commonly
employed to blend these materials together (Drotleff, 2018; Dickson et al., 2022).

Initial substrate pH and electrical conductivity (EC) for each treatment were measured
using the 2t saturated media extraction method [2 parts deionized water: 1 part substrate (Argo
and Fisher, 2002)] using a hahdld pH and EC meter (HI 9843.; Hanna Instruments,
Woonsocket, RI). Based on the initial substrates pH values, it was determineddhatidol
limestone was needed to be incorporated during the substrate blending to raise the pH to the
suggest value of 5:8.5 for strawberries (Akon, 2019). The incorporation rates were 84.05 g per
cubic foot for the 100% peat substrate and all 20% andaf&ndments, and 33.62 g per cubic
foot for the 100% coir substrate and all 20% and 40% amendments. The irsfastgrd
substrate received dolomitic limestone at a rate of 84.05 g per cubic foot. Substrates were
incubated for 2 d in seal plastic bags ftova for lime/pH equilibrium and then the pH and EC
were retested using the same method as described previously.

Substrate physical propertieSor each experimental substrate treatment (Table 1), three
representative samples of each substrate were takirtermine the physical properties using
the NCSU Porometer Method (Fonteno et al. 1995). Container capacity (CC), air space (AS),
total porosity (TP), and bulk density were derived from this procedure.

Particle size distribution (PSD) analysis was perfed only on the seven substrate
components (peat, coir, perlite, GF, FG, PTS, and APB). This involved passing 150g-of oven
dried samples through five U.S. Standard sieves with mesh sizes ranging from 0.106 to 6.3 mm,
in addition to a bottom pan. The sesvand pan underwent shaking for 5 minutes using a@RX

RoTap sieve shaker (278 oscillations per min, 150 taps per min; W.S. Tyler, Mentor, OH). The
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particle fractions retained on each sieve and pan were subsequently weighed, and their
proportions weressessed as a percentage of the total sample.

Greenhouse experiment and experimental de3ige.experiment was conducted from
24 April 2023 to 3 July 2023 in a glasshouse at North Carolina State University in Raleigh, NC
evaluating substrate compositioiseect on t he pl ant ¢ rFmgatiah o f
x ananassaplanted in 2.9 L black containers (Hummert International, Topeka, KS).

Environmental parameters, including daily light integral [DLI (Hobo Data Logger, Cape
Cod, MA)], average dailgir temperature (ADT), and relative humidity (SensorPush HT, New
York, NY) were measured throughout the experimental period. DLI, ADT, and relative humidity
were reported as (mean N sd) 25.2 N 9.3 mol
8.1 °C, and 76 * 4.6%, respectively.

To accommodate for the anticipated stolon growth, containers/plants were elevated by
placing them on top of 5.68m x 15.24cm x 304.8cm treated lumber, supported by-&3 tall
buckets (Home Depot, Atlanta, GA), on bbes. Each trial occupied its designated bench,

allowing the solons to cascade down the sides of the benches (Figure 1). Each week, combing

and organization of the stolons were carried out to minimize entanglement and shading, ensuring

optimal plant develpment among treatments.

The experiment included 12 treatments for each the peat or coir trials. These treatments
comprised varying proportions (0% to 40% by volume) of perlite, APB, GF, FG, or PTS, with
each trial also containing the industandard dostrate (Table 1). The substrate treatments were
arranged in a randomized complete block design. Each replicate consisted of one containerized
plant, with five replicates assigned to each substrate treatment. However, 10 replicates were

designated for thendustrystandard substrate, as it was employed as a treatment in both the peat

56

0A

m



and coirbased trials. This resulted in a total of 120 containers/plants [(12 treatments for the peat
trial + 12 treatments for the coir trial) x 5 singd&ant replications].

Vegetatively propagated #&ll plugs of 'Albion’ strawberries were purchased from a
local nursery specializing in the cultivation of vifiniee plants, rooted in a peat moss
propagation blend [FresRik Produce Inc., Wilson, NC (Figure 2A)]. Following oneek of
acclimation in the glasshouse, plants with comparable crown diameter (1.5 cm), leaf ceunt (4.0
5.0), and visually assessed root health were carefully chosen (Figure 2B). Subsequently, these
selected plants were transplanted into 2.9 L pots, emgtirat the initial moisture content across
all substrate treatments was standardized at 50% for consistency. Each container was weighed
while being filled with substrate to allow for equal densities between replicates within the
assigned treatment.

Each eplicate container underwent individual hamigation at the start of the trials and
were brought to effective container capacity [ECC (maximum mass of the container, substrate,
and plant after gravitational water has drained)] as described by Samndddsare (2008),
then weighed. When substrate moisture (container weight) decreased by 25% of the maximum
ECC, then that amount of water wasafgplied plus an additional 30% to allow for the
recommended leaching volume (Gontijo et al., 2020). Moistureenbwas determined through
twice-daily weighing of each container, and correlations between container weight and moisture
content were established through gravimetric techniques for each substrate treatment.
Adjustments were made every seven days to actmiate increasing plant growth by
reweighing and determining the adjusted ECC.

Plants were fertilized at each irrigation with a commercial complete fertilizer with

mi cr onut r i enitrogen (N}4.dapbospharus @PIBH.6 potassium (KP.15 magnesium
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(Mg@)-0.02 boron (B)0.01copper (Cub.liron (Fe) 0.05 manganese (IVif).01molybdenum
(M0)-0.05 zinc (Zn), JR Peters, Inc., Allentown, PA) at a rate of 1004hd\LA supplemental
Calcium nitrate was separ aOROKYRRegplhci,ed once
Allentown, PA) at a rate of 75 mgL N. Fertilizer solutions were applied by hand directly to the
substrate surface and under the plant canopy to prevent foliage wetting. Beginning on day 45, all
plants were irrigated automatically betweer 2 times daily, with all treatments receiving the
same amount of water (150 mL/pot per fertigation event). This was due to the plants requiring a
more frequent supply of water as the plant biomass and stolon network increased overtime.

Measured plant gnerth traits.Weekly assessments of substrate pH and EC were
conducted on each replicate using the nondestructivetboaurgh method (Cavins et al., 2004),
employing the same handheld pH and EC meter as previously described. Before each data
collection, plats were irrigated to effective container capacity two hours in advance.
Subsequently, 75 mL of deionized water was uniformly poured over the substrate surface,
collecting approximately 50 mL of leachate, which was then analyzed to measure pH and EC.

Nondestructive measurement of leaf SPAD chlorophyll content (SPAD 502 Plus Index
Meter from Konica Minolta, Tokyo, Japan) was undertaken for each replicate at the d 35 and
d 70. Three measurements were acquired on the most recently fully expanded leaf and
subsequently averaged to determine each leaf's SPAD value. Throughout the trial, the
guantification of flower buds was systematically recorded, and once apparent, they were
promptly removed.

At the conclusion of the trial, the number of daughter plants with at least one leaf was
recorded for each replicate. Additionally, the count of primary stolons directly attached to the

mother plant was determined for each replicate. Following the cagtt,stolon was severed at
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the crown of the plant, and the length of each stolon was measured individually for every
replicate. The measured lengths of all stolons per replicate were aggregated to calculate the total
stolon length per plant. The internodstdnce between each daughter plant on an individual

stolon was measured for all stolons in each replicate. The entire stolon network, encompassing
all stolons and daughter plants on a single plant, was subjected-tooad@rying process at 80
degrees €lsius, and dry weights were subsequently recorded.

Following stolon removal, each strawberry mother plant underwent evaluation. The
number of crowns per mother plant replicate was documented. To determine crown diameter, a
digital caliper (Fisherbrand, $hier Scientific) was used. One measurement was taken, followed
by turning the caliper 90 degrees and taking another measurement, with the average of these
measurements representing the crown diameter. Once measured, the mother plant was cut at the
substrag surface, and its dry weight was determined following the previously described
procedure.

Statistical analysisEach trial was grown seperately on one bench inside the NC State
University greenhousigy Randomized Complete Block Design (RCBD). Each satesmix
type was defied as an independent treatment. ANOVA wss to analysithe substrate effect,
and Tukeybds HSD analyzed multiple comparisons

Mean separation used TukewdshhOnesO®0l §5signi fi

Results and Discussion
Particle size distributionThe particle size distribution (PSD) of individual substrate
components was analyzed, revealing variations in the distribution of various particle sizes (Table

2). Perlite and APB exhilatl the highest percentages of particles in the caazed fraction
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(>2.0mm), with values of 67.3% and 54.4%, respectively (Table 2). Notably, while perlite
showed minimal presence in the >6.3 mm fraction, bark contained 16.4% in this category,
resultingin perlite having nearly double the amount of particles as APB in th& 2.10m

fraction. FG also demonstrated relatively high percentages of esiaeskparticles, accounting
for 43.7% of its composition, primarily due to aggregated clumps of fibersaimained intact
during sieving. Conversely, coir, GF, and PTS contained the least amount ofsipadse
particles, representing 7.8%, 7.2%, and 8.0%, respectively. The majority of particles for coir,
GF, and PTS fell within the mediugsized fraction (B-2.0 mm), comprising 72.7%, 72.2%, and
76.0%, respectively. Peat and FG exhibited the highest percentagesutédgarticles (<0.3
mm), with values of 28.4% and 23.6%, respectively. GF and coir also contained a relatively high
amount of finesized paticles, accounting for 20.6% and 19.5%, respectively.

It's worth noting that Bartley (2019) and Dickson et al. (2022) have suggested that the
higher proportion of fine particles in these materials may be attributed to delicate fibers being
damaged durinthe sieving process. In contrast, perlite and APB contained the least amount of
fine-sized particles, with values of 9.8% and 14.8%, respectively. Peat and FG exhibited similar
PSD within all the size fractions.

Peatbased experiment

Physical propertiesThe components utilized for blending and the rate of the amendment
interacted in effect on TP, AS, and CC (TableT3)e highest TP was observed in the 100% peat
(90.6%), while the lowest was shown in thdustry standard mix and 4086°B blend with
75.2% and 73.4%, respectively (TablelByas observed that as the blend percentage increased,
the TP decreased for peat blended with perlite, APB, and PTS. Conversely, results from Dickson

et al. (2022) indicated that TP increased withlblend percentage of peat with PTS. For GF, TP

60



increased with the blend percentage, while it remained stable for FG. Notably, TP was most
similar to peat across substrates when components were blended at 20%, but this difference grew
for 40% rates. Whil¢here are no established standards or guidelines for strawberry substrate TP,
various recommendations exist in the literature. Yeager et al. (2007) suggested a TP range of
50% to 85% for substrates used in the nursery industry, while Riviere (1980) recdethzeTP
of 75%. De Boodt and Veronck (1972) and Goh and Haynes (1977) advocated for an ideal
substrate with 85% total porosity. It's worth noting that substrates can even exceed 85% TP,
particularly those with high wood percentages or rockwool, as aisémnstudies by Fields et al.
(2014) and Bougoul et al. (2005).

Air spacewas notably influenced by the interaction of blend component and blend
percent. AS increased with an increase in blend percent for GF and FG substrates, as indicated in
Table 3. Caversely, incorporating 20% and 40% perlite led to a decrease in AS, while AS
remained relatively constant with the addition of 20% and 40% APB and PTS. The highest
observed AS was recorded for the 40% GF and 40% FG blends, reaching 29.2% and 29.6%,
respetively. In contrast, the lowest AS was observed for the 20% and 40% perlite blends, with
values of 13.6% and 12.7%, respectively, similar to the AS of 100% peat (1€0%)so
varied due to this interactio@C decreased among the perlite, APB, FG, ard fPeatments,
while CC remained relatively constant for GF blends. However, CC was significantly lower
compared to 100% peat, which exhibited the highest CC at 76.6%. The lowest CC was observed
for the industry standard, 20% and 40% GF blends, as wilea®% FG blend, with values
ranging between 52.3% and 54.4%.

Substrate dry bulk density increased as the blend percent increased with perlite, APB, and

PTS (Table 3). This could be due to these materials having higher bulk densities then the peat, as
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Dickson et al. (2022) found. In contrast, FG bulk density decreased with blend percent, while GF
remained constant, suggesting that FG has a lower bulk density to peat, while GF has a similar
bulk density to peat.

Chemical propertiesSubstrate type and blémpercent interacted in effect on the
substrate pH over time (Table 4). At the initiation of the trial on day 0, the industry standard
exhibited a significantly higher pH compared to all other treatments (6.7), a trend which
persisted throughout the -ty duration, reaching 7.2. Conversely, the lowest initial pH was
observed in the 100% peat substrate, with a pH of 5.2. Across all treatments, as the blend percent
increased, so did the pH levels. However, with the exception of the industry standard, all pH
values remained within the acceptable range for strawberrie.6.2s suggested by Akon
(2019), until day 42. At this point, the substrates comprising 40% perlite and 40% PTS exhibited
slightly elevated pH levels, measuring 6.6 and 6.7, respectivglgaid 56, the substrates with
40% GF and 40% forest FG also displayed pH values exceeding this range. At the conclusion of
the trial on day 70, the highest pH was recorded in the substrate with 40% PTS at 7.1, while the
lowest was observed in the substratd 20% APB at 6.2The observed increase in pH values
with higher wood fiber rates aligns with findings by Jackson et al. (2009) and Dickson et al.
(2022).

The EC value was influenced by substrate composition over time (Table 5). Initially, on
day O, tle EC values were relatively similar, ranging from 0.50 (40% PTS) to 0.66 (industry
standard), with most substrates falling within 0.02 of the 100% peat substrate (0.53). By day 14,
al | substrate blenddés EC val ueendthaepersisted ower t h
throughout the trial, indicating a decrease in EC as the wood fiber percentage increased.

Conversely, an increase in EC was observed with increasing blend percentage of APB,

62



maintaining levels similar to the 100% peat throughout the Mi@ably, at a 40% blend rate,

FG substrate exhibited an EC of 0.73 (0.10 less than peat), while other wood fiber materials
displayed EC levels less than 0.70. These findings suggest a potential nitrogen immobilization
effect, as blending wood fiber witheat has been shown to cause such effects (Gruda et al.,
2000; Handreck, 1993; Harris et al., 2020; Jackson et al., 2008).

Strawberry motheplant growth At trial end, all strawberry plants across the various
substrate treatments exhibited robust growith dark green foliage, substantial stolon
development, and demonstrated satisfactory quality and health. The analysis revealed no
statistically significant differences between substrate types concerning plant dry weights (Table
6). Additionally, measuraents of leaf SPAD chlorophyll content at both day 35 and day 70,
crown number, stolon number, and internode length did not exhibit significant variations
between the substrates.

The stolon network, comprising daughter plants and stolons, did not esifibftcant
differences in dry mass per plant, with an average weight of 33’Bdbie 6) It is noteworthy
that despite significant variations in daughter plant numbers, the stolon network's dry weight
may not fully represent these differences due tartimaite size of newly formed daughter plants,
contributing minimally to the overall mass and thus influencing the dry weight measurement
insignificantly.No significant differences were observed in mother plant dry weigtatal plant

dry weightacross d treatments.

Leaf SPAD chlorophyll content displayed relatively high values across all substrate
treatments at 35 d and 70 d (Table 7). Strawberry plants with sufficient amounts of N have been
shown to have SPAD values > 30 unit (Guler et al., 2006 ifkicates no differences in

foliage greenness among the treatments overtime. SPAD readings have been shown to have a
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direct linear relationship to extracted leaf chlorophyll and are also related to the leaf N
concentration (Bullock and Anderson, 1998artis et al. (2020) and Dickson et al. (2022) also
found minimum substrate effects on SPAD values for petunias grown in peat amended with 30%

(by volume) FG, GF, and PTS wood components.

Flower number removed per plant was highest in the industry stamneaneent (Table
7). However, the 100% peat yielded a flower number of 8.0. By the addition of amendments of
20% and 40% perlite, GF, and PTS, as well as 20% APB, and 40% FG, a significant increase in
flower number was observed. Conversely, the amendaie@ APB and 20% FG led to a
decrease in flower number. Furthermore, the analysis uncovered a negative correlation between
flower number and daughter plant number, with several treatments exhibiting this relationship.
Particularly the observation thaetd0% APB treatment, which showed the highest number of
daughter plants, displayed a significantly lower flower number. The highest number of daughter
plants were shown in 40% APB, which displayed a significantly lower flower number. The
industry standardhix had the highest flower number, but displayed a lower daughter plant
number. This suggest a complex interplay between substrate composition and reproductive
output.

There was no discernible difference observed in the cumulative number of stolons per
mather plant across treatments, with an average of 7.6 stolons per mother plant récated
7). In a study conducted by Morrison et al. (2018), 'Albion’ strawberries cultivated in a
commercial blend consisting of 25% pine bark, 55% peat, and 25% vatenand perlite
exhibited an average of less than 7.0 stolons per mother plant oveveeR(@periodThe
inclusion of 20% GF in the substrate blend notably increased the total stolon length per mother

plant to 1079.49 cm, in contrast to 100% peat, whieldgd 759.46 cm (Table 7Jhere also
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were no discernible differences in internode length among treatments, with an average length of
49.98 cm. Previous studies have indicated that photoperiod and temperature exert significant

influence over strawberryadbn number and internode length (Morrison et al., 2018)

No significant differences in crown number per plant were observed across all treatments.
However, a trend emerged regarding mother plant crown diameter. Specifically, the 40% perlite
treatment demonstrated a significantly larger crown diameter, while the smallest crown diameter
was observed in the 40% FG treatment. This discrepancy couldiplydre attributed to the
influence of daughter plant number on mother plant development. It is conceivable that
treatments with fewer daughter plants, such as the 40% perlite treatment, allow for greater
resource allocation towards mother plant growlsulting in larger crown diameters.

Conversely, treatments with higher daughter plant numbers, like the 40% FG treatment, may
divert resources towards stolon network and sexual reproductive organ development, thereby
limiting mother plant crown diametefhis observation underscores the intricate relationship

between substrate composition, daughter plant proliferation, and mother plant morphology.

Substrate composition displayed significant impact on the number of daughter plants
produced per plant. Thé®% APB treatment exhibited the highest average number of daughter
plants per mother plant, reaching 48.0, surpassing other treatments. Following closely were the
100% peat and 20% perlite treatments, with approximately 44.0 daughter plants per mother
plant Notably, these materials also demonstrated some of the highest electrical conductivity
(EC) values, ranging from 0.83 to 0.87, coupled with high substrate total porosity (ranging from
85.8% to 90.6%), reduced substrate air space (13.3% to 14.0%), eaigeleubstrate container
capacity (72.2% to 76.6%). Similar results for soilless strawberry growth was displayed by

Ameri et al. (2012), which showed the highest growth in substrates with high water holding

65



capacity and increased total porosity. Despiee40% APB exhibiting the highest EC (0.88),
there was a decline in daughter plant number, potentially attributable to the decrease in container
capacity. These treatments also deviated significantly from the industry standard, which typically
yields 36.0daughter plants per mother plant, showcasing one of the lowest container capacities
among all treatments (52.3%). The 20% FG and 40% FG treatments demonstrated the least
daughter plant growth, yielding 34.2 and 32.2 daughter plants per mother plantjvespddhe
latter particularly displayed the highest air space among treatments (29.6%) and a relatively low
container capacity (54.4%). Among the wood product treatments, the 20% GF and 20% PTS
treatments performed comparably to 100% peat moss, eadmgielpproximately 40.0
daughter plants per mother plant, with the 40% APB also aligning with these outcomes.
Generally, the number of daughter plants produced per plant tended to decrease with
increasing amendment rates, except for FG treatments. Although the 40% PTS treatment
exhibited physical property trends similar to those resulting in the highest nuntzergbiter
plants, its EC was the lowest among all treatments, potentially attributed to nitrogen
immobilization, which might limit the available nitrogen for plant uptake (Gruda et al., 2000;
Handreck, 1993; Harris et al., 2020; Jackson et al., 2008)alipiss with findings from
previous studies by Harris et al. (2020) and Jackson et al. (2008), which demonstrated similar
trends with peat amended with 40% wood fiber materials.
Coir-based experiment
Physical propertiesThe highest TP was observed in fl@#% coir, 20% and 40% PTS,
with values ranging between 92.538%, while the lowest was shown to be the industry
standard, with 75.2% (Table 3). As the blend percentage increased, TP decreased in perlite and

APB, while it increased in GF, and remainedktan FG and PTS. TP in the 100% coir was
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most similar to the 20% PTS and 20% APB, while it was most different to the industry standard,
with a TP of 75.2%.

AS and CCwere both influenced by the interaction of blend component and blend
percent (Table 3AS increased with an increase in blend percent for perlite, APB, FG, and PTS,
resulting in a decrease in CC among these materials as blend percent increased. Notably, FG
exhibited the largest percent change in AS with increasing blend percent, tramgitrom
15.4% to 25% with a change from 20% to 40%. In contrast, GF showed no change in AS and
only a minor increase in CC with increasing blend percent, although both blend percentages were
approximately 10% higher than 100% coir. The highest AS waswaakar the two GF blends,

40% FG, with AS ranging from 24% to 25%, while the industry standard was close behind with
an AS of 22.8%. Conversely, the lowest observed AS was in the 20% perlite blend, with an AS
of 10.4%. Regarding CC, the highest values ieuad in the 20% perlite blend and 100% caoir,

with values of 78.9% and 78.3%, respectively, while the lowest CC was observed in the industry
standard at 52.3%, followed by 20% GF and 40% FG at 59.8% and 60.1%, respectively.

Additionally, substrate bulk aesity increased as blend percent increased with perlite,

APB, and PTS, consistent with observations for the-pas¢d mixes (Table 3). However, the
bulk density of FG and GF decreased with blend percent. Among all blends, 100% coir exhibited
the lowest blk density.

Chemical propertiesSubstrate type and blend percentage displayed notable effects on
substrate pH over the course of the experiment (Table 4). At the start of the trial, the industry
standard substrate exhibited the highest pH reading a 6&hd that persisted throughout the
70-day duration, eventually reaching 7.2. Conversely, the lowest initial pH was recorded in the

40% APB treatment, which aligns with expectations for tree bark substrates with pH ranges
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typically falling between 3-4.4 (Atland and Buamscha, 2008). Notably, the 20% GF treatment
demonstrated no significant change in pH at the initiation of the trial. Interestingly, this
observation held steady until the trial's conclusion, with the 40% GF and 20% FG treatments also
exhilting no significant difference in pH compared to the 100% coir substrate (pH 6.7).
Incremental increases in perlite amendment, from 20% to 40%, did not yield discernible changes
in pH values, a pattern also observed with GF across most of the triabdukéiwever, for

APB and FG substrates, pH levels exhibited a decreasing trend with higher blend percentages,
while for PTS substrates, pH levels tended to increase with greater blend percentages. Notably,
throughout the duration of the trial, all pH vaduen the experimental mixes remained within the
recommended range for optimal strawberry cultivation. It is noteworthy that exceptions to this
trend were observed, with the industry standard substrate reaching a pH of 7.2 by the trial's
conclusion, and thpH of the 40% APB substrate rising to 5.9 by the end of the trial period.

Initial measurements revealed the highest EC in the 100% coir substrate (0.95), with EC
values decreasing as the percentage of coir decreased in the blends (Table 5). Thisisésd per
over the 7e&day trial period, with the 100% coir substrate consistently maintaining the highest
EC. Conversely, the lowest EC readings were initially observed in the 40% GF and 40% FG
blends, with EC values of 0.63 and 0.61, respectively. By thewsion of the trial, substrates
composed of 40% GF, 40% FG, and 40% PTS exhibited the lowest EC values (<0.67). While EC
values fluctuated over time, none of the treatments exceeded an EC of 1.02 during the course of
the experiment. It is noteworthy thert EC of 1.2 is commonly recommended for soilless
strawberry production (Zucchi et al., 2017).

Strawberry mother plant growtlt the conclusion of the trial, all strawberry plants

cultivated in the various substrate treatments displayed vigorous groartcterized by dark
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green foliage, substantial stolon development, and overall satisfactory quality and health. Despite
this general vigor, notable differences were observed among the substrates in terms of flower
number, crown number, total stolon lengttolon network dry weight, mother plant dry weight,

and total plant dry weight. However, statistical analysis revealed no significant disparities
between substrate types in leaf SPAD chlorophyll content at both 35 days and 70 days, crown
diameter, stolomumber, and internode length.

The stolon network, comprising daughter plants and stolons, exhibited significantly
higher dry weight in the industry standard treatment, followed by the 20% perlite treatment.
Conversely, the 40% APB treatment, despite digply the highest stolon length, recorded the
lowest measured dry weight. This observation may be attributed to a higher number of smaller
daughter plants and the minute size of newly formed daughter plants, which could lead to lower
overall weight. To dele deeper into these dynamics, future studies could focus on investigating
individual daughter plant weights and their quality, providing valuable insights into optimizing
substrate compositions for enhanced strawberry plant growth and development.

The hidhest measured mother plant dry weight was observed in treatments with 20%
APB, FG, and PTS amendments, indicating that the amendment of these materials led to
increased mother plant size. Conversely, the lowest measured dry weight was recorded in the
100%coconut coir treatment. Although no significant difference was found in crown diameter
across treatments, variations were observed in crown number per mother plant. Specifically, the
20% FG treatment exhibited a higher number of crowns, while the 40%e&mant displayed
the lowest number of crowns per mother plant. All other treatments showed an equal crown

number.
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Total plant dry weight, comprising both stolon network and mother plant, was
significantly higher in the industry standard treatment, followed by the 20% perlite, GF, and FG
treatments. Conversely, the lowest measured total plant dry weight was obsehed(f6
APB treatment, likely due to its lower stolon network dry wei@hese findings highlight the
influence of substrate composition on various growth parameters in strawberry mother plants,
emphasizing the importance of carefully selecting and amgrsdibstrates to optimize plant size
and yield.

Similar to the findings in the peabsed experiment, leaf SPAD chlorophyll content
remained consistently high across all substrate treatments throughout the trial. This consistent
greenness indicates thaetcoconubased experimental treatments provided adequate nutrition
for strawberry plants, suggesting that the inclusion of these materials likely had minimal impact
on overall plant health.

Highest flower number removed per plant was observed in theFZD%eatment,
totaling 17.6 flowers. In contrast, the 100% coconut coir treatment exhibited the lowest flower
numbers removed, with only 6.8 flowers, followed by the 40% APB treatment with 7.6 flowers.
Interestingly, several treatments, including the ingustandard mix, as well as those
incorporating 20% and 40% perlite, GF, FG, PTS, and 20% APB, demonstrated an increase in
flower number per plant. This suggests that the inclusion of these substrates or amendments
positively influenced floral productiwtin the strawberry plants under study.

Similar to the findings in the pebased experiment, the number of stolons per mother
plant did not exhibit a significant difference across treatments. However, notable distinctions
were observed in the total staltength per mother plant, with the 100% coconut coir treatment

displaying the lowest length at 512 cm. In contrast, all amendments at 20% and 40% levels led to
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an increase in total stolon length, with the 40% APB treatment yielding the highest length of
758.38 cmlinternode length did not differ significantly between substrates. The stolon network,
comprising daughter plants and stolons, exhibited significantly higher dry weight in the industry
standard treatment, followed by the 20% perlite treatment.

Although no significant difference was found in crown diameter across treatments,
variations were observed in crown number per mother plant. Specifically, the 20% FG treatment
exhibited a higher number of crowns, while the 40% GF treatment displayed trst tawgber
of crowns per mother plant. All other treatments showed an equal crown number.

The substrate composition displayed a significant influence on the number of daughter
plants produced per mother plant. Specifically, the 20% perlite treatmentydidpiee highest
average number of daughter plants per mother plant, with an average of 60. Additionally, this
treatment exhibited the highest CC at 78.9%, coupled with the lowest AS at 10.4%. This trend
mirrors findings from the pedtased experiment, whetreatments with elevated CC and
relatively low AS also yielded the highest daughter plant numbers (depending on the chemical
properties).

Conversely, among the treatments with the lowest measured number of daughter plants
were the 20% APB and 40% PTSatments, both averaging around 41 daughter plants. Despite
the 20% APB showing slightly higher AS (3.6% higher) and lower CC (2.6% lower), its lower
pH at the start of the trial (5.4) and consistently low pH throughout likely contributed to this
outcome. 8nilarly, the 40% PTS treatment exhibited the lowest electrical conductivity (EC)
throughout the trial, potentially explaining the observed low daughter plant numbers.

Moreover, the amendment of 20% perlite or GF resulted in increased daughter plant

numbes compared to the 100% coconut coir treatment. Furthermore, no significant differences
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were found between the 100% coconut coir treatment and the industry standard, 20% PTS, and
FG treatments, as well as the 40% perlite, GF, APB, and FG treatments.gdestsuhe
potential for these materials to effectively reduce the reliance on coconut coir in strawberry

cultivation practices.

Conclusion

Based on the findings of this study, blending peat with 40% APB emerged as a
significant contributor tancreasing the daughter plant number per plant. However, treatments
involving 20% perlite, GF, APB, PTS, as well as 40% perlite and FG, also demonstrated
promising results and require only minor adjustments to current management strategies. These
amendmerst notably increased the daughter plant yield compared to the industry standard (50%
perlite, 25% coir, and 25% peat), or 100% peat.

Blending coconut coir with 20% perlite and GF proved effective in increasing daughter
plant numbers. Nevertheless, the us&G®% coconut coir did not yield results comparable to
the highesperforming treatments. Hence, it could be beneficial to amend coconut coir with 20%
perlite, GF, PTS, FG, as well as 40% perlite, GF, APB, and FG, with minimal impact on
daughter plant yid.

This study underscores the intricate interplay between the physical and chemical
properties of substrates in influencing daughter plant growth in 'Albion’ strawberries. Optimal
performance was observed at lower AS and higher CC levels, coupled witicale
conductivity (EC) values near 1.0. Moreover, the introduction of wood fiber at 40% generally
resulted in decreased EC levels, which may necessitate compensatory adjustments through

higher levels of fertilization.
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In conclusion, this researghmovides valuable insights into substrate composition
strategies for enhancing daughter plant yield in 'Albion’ strawberries. These findings can inform
growers and agricultural practitioners in optimizing substrate formulations to maximize plant

productivty and overall crop yield.
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Figures and Tables

Figure 2.1Pictures of (A) GreenFibre, (B) ForestGold, and (C) processed tree fiber components.
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Figure 2.2. Pictures o) 72c e | | plug fl at ofB)iadviddaliplogpb st r awb
O0Al bi ond st r awb efor anyevaluatidn itrial bf pestenoss anal soeodut coir
substrates amended with 20% and 40% perlite, aged pine bark, GreenFibre, ForestGold, and

processedreefiber.
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Mother plant

Internode length

Figure 2.36 A | bstrawbedry motherplamti t h pri mary stolonds, daug
internodes displayed. These morphological features consist of several of the measurements taken
for an evaluation trial of peat moss and coconut coir substrates amended with 20% and 40%

perlite, aged pine bark, GreenFibre, ForestGold, and proceéessiber.
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Figure 2.4Influence of peat (S) amended 20% or 40% (by volume) with perlite (P), aged pine
bark (B), GreenFibre (GF), ForestGold (FG), andcessedree substrate (PTS) émagaria x
anannasa Al bi oné mot her plant growth 10 weeks aft
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Figure 2.5 Influence of peat (S) amended with 20% or 40% (by volume) with perlite (P), aged
pine bark (B), GreenFibre (GF), ForestGold (FG), prattessedubstrate (PTS) oRragaria X
anannasa Al bi oné daughter plant number growth 10
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Figure 2.6Influence ofcoir (C) amended 20% or 40% (by volume) with perlite (P), aged pine
bark (B), GreenFibre (GF), ForestGold (FG), andcessed tregubstrate (PTS) oragaria x
anannasa Al bi oné mot her plant growth 10 weeks aft
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Figure 2.7 Influence of coir (C) amended with 20% or 40% (by volume) with perlite (P), aged
pine bark (B), GreenFibre (GF), ForestGold (FG), pratessed tresubstrate (PTS) on
Fragaria x anannas@® Al bi oné daughter plant number gr owtt
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Tabl2dPaz .t i cl e si maidii dturail b istuibsmnt raft ei compo
composition study evaldlabisag ambtehei egl an

Partidlisetsi bati on (% of dry
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Peat 4 . 4 27.0 20. 4 19. 8 15. 9 12.5
Coir 0.2 7.6 34.0 38.7 11.9 7.6
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APB 16.4 38.0 20. 2 10. 6 8.1 f 6.7
GF 0.0 7.2 47.1 25. 1 12.3 8. 3
FG 14.5 29.2 21. 2 11. 4 10. 0 13.6
PTS 0.0 8.0 57.1 18.9 10. 4 5.6
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Sb6ko 78.3 e 25. 7 a 52.7 e 0.10 c

S ho 82.8 d 29. 2 a 53.6 e 0.10 c

Sb Go 83.3 ¢ 18. 7 ¢ 64.6 c 0.10 c

S b Go 84. 0 b 29.6 a 54. 4 e 0.09 d

S P T29 88. 7 a 15.3 d 73.3 a 0.10 c

Ss P T4 85.2 b 13d6e 71.2 b 0.11 c
Slgnl}flCanCE * * * * % % * * * * * *

Cobmased t Total pc« Air speéContainert Dry bul k

(% by vec (% by vc (% by vo (g ® c1

Il ndusange 75. 2 f 22.8 a 52.3 h 0.11 b

Cioo 92.5 a 14. 2 ¢ 78. 3 a 0. 08 e

Cs 620 89.3 b 10. 4 d 78. 9 a 0.10 c

Ce b1 0 87.1 ci 14. 2 ¢ 72.9 d 0.12 b

CeB2o 90. 3 a 14.0 c 76.3 ¢ 0.10 c

Ce Bao 87.7 b 17.5 b 70.2 e 0.14 a

Csb5Ro 84.6 e 24.8 a 59.8 g 0.11 b

Ce 65 R o 87.1 ci 24. 0 a 63.1 f 0.10 c

Ceb Go 85.1 d 15.4 b 69.7 e 0.10 c

Ce b Go 85. 07 25. 0 a 60.1 g 0.09 d

CeP TS 92.9 a 16.4 b 76.5 b 0.10 c

Co P TS 93.0 a 17.2 b 75.8 ¢ 0.11 b

Significance
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I ndustry standard = 50% perlite: 25% coir 25% peat
etters represent the component(s) of the medium (S= j
PTSrocessed ,t rGe= scuobisrt)r aathned t he number s r e psPeisse n&0 % hpee
pdrn te). 5
Dat a reprsegwrartes reamss of three repli®Gahesnesahy me ghs £5

0.65* indicates sam®O0i.fiocant differences
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Tab2de The pH measur ement s-bafs edx pairbisme ratt &ls pesaetd amd t el
pl ant experiment-demeascot edebgl umet mnocdh (Cavins et al .,

pH

Pebdased t Substrat 0 DAF 14 D/ 28 DA 42 DF 56 DA 70 DF#

I ndusangatr 6.7 6. 8 6.9 7.0 7.2 7.2

S1 0% 5. 2 5. 4 5.8 6.0 6.1 6. 3

S 620 5.6 5.9 6.1 6.1 6. 4 6.6

S 640 6. 2 6. 3 6.5 6. 6 6.9 6.9

S B2o 5.3 5.5 5.6 5.8 6.0 6. 2

Ss Bao 5.5 5.7 5.7 5.9 6. 2 6. 3

Sb6ko 5.6 5. 8 6.0 6. 2 6. 4 6.5

S ho 6.0 6.1 6. 3 6.5 6. 8 6. 8

Sb Go 5.7 5.8 5.9 5.9 6. 2 6. 4

Sb Go 5. 8 6.0 6. 2 6. 4 6. 7 6.7

S P TS 5.6 5. 8 6.0 6.1 6. 3 6.5

S P TS 5.9 6. 2 6.5 6.7 7.0 7.1

Slgnlfllcance * * % * * * * % % * * * * * * * * %
Cobmased t Substrat 0 DAI 14 DF 28 DPF 42 DFE 56 DA 70 DF#

l ndusanga 6. 8 6.9 7 .al 7.1 7.2 7. 2

Cioo 6. 4 6.5 6.5 6.7 6. 7 6.7

Cs b2 0 6. 3 6. 4 6. 6 6.7 6.7 6. 7

Ce b4 0 6. 3 6.5 6. 6 6.7 6. 8 6. 8

CeB2o 5. 4 5.5 5.7 5.8 6.1 6.1

CeBao 5.0 5.2 5. 4 5.6 5.7 5.9

Cebko 6. 3 6.5 6. 6 6.7 6.8 6. 8

Cebsho 6. 2 6. 4 6.5 6.7 6. 8 6.7

Csb Go 6.0 6. 2 6. 4 6.5 6.7 6. 7

Ceb Go 5. 8 6.0 6.1 6. 2 6. 4 6. 4

CeP TS 6. 1 6. 2 6. 3 6. 4 6.5 6.5

CeP TS 5.9 6. 2 6. 4 6. 6 6. 7 6. 8

Slgnlflcance * % % * * % * % * * * * * * * * * *

I ndustry standard = 50% perlite: 25% coir: 25% peat
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Letters represent the component(s) of the medium (S= |
PTSrocessebds,trGae=e coir) and the numbers r epsPeisse n&0 % hpee
perlite).

“DAP = Days after -tphireomntgihn gnett theotd twhaes poswerd t o measure pH
"Dat a reprseegwartes meaansst of five repli dathesneatnldy meiagdi fsie
0.65* indicates sa®Q0i.fDi0Ocant di fferences
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Letters represent the component(s) of the medium (S= |
PTSrocessed ,t rGe= scuobisrt)r aatned t he number s r e psPeisse n&0 % hpee
perlite).

“DAP = Days after -tphireomntgihn gnett theotd twhaes poswerd t o measure pH
"Dat a reprseegwartes meaansst of five repli dathesneatnldy meiagdi fsie
0.065.* indicatfefsersaR@beddiOcant di
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JLetters represent the component(s) of the medium (S= -peatcesB=d
subs,trGt= coir) andtthlee prumearts of e & fise ©80NpP opreeantt a(ned. R.0,% Jer | it
*Tot al = Stolon network dry weight combined with mother plant d
"Data reprspwartes meamrsss of five repli dathesneatnldy meiagisi fsie@amea.t diOfhf
indicates statistically signifiPa®t,0sd fbD¥Pr &ngresds hed twieveenl ys.a mMpS e(
the difference bePwed5sample means was
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Letters represent the component(s) of the medium (S= -pe adtcesB=d
subs,trG@t= coir) and the numbers r e piPeaisse n80 % hpee apteirtceeyn.t2 0% peearc h c
Dat a reprsegrartes rmearss of five repli datheosne atnldy meiagidi fsie@aafta.t dOfhf

i ndicates statistically signifiPa®t,0sD fD¥Pr &nggreds hedtwievean!l ys.a NP e
the difference bePw@ed5S5sample means was
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Abstract:

In recent years, soilless cultivation methods for strawberry production have gained
popularitydue to their potential to optimize resource utilization, increase crop yield, and provide
an alternative to methydromide dependent field production systems. While previous research
has extensively examined various aspects of soilless substrate prnodoicstrawberries, there
remains a gap in understanding the specific influence of container geometry on strawberry
mother plant productiorfhis study investigates the effects of container capacity (CC) and air
space (AS) within the substrate, which vaagsed on container height and volume. Four distinct
container sizes were created, representing combinations of two diameters (10.16 cm and 15.24
cm) and four lengths (11.0, 16.5, 24.7, and 37.0 cm), resulting in two distinct volumes: 2 liters
and 3 literseach with short (11.0/16.5 cm) or tall (24.7/37.0 cm) configurations. Identification
codes were created for each container, with the first value being container diameter, second letter
represents short or tall in response to container height, and thedhie is for container
volume.Two substrates were examined: a high air space industry standard (50% perlite: 25%
peat: 25% coconut coir) and a low air space substrate (20% perlite: 80% cocon®Resnils
indicate that container geometry significgritifluences daughter plant production. Notably, the
study found that different container sizes and substrates yield varying daughter plant numbers.
For instance, in the 50% perlite mix, the highest daughter plant number was recorded in the 10T2
containerwhile in the 20% perlite mix, the highest number was observed in the 15S3 container,
with no significant differences between these two. These findings suggest a nuanced relationship
between container geometry, substrate composition, and daughter gidum gieawberry
mother plant production, emphasizing the importance of considering these factors in cultivation

practices.
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Introduction:

In recent years, soilless cultivation methods for strawberry production have surged in
popularity due taheir potential to enhance resource utilization, increase crop yield, and offer an
alternative to methybromide dependent field production systems (Paranjpe et al. 2003). The
cultivation of strawberry mother plants is particularly crucial for maintaiaingnsistent and
healthy supply of higlyuality planting material (Hoffmann, 2020). Understanding the influence
of container geometry on their growth is vital for optimizing production efficiency and ensuring
the success of production. Previous researsteRplored various aspects of soilless substrate
production of strawberries, including substrate composition. Massetani et al (2017) researched
OEl santadé yield per plant in a sphagnum peat,
yields in amag the three substrates. Alternative substrates, such as wood fiber and biochar have
also been evaluated for their potential as substrate materials. Aurdal et al. (2023) shown that that
OMurano6é yield was maintai ned pamdtevaococdnutfcoirb er a
control. However, there is a gap in the literature for the specific effects of container geometry on
strawberry mother plant production.

The strategic combination of organic substrates with coarser particle materials, each
possessig distinct physical and hydraulic characteristics, has been utilized to optimize the
balance between water retention and air space (AS) within substrates. Among the various factors
influencing plant development, the geometric characteristics of contasnefsas height and
volume, play an important role (Gallegos et al. 2020). Owen and Atland (2008) displayed the
effect of container height and various bark particle sizes, with fine particles (<0.9 cm) AS being
raised from 22% in a 3.8 cm container to 3it%a 15.2 cm container. However, when container

height was investigated with more coarse particles (<2.2 cm), the range of AS increased, with the
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3.8 cm container displaying a 32% AS and the 15.2 cm with a 44% AS. With the influence that
container heighthas on substrate physical properties, it can significantly impact root structure,
nutrient uptake, and overall plant health (Raviteja et al. 2021). Importantly, the same substrate
exhibits distinct properties when placed in containers of varying sizesr(&u Werken, 1991;

Milks et al. 1989). Larger containers produce different results compared to smaller counterparts
due to their influence on substrate characteristics such as aeration and water holding capacity
(Fonteno, 1988; Milks et al. 1989; Fieldsal. 2014; Dufault and Waters, 1985).

Factors such as container capacity (CC) and AS within the substrate vary depending on
container height and volume (Fonteno, 1988). While total porosity may remain consistent across
containers of different sizes usitige same substrate, provided the bulk density remains
constant, AS experiences an increase with container height, potentially leading to a decrease in
CC (Milks et al. 1989). Conversely, shorter containers may suffer from poor aeration of the
substrate, fben exacerbated by a pedstigation "perched water table" (Spomer, 1974). Shorter
containers, particularly those utilizing fuparticlesized substrates, may encounter insufficient
substrate AS, thereby increasing the risk of plant desiccation (Owektland, 2008).

Container height influences gravitational drainage, making substrate components and container
selection critical in maintaining optimal air and water conditions (Bilderback and Fonteno,
1987).

Generally, as container height and width dase, the amount of pore space diminishes,
thereby reducing both substrate water holding capacity and aeration (Bilderback and Fonteno,
1987). Moreover, increasing root mass in the container further diminishes pore space,

exacerbating these effects (NeSmand Duval, 1988). Understanding these intricate

104



relationships between root confinement, container geometry, and substrate selection is crucial for
optimizing plant growth and health in controlled cultivation environments.

Plants undergo several physiolcg and morphological changes in response to reduced
rooting volume, impacting several aspects of their growth and development (NeSmith and Duval,
1998). Root and shoot growth, biomass accumulation and partitioning, photosynthesis, leaf
chlorophyll contety plant water relations, nutrient uptake, respiration, flowering, and yield are
all intricately linked to root restriction and container size (Tschaplinski and Blake, 1985). While
these responses have been observed across a wide range of crops, thesenexisonflicting
data among different species and even within cultivars of the same species.

Various studies have provided insight on the influence of container geometry on plant
growth. Chirino et al. (2008), Peman et al. (2006), and Trinidad et0dl5)lhave demonstrated
that the depth of a container plays a role with woody species in determining the length of the
plant's main root and, consequently, its survival under limiting conditions. Similarly, Heller et al.
(2015) investigated the impact ofrtainer shape on lettuce yield, ranging from 10 cm to 30 cm
tall 4L containers for one month, and found that shape does not affect yield when containers are
of identical volume. This data contradicts results with Chowdhury et al. (2024), where tomato
seedings were growth for 14 days in coir, wood filwair mix, fine pine bark, and peat in
constructed PVC containers with heights of 3.81 cm, 5.08 cm, 6.35 cm, and 8.89 cm. Here, peat
in the 3.8 cm container showed a lower germination performance due tatavatien of the
substrate, while coir and fine pine bark in the 8.9 cm container also exhibited lower growth due
to water stress. For all the substrates tested, the highest volumetric water container was in the 3.8

cm container, and the lowest in the 8. These findings collectively underscore the intricate
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relationship between container geometry, root development, and overall plant health for several
species of woody and herbaceous plants.
In general, it has been shown for many woody plants that &simenvolume increases,
plant leaf area, shoot biomass, and root biomass tend to increase as well (Cantliffe, 1993; Biran
and Eliassaf, 1980). Biran and Eliassaf (1980) investigated the effect of container size in a
mixture of volcanic scoria and vermidel on plant growth, doing so on woody speclesys
retusg Pistacia lentisucusndDodonea viscogaBy increasing container volume, plant growth
was also increased. This phenomenon underscores the interdependence of growth rates between
shoots andoots (Tonutti and Giulivo, 1990). Roots rely on the aerial portions of plants for
photosynthates and various hormones, while the aerial portions depend on roots for water,
nutrients, support, and hormonal signaling. The delicate balance between roghts@tisccan be
disrupted when the root system is confined to a small rooting volume, leading to botteshort
and longterm effects on plant growth (NeSmith and Duval, 1998).
Root restriction can mimic the effects of substrate moisture stress evemsuifigent
moisture is available for normal plant growth (Krizek et al., 1985). Confined roots compete for
essential resources, leading to increased root mass and decreased rooting space, which in turn
exacerbates competition for available oxygen (Petegsah, 1991b). Container geometry and
substrate selection significantly influence substrate moisture content and aeration.
Containergrown plants exhibit distinct root morphologies compared to theirfieétied
counterparts. For instance, restrictioghato(Lycopersicon esculentum) roots results in a loss
of primary roots and an increase in the number of lateral roots (Peterson et al., 1991a). Similarly,

transplanted watermelonSifrullus lanatug may exhibit decreased taproot dominance, and in

106



extreme cases, no taproot at all (EImstrom, 1973). These alterations in root morphology may be
more pronounced with smaller container sizes.

Currently, limited research is available regarding substrate composition and container
geometry effect on mother plamtoduction. Yafuso and Boldt (2024) compared numerous
soill ess production methods for OAl biondé stra
peatbased substrates grown in a 18 diameter container exhibited a higher root dry mass
compared to sal, perlite, or deep water culture systems. It was concluded that this was likely do
to the physical and chemical properties of the peat. Similar results were shown by Massetani et
al. (2017) where peat based substrates showed higher plant growth amdryipited to other
substrates, including coconut coir. However, during this study, two container types were
evaluated, including 11L pots with six plants in each and 1m long plastic bags with 12 plants. No
significant differences were found in plant arebture and vegetative growth between container
types. Root growth was examined in a known sample volume of substrate from each treatment
and root density per substrate unit was found to be higher in the plastic bags. Cantliffe et al
(2007) di Sweayed€&htahadied plants in pine bark,
troughs (12L volume) displayed more plant growth and yield in bark compared to perlite, while
bag systems (18L volume) on the ground produced higher yields in perlite. The effect of
container volume was further investigated (Massetani et al., 2017), including 11L, 15L, and 18L
containers, and it was found that increasing rooting volume continued to increased fruit yield.

In conclusion, furthering the investigation into the interplag@# of container height
and volume on strawberry mother plant growth in different substrate mixes represents a step
towards optimizing soilless cultivation methods. By hypothesizing that container dimensions

influence substrate physical properties andgsghbently affect plant growth, this study aims to
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explore how substrate selection and management techniques may can be better altered for
optimal growth. Through systematic examination of these factors, potentially valuable insights
into proper substrateekection based on container characteristics for soilless strawberry mother
plant cultivation can be gleaned, thereby contributing to the advancement of precision indoor

propagation systems and the sustainability of strawberry production.

Materials and Methods:

Container constructionin this study, four distinct container sizes were created and
examined, representing combinations of two diameters (10.16 cm and 15.24 cm) and four lengths
[11.0, 16.5, 24.7, and 37.0 (Figure 1 and Table 1). This led txfegimental containers being
configured into two distinct volumes: 2 liters and 3 liters, each with two heights, short (11.0/16.5
cm) or tall (24.7/37.0 cm). To ensure containers were of known volumes and heights, these were
built by hand through cuttingcBedule 40 PVC pipe (10.16 cm and 15.24 cm diameter). To
facilitate proper substrate support and drainagenégh plastic screen was affixed to the bottom
of each |l ength of PVC pipe using 240 industr.i
Identification codes were created for each container, with the first value being container
diameter, second letter represents short or tall in response to container height, and the third value
is for container volume [for example, 15S2 represents the 15.24 diarherey $ength (11.0)
and 2L volume container (Table 1)].

Substrate preparatiorCompressed 5kg blocks of coconut coir (Jiffy Group International,
Zwijndrecht, The Netherlands) underwent hydration by sequentially adding 14 liters of water in
1-liter incremants. The blocks were manually fluffed until achieving an initial moisture content

of 50%. For the first trial, a recognized standard within the strawberry industry was formulated
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(McKean et al., 2019), comprising 50% coarse grade perlite (Supreme Perittand, OR),

25% sphagnum peat (Premier fMoss, Quakertown, PA), and 25% coconut coir (by volume).

For a second trial, the same industry standard from trial 1 was made, as well as the addition of a
substrate was made with 80% sphagnum peat and 20%eaqpade perlite (by volume). All

blending procedures were carried out by hand. The moisture content of the substrate mix was
then assessed and adjusted to achieve an initial moisture content of 50%.

The initial substrate pH and electrical conductivity JE&@ each treatment were
determined utilizing the 2:1 saturated media extraction method, wherein two parts deionized
water were combined with one part substrate (Argo and Fisher, 2002). A handheld pH and EC
meter (HI 981361; Hanna Instruments, Woonsocket) measured these chemical properties.
Subsequent to assessing the initial substrate pH values, it was determined that the incorporation
of dolomitic limestone was necessary during substrate blending to raise the pH within the
recommended range of 565 for strawberries (Akon, 2019). Both substrate mixes received
dolomitic limestone at a rate of 2.97 grams per cubic liter. To achieve lime/pH equilibrium,
substrates were incubated for 2 d within sealed plastic bags, following which the pH and EC
were retested using the previous methodology.

Substrate physical propertieBhree representative samples of each substrate were
analyzed to determine the physical properties using the NCSU Porometer Method (Fonteno et al.
1995). CC, AS, total porosity, and budknsity were derived from this procedure.

Particle size distribution (PSD) analysis was performed only on the three substrate
components (peat, coir, perlite). This involved passing 150g ofadwed samples through five
U.S. Standard sieves with meshes ranging from 0.106 to 6.3 mm, in addition to a bottom pan.

The sieves and pan underwent shaking for 5 minutes using @9RRTap sieve shaker (278
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oscillations per min, 150 taps per min; W.S. Tyler, Mentor, OH). Subsequently, the particle
fractions etained on each sieve and pan were weighed, and their proportions were determined as
a percentage of the total sample.

Greenhouse experiment and experimental de3igal 1 was conducted from 5 January
2023 to 14 April 2023 and Trial 2 was from 24 Apiil23 to 3 July 2023 in a glasshouse at NC
State University in Raleigh, NC evaluating co
strawberry mother plant growtkragaria x ananassaplanted in four experimentabostructed
PVC pipe containers.

Environmentaparameters, including daily light integral [DLI (Hobo Data Logger, Cape
Cod, MA)], average daily air temperature (ADT), and relative humidity (SensorPush HT, New
York, NY) were measured throughout both experimental periods. DLI, ADT, and relative
humidityf or Tr i al 1 were reported as (mean N sd)
active radiation, 18.3 + 8.1 °C, and 72 + 4.6%, respectively. For trial 2, these were reported as
(mean N sd) 25.2 N 9.3 mol m 2834816 angT6at osyn
4.6%, respectively.

Vegetatively propagated #&ll plugs of 'Albion’ strawberries were purchased from a
local nursery specializing in the cultivation of vifinee plants, rooted in a peat moss
propagation blend [FresRik Produe Inc., Wilson, NC (Figure 2A)]. After a oreeek
acclimation period in the glasshouse, plants exhibiting comparable crown diameter (1.5 cm), leaf
count (4.65.0), and visually assessed root health were selected (Figure 2B). Subsequently, these
chosen plats were randomly transplanted into the four container treatments. The substrate
moisture content was modified to ensure standardized initial moisture content of 50% across all

substrate treatments for consistency. When filling each container, substrgieseasinto the
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pipe and then lightly dropped from a height of 5 cm to allow for proper settling of the substrate.
Each container was uniformly filled and weighed to ensure consistency among replicates with
substrate bulk density and volume.

Trial 1 compised four container treatments, each randomized across 10 blocks on a two
greenhouse benches (Figure 3). Within each block, there were 4 total plants, with one of each
container treatment per block. This design yielded a total of 40 containers/plasisticgrof 4
treatments with 10 singlglant replications each.

Trial 2 consisted of four container treatments and two substrate treatments, each
randomized across five blocks on a single bench. Within each block, there were 8 total plants,
with one of eals container and substrate combination per block. This design yields a total of 40
containers/plants, consisting of 4 container treatments, 2 substrate treatments, withasihgle
replications for each combination of container and substrate.

To accommdate anticipated stolon growth and ensure uniform light distribution, shorter
containers were elevated to allow for all plants/top of containers to be a similar height to the
tallest container treatment (10T3) by placing a stack of pots of beneath thyeme (8). Plants
were positioned near the edge of the greenhouse bench, which allowed the stolons to cascade
down the sides. Regular maintenance involved weekly combing and organization of the stolons
to minimize entanglement and shading, thus promotinignapplant development across all
treatments.

Each replicate container underwent individual handation at the start of the trials and
were brought to effective container capacity (maximum mass of the container, substrate, and
plant after gravitationalater has drained) as described by Sammons and Struve (2008), then

weighed. As the substrate moisture (container weight) declined by 25% from the maximum
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ECC, an amount of water equivalent to this decrease plus an additional 30% to allow for the
recommendd leaching volume (Gontijo et al., 2020) was reapplied. Moisture content was
determined through twiedaily weighing of each container, with correlations between container
weight and moisture content established using gravimetric techniques for eacaitsubst

treatment. Adjustments were made every seven days to accommodate increasing plant growth by
reweighing and determining the adjusted effective container capacity.

At each irrigation, plants were fertilized with a commercial complete fertilizer congaini
mi cr onut r i eniirogen (N}4.daphosphaus @PI6.6 potassium (KP.15 magnesium
(MQ@)-0.02 boron (B)0.01 copper (Cud.1 iron (Fe) 0.05 manganese (Mi).01 molybdenum
(M0)-0.05 zinc (Zn), sourced from JR Peters, Inc., Allentown, PA) aheertration of 100 mg
L-1 N. Additionally, a suppl ement al calcium ni-
15N-0P-0K, also from JR Peters, Inc., Allentown, PA) at a rate of 75 riid\L. Fertilizer
solutions were manually applied directly to tlistrate surface and beneath the plant canopy to
avoid foliage wetting. From day 45 onwards, all plants were automatically irrigated between 2 to
4 times daily, with each treatment receiving an equal volume of water (150 mL per pot per
fertigation event)This adjustment was necessitated by the plants' increasing biomass and stolon
network, requiring a more frequent water supply over time.

Measured plant growth trait&Veekly assessments of substrate pH and EC were
conducted on each replicate using the mstrdictive pouthrough method (Cavins et al., 2004),
utilizing the same handheld pH and EC meter mentioned previously (Table 2 and Table 3). Prior
to each data collection session, plants were irrigated to effective container capacity two hours in

advanceSubsequently, 75 mL of deionized water was evenly distributed over the substrate
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surface, allowing approximately 50 mL of leachate to be collected for pH and EC measurement
purposes.

Nondestructive measurement of leaf SPAD chlorophyll content (SPAD bH82ritlex
Meter from Konica Minolta, Tokyo, Japan) was taken for each replicate at d 35 and d 70 (Table
4). Three measurements were taken on the most recently fully expanded leaf, and the values
were averaged to determine the SPAD value for each leaf. gtwatthe trial, the
guantification of flower buds was systematically recorded, and upon their emergence, they were
promptly removed (Table 4).

At the conclusion of the trial, the number of daughter plants with at least one leaf was
recorded for each rephte (Figure 5 and Figure 6). Additionally, the count of primary stolons
directly attached to the mother plant was determined for each replicate. Following the count,
each stolon was severed at the crown of the plant, and the length of each stolonwdaglhydi
measured for every replicate. The measured lengths of all stolons per replicate were combined to
calculate the total stolon length per plant. Furthermore, the internode distance between each
daughter plant on an individual stolon was measuredlifstolons in each replicate (Table 4).

The entire stolon network, comprising all stolons and daughter plants on a single plant,
underwent a 48our drying process at 80 degrees Celsius, after which dry weights were
recorded (Table 5).

After stolon removi each strawberry mother plant underwent evaluation. The number of
crowns per mother plant replicate was documented. To ascertain crown diameter, a digital
caliper (Fisherbrand, Fisher Scientific) was employed. A measurement was taken, followed by
rotating the caliper 90 degrees and taking another measurement, with the average of these

measurements representing the crown diameter (Table 4). Subsequently, the mother plant was
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cut at the substrate surface, and its dry weight was determined following tiauphev
described procedure (Table 5).

Statistical analysisPlants were cultivated on two benches within the NC State University
greenhouse from 5 January to 14 April 2023 and one bench in the same location from 24 April to
3 July 2023, following a Randomed Complete Block Design (RCBD). Analysis of Variance
(ANOVA) was conducted on each response variable independently for Trial 1, the effect of
container type was further examined through m
Significant DifferenceISD). In Trial 2, each combination of container type and substrate type
was defined as an independent treatment, and
comparisons to assess the effects of each treatment. Mean separation was conducted using
Tukeyowi tHBEDU = 0. 05 f or most-vauaafateastmesteffett o we v e r
in ANOVA fell between 0.1 and 0.05 (e.qg., the treatment effect on dry weight in Trial 2), a

slightly relaxed significance |l evel of U = 0.

Results and Discussion

Particle size distributionPerlite showed the highest percentage of particles in the eoarse
sized fraction (>2.0mm), with 67.3% patrticles, but very little of this percentage was from the
>6.3mm category (0.4%). Coir displayed the least amount of paiiticles coarsesized
fraction, with 7.8% shown. In the medium sized fraction-@@nm) coir displayed the largest
percentage at 72.7%. Perlite contained the least amount of particles in the raeeidifnaction,
with 22.9% measured. Peat contained tighdst percentage (28.4%) of fisezed particles

(<0.3mm). Perlite contained the least amount of-§ized particles, with 9.8%.
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Trial 1.

Physical propertiesThe 50 perlite: 25 coconut: 25 peat (v:v) displayed a measured TP of
75.1%. While there aneo established standards or guidelines for strawberry substrate TP,
various recommendations exist in the literature. Riviere (1980) recommended a TP of 75%. De
Boodt and Veronck (1972) and Goh and Haynes (1977) advocated for an ideal substrate with
85% totl porosity. It's worth noting that substrates can commonly exceed 85% TP, particularly
those with high amendment percentages or rockwool, as observed in studies by Fields et al.
(2014) and Bougoul et al. (2005yhe AS of this substrate mix was 22.8% il@lthe CC was at
52.3%. The bulk density of this substrate was 0.11.

Chemical propertiesContainer type had an effect on the pH and EC of the substrate
overtime (Table 2 and Table 3t time of planting, no difference was observed between
container typs pH [5.96.0 (Table 2)]. However, by d 28, differences became apparent. 10T3
displayed a higher pH (6.1) compared to the other three containe&s 95 B5S2, 15S3, 10T2)].

This trend remained through d 70, with 10T3 having a pH of 5.8 comparedd®®fithe other

three containers (Table 2). Substrate EC showed significance between container types from d 0,
with the highest observed EC being in 15S2 (0.89) and the lowest in 10T3 [0.72 (Table 3)]. By d
28, the ECb6s of al |l tvaluesanithmte sams trendeasainitfalyy.drhis h e hi
trend remained consistent through d 70, with 15S2 having the highest final EC at 1.03, and 10T3
having the lowest at 0.70 (Table 3).

Strawberry mother plant growtBy the end of the trial, all strawberriapts across the
four container types exhibited dark green foliage and appeared to be of adequate plant quality
(Figure 4). The stolon development during this time was not vigorous, likely attributable to the

measured lower levels of photosyntheticallynactadiation and temperature 13.9 £ 9.3 mol
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m J]d J] and 18.3 N 8.1 AC, respectively. The
differences in total plant dry weight and the number of flowers removed, while no significant
variation was observeaimong daughter plant numbers. In response to these findings, an
additional substrate mix was investigated with a lower AS was incorporated for a second trial.

Leaf SPAD chlorophyll content, consistently remained within the recommended values
across all cotainer types during both times of measurement (Table 4). According to Guler et al.
(2006), strawberry plants with adequate nitrogen levels typically exhibit SPAD values exceeding
30 units, suggesting no discernible differences in foliage greenness aeangents. SPAD
readings exhibit a direct linear relationship with extracted leaf chlorophyll, serving as a reliable
proxy for leaf nitrogen levels (Bullock and Anderson, 1998). With an average SPAD value of
49.68 across container types (Table 4), it@somable to infer that nitrogen concentration
remained within the optimal range for all treatments.

The number of flowers removed per plant varied significantly across container types,
ranging from 15.7 to 21.5, with the 15S3 container displaying the ¢tigbent, while the 4L.2
treatment exhibited the lowest (Table 4). Interestingly, no significant differences were found
between the 15S2 and 4L3 treatments, despite their differing heights and volumes. This
observation may suggest that in shorter contajieeseased volume correlates with higher
flower production, whereas in taller containers, a decrease in volume appears to stimulate flower
developmentWhen comparing treatments with the same volume, it is shown that increasing
height, thus increasing ASignificantly increased flower numbers.

Mother plant characteristics, such as crown number and crown diameter exhibited no significant
differences among container types (Table 4). Crown number had an average between treatments

of 2.1 crowns per motheraght. Crown diameter had an average of 22.46 mm.
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Stolon network characteristics, including stolon number, stolon length, and stolon
internode length, showed no significant differences (Table 4). This is likely due to the stolon
growth being minimal for tis study due to the environmental parameters of the greenhouse
facility not being within range of the recommended for vegetative plant growth. As discussed by
Durner et al. (1984), runner production is greatly impacted by photoperiod and temperature for
day-neutr al cultivars, such as OAl biondé. The st
mother plant, total stolon length average at 222.7 cm and average internode length at 37.6 cm.

Significant differences in total plant dry weight (stolon networt arother plant) was
found (Table 5)The 15S3 container exhibited significantly higher total plant dry mass, while the
10T2 and 10T3 containers displayed significantly lower total plant dry weight. Comparing the
15S3 container to the lower volume 15S2 aowdr revealed a slight significant difference,
indicating that decreasing rooting volume leads to a reduction in total plant mass. Conversely, in
taller containers, this trend was not observed. However, comparing the 15S3 container to the
10T3 containerlsowed that increasing container height decreased plant growth, a trend also
observed between the 15S2 and 10T2 containers. Stolon and mother plant dry weight did not
show a significant difference when viewed separately (Table 5).

Daughter plant number wdound to not be influenced by container type during this trial
(Figure 5). However, the number of daughter plants produced was relatively low, ranging from
7.6 to 8.9 (Figure 5). Environmental parameters, such as photosynthetically active radiation and
temperature, was adjusted for the second round. Also, trial 1 evaluated one substrate mix, which
had a higher AS. For the second trial, this substrate and a lower AS substrate will be compared in

the four container types.
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Trial 2.

Physical propertiesThe components utilized for blending and the rate of the amendment
significantly interacted in effect on TP, AS, and CC. Between the two substrates, the highest TP
was observed in the 80 peat: 20 perlite (v:v) at 89.3%. The 50 perlite: 25 coconut: @5vpeat
displayed a measured TP of 75.1%. Based on the guidelines mentioned previously by De Boodt
and Veronck (1972) and Goh and Haynes (1977), the 20% perlite mix had a similar porosity.

AS was notably influenced by the different rates of perlite inwloenhixes. The 20%
perlite mix displayed an AS of 10.4%, while the 50% perlite mix displayed more than double the
AS at 22.8%. With this, CC was highest among the 20% perlite mix at 78.9%, and lowest in the
50% perlite, at 52.3%. Substrate dry bulk denstyained constant between the two substrates
(0.11), likely due to each component (coir, peat, perlite) having similar bulk densities.

Chemical propertiesContainer type and substrate mix had an effect on the substrate pH
and EC overtime (Table 2 and Tal3). At the start of the trial, the highest pH was measured in
the 10T2 container with the 50% perlite mix (6.1), with the other three containers with the same
50% perlite mix having a similar pH [6.0 (Table 2)]. The lowest initial pH were among all the
containers with the 20% perlite mix (8645), which remained consistent until d 56. By d 56, the
highest pH was among the 10T3 container with 50% perlite, and the lowest were the 1552
container with 50% perlite and the same container with 20% perlittheBgnd of the trial, for
both substrates, the 10T3 container had the highest pH and the lowest were among the other
three containers with the 20% perlite. The 20% perlite container treatments showed an increase
of 0.7 in the 10T3 container compared to ttiger three, while this container for the 50% perlite
showed an increase of 0.6 (Table 2). The elevated pH for the tall, 3L container, may be

contributed to the | ower measured ECO6Os overt.i
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The EC at the start of the trial was highest in the 15S2 cmmtéd.91) with the 50%
perlite substrate and lowest in both of the substrates in the 10T3 containdd.jAl{Fable 3)].

On d 28, the highest measured ECO6s were shown
container with the 50% perlite substrate &71 The lowest were again among the two substrates

in the 10T3 containers. By the end of the project the highest EC measured was 1.21 in the 15S2
container with the 50% perlite substrate, and lowest among the two substrates in the 10T3
containers [0.9D.99 (Table 3)]. This shows the influence of container geometry, that the taller
containers were consistently maintain less EC throughout the trial, regardless of the substrate
mix. While the shorter container maintained the highest EC overtime. This aatttibuted to

the limited leaching in shorter containers, which can limit the vertical movement of water
throughout the substrate profile. Consequently, this limited leaching may allow excess salts to
accumulate, leading to higher EC levels in the sabs{Bayer et al. 2014). Conversely, taller
containers facilitate more excessive leaching, allowing for greater flushing of salts from the
substrate and potentially resulting in lower EC levels. Further monitoring of leaching volume
over time is requiretb understand this influence.

Strawberry mother plant growtBy the end of the trial, all strawberry plants, across the
two substrate types and four container types, exhibited vigorous growth with dark green foliage
(Figure 6). Compared to trial 1, matwlon growth was observed, possibly indicating the
measured environmental parameters were more suited for mother plant prodigtiditant
differences were observed in stolon dry weight, mother dry weight, total dry weight, daughter
number, and crowdiameter.

Leaf SPAD chlorophyll content, consistently remained within the recommended values

of past research across all container and substrate treatments. During d 35 and d 70, these values
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had an average of 48.97 (Table 4), inferring that the nitrogecentration remained within the
optimal range for all treatments, allowing for healthy plant growth.

The number of flowers removed per plant did not exhibit significant differences between
substrate types or container geometries, with counts rangimg28.4 to 25.4 (Table 4). This
range contrasts with the flower numbers observed in the first trial, where flower number ranged
from 15.721.5 (Table 4).

Crown numbers exhibited no significant differences between container or substrate
treatments. Howevesignificant variations were measured among the crown diameters (Table
4). Notably, the 15S2 container with a 20% perlite mix displayed the largest crown diameter,
while the same container with a 50% perlite mix showed one of the smallest diameters.
Similarly, the 10T3 container with a 50% perlite mix exhibited the sebagttest crown
diameter, contrasting with the lower diameter observed with the 20% mix in the same container
(Table 4).

Interestingly, in shorter containers, a lower AS coupled witlgher CC substrate
resulted in the highest crown diameter, as evidenced by the 15S2 container. Conversely, in taller
containers, increased AS and reduced CC led to an increase in crown diameter, as observed in
the 10T3 container. Comparing container vadsinthe only treatments that demonstrated a
significant difference in crown diameter, from 2 to 3L, were observed in the 15S2 and 15S3
containers with a 20% perlite mix. This indicates that increasing container volume tends to
decrease the crown diametéitloe mother plant. These results highlight the complex interplay
between substrate composition, container geometry, and volume in influencing crown
development, providing insights for optimizing strawberry mother plant growth in containerized

systems.
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Similar to the first trial, no significant differences were shown in the number of stolons
per plant (Table 4). However, the average during this trial showed a notably higher average of
7.2 stolons, compared to 2.3 stolons per mother plant. Stolon lengthicalsat demonstrate
significance in this trial. However, it's worth noting that stolon internode length showed no
significant differences among treatments in both trials. Interestingly, the internode length was
markedly higher across all treatments iral &, with an average of 50.2 cm, compared to an
average of 37.6 cm in Trial 1 (Table 4). These observations provide insight into the dynamics of
stolon development in response to varying experimental conditions, but not due to the container
type or substte.

Significant differences in total plant dry weight (including stolon network and mother
plant) were observed (Table 5). Higher total plant dry weight was measured in the 10T3
container with a 20% perlite treatment, while the 15S2 container with riie ts@atment
exhibited lower plant dry weight (Table 5). These finds may suggest that in lower AS mixes,
increasing volume and height can enhance plant growth under the same irrigation regeme.
However, when compared to the 50% perlite treatment, increlasight and volume did not
significantly influence plant growth across all treatments. This indicates that with high AS
substrates, changings in container geometry had minimal impact on plant growth, whereas with
low AS substrates, taller containers witBlavolume increased overall plant growth. Varying
irrigation techniques could also affect these growth differences by changing-Wegexiprofiles
within the substrate (Biernbaum and Versluys, 1998).

A significantly higher stolon network dry mass waeasured in the 10T3 container with
a 20% perlite treatment, while the lowest was observed in the 15S2 container with the same

treatment (Table 5). Additionally, reducing substrate volume from 3L to 2L for taller containers
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with a 20% perlite mix resulted a slight decrease in stolon growth. Similarly, a slight decrease

in stolon growth was observed when comparing 3L tall containers to 3L short containers. Among
the 50% perlite substrates, there were no significant differences between the short 3kercontain
(15S3) and tall 2L container (10T2). However, a decrease in stolon growth was observed when
comparing these containers with the short 2L (15S2) and tall 3L (10T3) containers (Table 5).
These findings indicate that increasing container height and vammag low AS mixes

enhances stolon network growth. However, with high AS mixes, these effects vary, with the
taller option displaying better growth with a 2L volume and the shorter option showing better
growth with a 3L volume. No significant difference sMaund in either trial regarding mother

plant dry weight.

During Trial 1, daughter plant number was not influenced by container type; however,
significant differences were found between container type and substrate type in Trial 2 (Figure
7). In the 50% prlite mix, the highest daughter plant number was recorded in the 10T2 container
(33.0), while in the 20% perlite mix, the highest number was observed in the 15S3 container
(33.8), with no significant differences between these two (Figure 7). This sutigeststh a
high AS mix, a tall 2L container performed equivalently to a low AS mix in a short 3L
container.

Further examination of container geometry revealed that the lowest daughter plant
number was found in the 15S2 container with a 20% perlite Fgxife 7). In this case, the
combination of a low AS mix and a short container likely led to inadequate AS and excess water,
resulting in decreased plant growth. However, when the 50% perlite mix was used in this short
container, an increase in daughteanplnumber was observed, indicating the need for more AS

in a short, lowvolume container.
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For the 20% perlite substrate, increasing container volume from 2L to 3L in the short
container increased daughter plant number, but did not significantly affeutrtitzer in the
taller containers for this substrate (Figure 7). Conversely, for the 50% perlite substrate,
increasing container volume from 2L to 3L in the tall container decreased daughter plant
number, but had no effect on the shorter containers.

In the15S2 container, the 50% perlite mix showed a significant increase in daughter
plant number, while in the 15S3 container, the 20% perlite mix showed a significant increase
(Figure 7). Similarly, in the 10T2 container, the 50% perlite mix showed a sighiiilcanase in
daughter plant number, while in the 10T3 container, no difference was observed in plant growth
between the two substrates.

These findings may suggest that in 2L containers, a higher AS mix with lower CC
increases daughter plant yield, whiheshorter 3L containers (such as the 16.5cm tall container),
the lower AS mix increases daughter plant number. However, in the tallest 3L container (10T3),
there were no differences in daughter plant number between the two substrates, likely due to the

relatively high AS in both of these containers, influenced by their height.

Conclusiorn

The findings from this study underscore the interplay between container geometry and
substrate physical properties in influencing the growth and development of stramlbéngy
plants. The observed variations in total plant dry weight, stolon network growth, crown diameter,
and daughter plant yield highlight the significance of carefully selecting container types and

substrate compositions in containerized strawberryymooh systems.
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Understanding how container geometry affects substrate physical properties such as total
porosity, AS, and CC is essential for optimizing plant growth and maximizing yields. Growers
can utilize this knowledge to tailor their cultivation gliaes, selecting container types and
substrate mixes that provide optimal conditions for root development, nutrient uptake, and
overall plant health.

Moreover, this study emphasizes the importance of considering the dynamic interactions
between containatesign and substrate properties in greenhouse production systems. By
elucidating these relationships, growers can make informed decisions to improve crop
productivity. Future research endeavors should delve deeper into exploring the intricate
mechanisms wterlying these interactions, paving the way for advancements in containerized
crop production methodologies.

Irrigation management plays a pivotal role in optimizing plant growth through the
manipulation of air and water within the substrate. Proper froiggractices influence substrate
moisture content and oxygen levels, all of which directly impact the plant health and
productivity. The frequency and volume of irrigation can affect substrate physical properties,
such as AS and CC, thereby influencingtrgrowth and nutrient uptake. Irrigation practices
interact intricately with container design, as containers of different heights and volumes may
require varying irrigation regimes to maintain optimal moisture levels throughout the root zone.
Thereforejntegrating knowledge of irrigation management alongside container geometry and
substrate properties is needed for achieving desired outcomes for a more controlled soilless
production of strawberries. The integration of irrigation management with condaider
substrate considerations is crucial for advancing controlled soilless production methods and

improving production efficiency.
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This research from this study look into the effects of container geometry on strawberry
mother plant production under a gnéeuse environment. However, future research endeavors
should further explore the synergistic effect of irrigation practices and conrsaibsirate
interactions to develop comprehensive cultivation strategies to maximize plant performance. In
conclusionthis study highlights the importance of integrating knowledge of container geometry
and substrate physical properties into strawberry cultivation practices. By leveraging this
understanding, growers can enhance the efficiency and efficacy of their pradiystems,
ultimately contributing to the sustainability and profitability of greenhouse strawberry

production.
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Figures and Tables

HT 37.0em

DIA 10.16 cm

HT 24.7 cm

HT 16.5 cm

DIA 15.24 cm

HT 11.0cm

10T2 1553 1552

Figure 3.1 Four constructed PVC pipe containers used to study the effect of container geometry
on O6Al biond strawberry mother plant growt h.
container height, and container volume. PVC diameter: 15 and 10, reprezhtaihd 10.16

cm diameter PVC pipe, respectively. S = short (1ar@ 16.5cm) and T = tall (247and 37.0

cm). 2 =2.0 L and 3 = 3.0 L container volume.
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Figure 3.2(A) 72cell plug flatandB) i ndi vi dual pl u glantsiutilizZeddfdorb i on 6
the research trial analyzing the effects of ¢
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strawberry me

ono

bi

growth with treatments consisting of four constructed PVC pipe containers filled with a 50%

perlite: 25% peat: 25% coconut coir substr8teorter containers were elevated to allow for all

7

Figure 3.3Greenhouse layout for the experimhevaluatin

plants/top of containers to be a similar height to the tallestriezd (10T3) by placing a stack of

pots of beneath them
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10T3  10T2 1583  15S2

e

Figure3.4.A) I nfl uence of container geometmBy on 06Al
Il nfl uence of container geometry on O6AIl biondé m
which was conducted in a glasshouse at NC State University from 5 January 2023 to 14 April

2023. Treatments consisting of four constructed PVC pipe containers filled with a 50% perlite:

25% peat: 25% coconut coir substratkentification code represeabntainer diameter,

container height, and container volume. PVC diameter: 15 and 10, representihf.28.16

cm diameter PVC pipe, respectively. S = short (14r@ 16.5cm) and T = tall (24 7and 37.0

cm). 2 =2.0 L and 3 = 3.0 L container volume.
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Figure 3.5. Total number of daughter plants o

different constructed PVC containers filled with 50% perlite: 25% peat: 25% coconut coir during
Tri al 1, which was c¢onducaustfombtlandhg 2083t@lide Uni v
April 2023. Container treatmeigentification code represent container diameter, container

height, and container volume. PVC diameter: 15 and 10, represent 45c220.16cm diameter

PVC pipe, respectively. S = short (14ahd 16.5cm) and T = tall (24-7and 37.6cm). 2=2.0 L

and 3 = 3.0 L container volumPata represents leastjuare means of five replicates, and means
separation used Tukeyds honestly significant
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10T3 10T2

Figure3.6 . I nfluence of container geometry and sub
shown are from Trial 2, which was conducted in a glasshouse at NC State University from 24 April

2023 to 3 July 2023.A) Substrate used is 50% perlite: 25%ap 25% coconut coir £p).

(B) Substrate used is 20% perlite: 80% coconut ceb).(Bontainer treatmenidentification code

represent container diameter, container height, and container volume. PVC diameter: 15 and 10,
represent 15.24nd 10.16cm diameter PVC pipe, respectively. S = short (44n@ 16.5cm) and

T =tall (24.7 and 37.6cm). 2 = 2.0 L and 3 = 3.0 L container volume.
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Figure3.7 . Tot al number of daughter plants of 0AI
different constructed PVC containers and two different substrates during Trial 2, which was
conducted at NC State Universityodos mg+H®shouse
perlite: 25% peat: 25% coconut coirpoP= 20% perlite: 80% peat. Contain treatment
identification code represent container diameter, container height, and container volume. PVC
diameter: 15 and 10, represent 15.2dd 10.16cm diameter PVC pipe, respectively. S = short

(11.0 and 16.5cm) and T = tall (24.7and 37.6cm). 2= 2.0 L and 3 = 3.0 L container volume.
Datarepresentsleasstquar e means of five replicates, and
significant difference at U = 0.05.
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Tab3le Di mensi ons of various constr
the effects of @&Obbdsdimraewb ega ogymanort yh €

Container di me

l denti ficeDi ameter Hei ght ( Vol ume (
15 S 2 15. 214 11.0 2
15 s 3 15. 24 16.5 3
10 T 2 10. 16 24 .7 2
10 T 3 10. 16 37.0 3
‘Characteristics of the identificat
height, and container volume. -BNE&
10.cln® di ameter PVC pi pe, -arneds qefq. tSiawn:
tall-aph3dcth). 2 = 2.0 L and 3 = 3.0
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Tab32e The pH mewmlshubssemawber oy mot her plants overtime gr
and two different substrates [50% perlite: 25% peaty P
noaescripttihveugdurmet hods (Cavins et al., 2004).

Tri‘al 1

pH
Contair Subs%tr 0 DAP 14 DA 28 DA 42 DA 56 DA 70 DA
15 S 2 Pso 5.9 ¢ 6.1 ¢ 5.9 5.7 5.5 & 5.1 ¢t
15 S 3 Pso 6. 0 ¢ 6. 0 ¢ 5.9 5.7 5.4 ¢t 5.2 &
10 T 2 Pso 6. 0 ¢ 6 .al 5.8 5.8 5.5 & 5.2 &
10 T 3 Ps o 6. 0 ¢ 6.1 ¢ 6. 1 ¢ 6. 1 ¢ 6. 0 ¢ 5.8 ¢

Significan NS NS * oKk * ok ox * oKk * oKk

Trival 2

pH
Contair Substr 0 DAP 14 DA 28 DA 42 DA 56 DA 70 DA
15 S 2 Ps o 6. 0 a 6. 2 ¢ 6. 0 a 5.8 5.4 < 5.3 ¢k
15 S 3 Pso 6.0 a 6. 2 ¢ 5.9 a 5.8 5.5 b 5.2 b
10 T 2 Ps o 6.1 ¢ 6.1 a 6.0 a 5.8 5.5 b 5.3 &
10 T 3 Ps o 6. 0 a 6.1 a 6. 2 ¢ 6.1 ¢ 5.9 ¢ 5.9 ¢
15 S 2 P20 5.5 5.6 5.6 b 5.6 b 5.4 ¢ 5.1 ¢
15 S 3 P2o 5.5 5.6 [ 5.7 5.6 b 5.5 b 5.1 ¢
10 T 2 P20 5.4 5.6 5.7 & 5.6 b 5.5 b 5.1 ¢
10 T 3 P2o 5.5 5.5 b 5.6 b 5.5 b 5.7 & 5.8 a

Slgnlflcar * * * * % % * % % * * * * * % * * %

Tri al 1 evaluated four container types (15S2, 15S3, ait(
bl end grown in a glasshouse at NC State University fro
YTri al 2 evalvuaped (fbus2,cohiR23 nexXx0T3, and 10T3) with tw
coconut coir) and (80% coconut coir and 20% coarse mmer

u
July 2023.
*Characteristics of the container code represent conarmd
10, repr-anantclii 3d62admet er PVC pi pe, -arneds {edg thiawnea | y:-anSdt =BIvd).

2 = 2.0 L and 3 = 3.0 L contaiman amelteme. chpr tamem@lhé,
“Percentage of perlite amended wit hssc 05c00% upte rcloiitre ,or2 5%
coiozt. 2P0 % perlite and 80% coconut coir.
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‘Dat a r eprsegweartes reamss of five repli dmathesne satnldy meiaqi fsie
0.05. *, **_  or *** jndicates mplae i ma¢ a clx |G.30s5Rd. iR, fG. cQadn
respectivel y. NS (not significant) Pi®di0O&ates the diffe
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Tabl3& h. el ectrical condudXlibvbsdnya WEE€) r memstuhememplit antos o
constructed PVC containers and two different substrate
coir XJTrma&s @r edde shcyr itpitedr vmeaurnplo umet hods (Cavins et al , 2

Tri‘al 1

EC
Contair Subs%tr 0 DAP 14 DA 28 DA 42 DA 56 DA 70 DA
15 S 2 Pso 0.89 1.03 1.89 1.28 1. 35 1.03
15 S 3 Ps o 0.78 0.97 1.65 1. 32 1.27 0.98
10 T 2 Pso 0. 77 0.71 1.58 1. 383 1.16 0.85
10 T 3 Ps o 0.72 0.61 1. 36 1. 24 1.01 0.70

S|gn|Y|Can NS * * % * * % * * * * * % * * *

Trival 2

EC
Contair Substr 0 DAP 14 DA 28 DA 42 DA 56 DA 70 DA
15 S 2 Ps o 0.91 1.014 1.67 1.55 1.51 1.21
15 S 3 Pso 0.85 1.01 1.65 1.52 1.49 1.19
10 T 2 Ps o 0. 81 0. 93 1.58 1.45 1.40 1.15
10 T 3 Pso 0. 74 0. 85 1. 35 1. 38 1.31 0.99
15 S 2 P20 0. 86 1.01 1.62 1.51 1. 46 1.16
15 S 3 P2o 0.85 0. 98 1.61 1. 48 1. 44 1.13
10 T 2 P20 0.80 0. 95 1. 55 1. 44 1.41 1.07
10 T 3 P2o 0.73 0.81 1. 33 1.31 1.29 0.91

Slgnlflcar * * * * % % * % % * * * * * % * * %

Tri al 1 evaluated four container types (15S2, 15S3, ait(
bl end grown in a glasshouse at NC State University fro
YTri al 2 evalvuaped (fbus2,cohiR23 nexXx0T3, and 10T3) with tw
coconut coir) and (80% coconut coir and 20% coar se mern
July 2023.
*Characteei sbntaiaotrtbode represent container diameter,

10, repr-anantclii 3d62admet er PVC pi pe, -arneds {edg thiawnea | y:-anSdt =BIvd).
2 = 2.0 B.And Tontainer voluma.dFameeaeaampdm) r tlbib®i ZFhil®
“Percentage of perlite amended wit hssc 05c00% upte rcloiitre ,or2 5%

cCoiafc. 2RO % @@eand 80% coconut coir.

136



‘Dat a r eprsegweartes reamss of five repli dmathesne satnldy meiaqi fsie
0.05. *, **_ or *** jndicates statisti chRIOl y 58i.¢gm¥, fG.cQadn
respectivel y. NS (not significant) Pi®di0O&ates the diffe
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Tab3dd4e Gr owt hAAmbdsdair a@asvbefrry mot her pl ants groaomt ainndroairandd i

substrates [50% perlite: 25% peat: 25% coconut coir and 2
Tri“al 1

Measured plant traits
Leaf 'Leaf ' Flowe Crown Crowlt Stol o Stol o1t Inter
chl orcchl or« remov per p diame per p lengt |l engt|

Contai Subst (35 D (70 D per p ( mm) pl ant
15 S ¢ Ps o 51.4%t 47.7% 17.1 1.9 23. 17 2.3 240.6 35. 41
15 S Pso 51.01 46.67 21.5 2.5 23.5¢ 2.5 250. 4 39. 1¢
10 T =< Ps o 51.2&¢ 47.9: 15.7 1.9 22. 1« 2. 3 185.7 35. 91
10 T ¢ Ps o 50.2¢ 47.6¢ 20.9 2.2 20. 9¢ 2.1 213.8 37.61
Significe NS N S * NS N S NS NS NS

Tr ivYal 2

Measured plant traits
Leaf .Leaf . Fl owe Crown Crowt Stol o Stol or I nter
chl orcchl or« remov per p diame per p lengt | engt|

Contai Subst (35 D (70 D per p ( mm) pl ant
15 S ¢ Pso 50. 1 47 a?z2 23. 4 2.4 25. 4 7. 4 522.¢ 50.9
15 S : Ps o 50. 5 49. 8 24 .6 2. 4 24 .1 5.8 539.2 49.6
10 T =< Ps o 50. 6 50. 8 24 . 8 1.6 26. 5 7.0 727.¢ 50.1
10 T ¢ Ps o 50. 3 49. 3 25. 4 2.0 31.0 7.8 615.¢ 50. 3
15 S ¢ P2o 50. 3 50. 9 23.6 2.2 35.0 8.8 648.¢ 48.7
15 S P2 o 50. 9 49 . 4 24 . 8 2. 4 29. 0 7.0 572.%¢ 51. 4
10 T =< P2o 49.9 49. 3 25. 0 1.8 25. 5 7. 4 619.5 49.6
10 T = P2 o 50. 6 48.7 23. 2 2.0 23.5 6. 2 583.¢ 52.1
Signi fic: NS NS NS NS *o* NS NS NS
Tri al 1 evaluated four container types (15S2, 15S3, a1 @Td,
grown in a glasshouse at NC State University from 5 Janua
YTri al 2 evaluated four container types (15S2, 15S3, %10adCc¢
coir) and (80% coconut coir and 20% coarse perlite)ulgyr c2wn

*Characteristics of the container code represent conarmd nk0
represeand 1B5n2M6 ameter PVC pi pe, -arneds qebq tSiawn @l 4f.- anSdt #BI7vH). hOd 12t
and 3 = 3.0 L container waol ume.mefRcer excmppltamel 252 fdLb o224
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"“Percentage of perlite amended wit hssc 05c00% upte rcloiitdte D5 25 amsna

= 20% perlite and 80% coconut coir.

‘Dat a r eprsepwartes meamsst of five repli dmathesne satnldy meiaqi fsieaal
or *** jndicates staessbetawkekeyn sagpicCitohd®a. B bE.E@EMEsmpre ct | v
significant) indicates t heP di.fOf5er ence between sampl e mean
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Tab35e Pl ant dXlybosverr gWwber oy mot her pl ant
constructed PVC containers and two diff
coir and 20% perlite: 80% coconut <coir
Tri‘al 1
Dry wegl/gmltant )

Containe SubsYt r Tot al Stolon | Mot her
15 S 2 Pso 24. 20 10. 214 13.97
15 S 3 Pso 26. 72 11.54 15.17
10 T 2 Pso 22.55 9. 26 « 13.29
10 T 3 Pso 23.57 8. 65 ¢ 14.92

Significanc *ox NS NS

TriYal 2
Drwei ght (g/ pl an

Containe Substr Total Stolon | Mot her
15 S 2 Ps o 40. 0 ¢ 24.6 b 15. 4
15 S 3 Pso 45. 1 ¢ 29. 3 a 16.0
10 T 2 Ps o 43.6 ¢ 28. 6 a 15.0
10 T 3 Pso 43.0 ¢ 24.3 b 18. 8
15 S 2 P20 37. 8 19. 3 ¢ 18.6
15 S 3 P2o 42.1 ¢ 26. 5 a 15. 6
10 T 2 P2 o 42.3 ¢ 25. 3 a 17.0
10 T 3 P2o 45. 6 30.90 14.7

Significanc * *oxox N S
Tri al 1 evaluated four container types
peat, and 25% coconut coir substrate bl
5 January 2023 to 14 April 2023.
YTri al 2 evalvuaped (fbus$2,cohi3RR3 neX0T23, an
(50% coarse perlite, 25% peat, and 25%
perlite) grown in a glasshouse at NC St
*Characteristics of the container code 1
container volume. PVC di a-metde ricdn 1d65a naentd
pipe, respecti-apbdydmd)S5&nd hD-adn di( Bliil). @( 24 =
and 3 = 3.0 L container waol ume.meRcerr ,exd
cm), and 2 L vol ume.
“Percentage of perlite amended wit hsgc 050
perlite, 25% pecaotipr.a?2Fd%2p6érr cocenamnd 80 %
‘Tot al dry weight is the sum of the stol
‘Data reprseswrartes meamsst of five repli dat e
honestly ®&igmnelic=e Datd5di**,* **ndicates st
di fferences betweeR &.anod .ed e @ .nGr0ebsapseecdt
NS (not significant) indicate® @®h@5di ff
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CHAPTER 4
Substrate Hydro-physical Properties in Soilless Agriculture: Investigating the Role of

Container Geometry onSubstrate Air and Water Profiles
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Abstract:

The cultivation of specialty crops in soilless growing systems has emerged as a pivotal
practice in modern agricultur€he adoption of containdrased production, particularly through
soilless culture systems, is witnessing a significant uptrend among specialty crop prddeers.
challenges associated with cultivating plants in containers are extensively documented,
particularly in navigating the delicate balance between insufficrmheacess water. Shallow
containers often result in excessive water, limiting air availability, while the confined volume of
containers imposes restrictions on the water supply for optimal plant gréiwdmd water
capacity (AWC) model was utilizetd deermine basic physical propertiesich as total porosity
(TP), air space (AShndcontainer capacityGC), for a substrate in specifgized and shaped
containersAWC models offer a comprehensive tool for estimating hydrophysical properties
across mulple substrate/container combinations simultaneoli$lg existing literature lacks
direct reporting on these specific container types, primarily focusing on modeling the air and
water profiles of traditional containers that the floriculture industry etilizeading to a notable
gap in data concerning the dynamic interplay between air and water profiles within these
containers and their impact on the rooting environniEhsubstrates and 30 commercially used
container selections were modeled to understiagid airwater profiles. The results underscore
the effect of container geometry on substratenaiter profiles, necessitating different
management approaches for the same substrate in different cont2argesner height stands
out as a critical faor, exerting a substantial influence on substrate characteristics and

subsequently affecting air and water values.

149



Introduction:

The cultivation of specialty crops in soilless growing systems has emerged as a pivotal
practice in modern agriculture (Gryd2021). This transformative approach to agriculture serves
multifaceted purposes, addressing the need to sustain food production, enhanced human well
being through ornamentals, and contribute to essential ecosystem services, including ecological
restoraton of annual agricultural land (Landisd Nisley 1990). The adoption of contairer
based production, particularly through soilless culture systems, is witnessing a significant
uptrend among specialty crop producers. This shift is prompted by severed fauattuding the
diminishing availability of resources such as arable land and freshwater, challenges in pesticide
availability leading to increase pest pressure, increased environmental concerns and regulations
on the use of soil fumigants, efforts tonimnize transport distances to marketplaces, and the
need to combat food deserts spurred by urbanization, among others. Additionally, there's a
necessity for adaptability in a dynamically evolving global marketplace and a recent surge in
demand for specialtcrops fueled by global events such as the COY@pandemic (Landiand
Nisley, 1990, USDA, 2017, Blokt al, 2021, Claireet al, 2018, Kingstoret al, 2017).

In response to these evolving trends, the global trajectory predicts a >400% increase in
soilless substrate utilization worldwide (Blekal, 2021). Soilless culture systems have become
indispensable to produce ornamentals, vegetables, small fruit, and other emerging crops,
especially in regions where soil conditions are unsuitable or vgdierited (Claireet al, 2018;
Kingstonet al, 2017). The efficiency gains offered by soilless culture, both in terms of space
utilization and resource efficiency, particularly in water and nutrients, contribute to increased
yields, making yearound poduction and multiple crop cycles possible (Sambal., 2019;

Ravivet al, 2008). Notably, soilless cultivation has become the preferred option in urban areas
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plagued by soil contamination, ensuring a clean and viable environment for plant growth
(Pennsi et al, 2016).

The selection of an ideal soilless substrate becomes paramount in achieving optimal plant
growth and health, as it serves as the foundation for implementing horticultural crop production
management strategies. A delicate balance betwatar availability andoot zoneaeration is
crucial, a balance intricately linked to the physical and hydraulic properties of the substrate.
Typically, the strategic combination of organic substrate materials with coarser particles, each
possessing distct physical and hydraulic characteristics, has been utilized as an avenue to
optimize this balance to increasmt zoneair space (AS)Argo (1997) described one of the
primary selectors of soilless substrates as aeration. Aeration is described dsntieeofa@ir in a
substrate, after saturation and gravitational draining, but befopeateon (Bugbee and Frink,

1989

The challenges associated with cultivating plants in containers are extensively
documented, particularly in navigating the delicateamee between insufficient and excess
water. Shallow containers often result in excessive water, limiting air availability, while the
confined volume of containers imposes restrictions on the water supply for optimal plant growth
(Spomer, 1974)This was @monstrated by Milkst al. (1989) where short containers (2.2 cm
tall) had less than 2% AS unless a large particle size media with a high amendment rate of
vermiculite in peat was used; however, this then significantly lowered the container capacity
(CC) of the substrate, which could lead to plant desiccation.

This challenge of balancing the air and water profiles of a substrate in containers has
garnered considerable attention, particularly as agriculture embraces a shift towards alternative

containersd accommodate a diverse range of crops, including small fruits, vegetables, leafy
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greens, hemp, and floriculture crops (Arumuggtral.,2021). A rise in popularity of containers

such as propagation cubes, plugs, linersfl&ygrow bags, troughs, fruitg pots, and opetop

grow bags has shown that inadequate and excessive water balanced with appropriate AS still
remains a central challenge for this type of production as well (Alegalh 2013;Waldo et al.,

1998 Bauele, 1984; Karimiet al, 2013).Assessing a substrate's capacity to retain and release
water, and how the air and water dynamic changes depending on container geometry, is essential
for enhancing the water use efficiency in these crops (Font&dg.

The determination of substrate mgghysical properties through moisture retention
curves (MRCOGs) unveils essential charaadcteri st
waterbuffering capacity (B Boodt and Verdonck, 1972). These values, discerned from specific
levels on the MRCaccurately predict how a substrate manages water at low tensions. Bilderback
and Fonteno (1987) further refined the concepts, describing CC and AS as a function intricately
linked to container geometry.

Fonteno (1989) il | ust rthe tvaildbility and undRilebiity ofc an e
water in substrates within containers. Water retention is not uniform across different tensions,
leading to distinctive water desorption patterns in individual substrates. -pdnagneter
nonlinear model was subseaqtly introduced, offering improved accuracy in predicting
relationships between volumetric water content and water potential compared to earlier models
(Van Genuchten and Nsgen, 1985). Milks et al. (198%urther refined this model for
horticultural subsates, enabling more precise predictions of the relationships between

volumetric water content() and water potential (Y). The model is articulated as follows:

A=de+@s-A) /1 [ 1™ (U x h)
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whered represents volumetric water conteghi,is the content at saturation (0 kP#yjs the

residual content-80 kPa), h is the height of the column or the moisture tenSionj s t he i nve
of the fAair entry v-httingparanteteravialdes obtained tomrhisar e cur
model, specifially 4 sandd , are employed in an Equilibrium Capacity Variable (ECV) model

to determine basic physical properties, such as total porosity (TP), AS, and CC, for a substrate in
specificsized and shaped containers (Bilderback amddrm, 1987; Milks eal., 1989.

Container size significantly alters substrate properties, impacting plant growth and development

(Bish et al., 1997; Mks et al., 19890wen and Atland, 2008). In this paper, the ECV model

previously described by Milks et al. (1989) will bendéed as the air and water capacity (AWC)

model.

The interaction between substrate and container dimensions, as elucidated by AWC
models, holds implications for crucial aspects such as plant support, aeration, and moisture
levels. Container dimensions pla pivotal role in shaping media characteristics, influencing
aeration and watdrolding capacity (Dufault and Waters, 1985). Notably, the same substrate
exhibits distinct properties when placed in containers of varying sizes; larger containers yield
different results than smaller coumptarts (Fonteno 1988; Milks et al., 1989eldset al.,2014).

AWC models offer a comprehensive tool for estimating hydrophysical properties across
multiple substrate/container combinations simultaneously. While TP mareonsistent
across containers of different volumes using the same substrate, provided the bulk density
remains constant, AS experiences an increase with container height, thus CC would decrease
(Milks 1989). As demonstrated by Spomer (1974), the ineckdgainage in taller containers was
a result of the increased gravitational forces drawing more water out of the smaller void spaces in

taller containers. The challenges associated with growing plants in shorter containers arise from
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poor aeration of thgrowing media, exacerbated byapost r i gati on " per ched
(Spomer1974). Small containers, especially those employing {pegticlesized media, may
encounter insufficient AS. The influence of container size is evident in significant alsrdi
substrate properties, thereby impacting plant growth and developmenti(8sh Milks 1989;

Owen and Atland2008).

The aim of this study was to utilize the AWC models derived from MRCs to conduct a
comparative analysis of various substrate coments and amendment rates and to encompass
commercially available alternative container sizes and geometries. The existing literature lacks
direct reporting on these specific container types, primarily focusing on modeling the air and
water profiles of taditional containers that the floriculture industry utilized, leading to a notable
gap in data concerning the dynamic interplay between air and water profiles within these
containers and their impact on the rooting environment. This research seeks $s t#udneoid
and contribute valuable insights to our understanding of the complexities inherent in from

various substrates in different container sizes.

Materials and Methods

Substrate sourcing and preparatiddphagnum peanoss (PreMoss Sphagnum Peat,
Quakertown, PA) was obtained from a compressed bale, then loosened and fluffed before being
moistened by hand to achieve a target moisture content of 50% by weight. The peat moss utilized
in this study was sourddrom Premier Pranoss (PreMoss Sphagnum Peat, Quakertown, PA).

To create the experimental mixes, ForestGold, awdifked wood fiber (Pindstrup,
Denmark) was analyzed in its pure form (100%) and in volumetrically mixed ratios with

Canadian peat at 20and 40%, resulting in three samples. The same ratios of wood to peat were
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applied to two other types of wood substrates: GreenFibre, a-sgtewded wood fiber from
KlassmarDeilmann (Geeste, Germany), and a hammalied processed tree substrate (PTS,
Pinus taedaprocessed at the NC State University Substrate Processing and Research Center
(SPARC) located at the NC Stdtiaiversityhorticulture field lab in Raleigh, NC.

The remaining five substrates were 100% Premiemirss sphagnum peat (Canadian),
100% European peat sourced from Klassidaiimann in Germany, and 100% medugrade
horticultural perlite obtained from Carolina Perlite Company (Gold Hill, NC). Additionally,
mixes of peat and perlite were formulated in ratios of 80:20 and 60:40 (\ixingtiCanadian
peat and perlite from Carolina Perlite Company. Aged pine bark sourced from Pacific Organics
(Henderson, NC), aged and turned monthly for six months in outdoor windrows, and an
engineered horizontal rockwool slab from Grodan (Milton, Canagae also included in the
analysis. Furthermore, propagation mixes from Jiffy Grawgjodrecht, the Netherlandand
Ball Horticultural (West Chicago, IL) were incorporated into the study. In total, all 19 substrates
were prepared to undergo evaluationtheir hydrephysical properties.

Procedures for determining initial physical properti&s. determine the initial physical
properties, including CC, AS, TP, and bulk density, the NC State University Porometer method
was used and procedures followedoaitlined in the NC State University Horticulture Substrates
LaboratoryManual (Fonteno et al., 1995This method utilizes specialized base plates designed
for soil sample aluminum cores measuring 7.6 cm talicih6.d. These plates enable the
substrag to be fully saturated, with excess water drained into a graduated cylinder, representing
the AS. First, the wet weight of the sample is recorded. Then, the sample is subjected to drying
completely in an oven at 105 degrees C for 48 hr. The dry weitifensecorded, enabling the

calculation of water held at CC using the formula:
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wet weight (g)- dry weight (g) = water (g) held at CC.
CC and AS are subsequently summed to derive the TP of the substrate.

Moisture retention curves MR C 6 s w e r fellowing thesprotodols @utlined in
the NC State University Horticulture Substrates Laboratory Manual (Fonteno and Harden, 2010).
Each sample was inserted into a 7.6 cm talkcfmg.d. aluminum core and positioned within
Volumetric Pressure Plate Extrarcs (VPPE; Soilmoisture Corp., Santa Barbara, CA) equipped
with 50-kPa ceramic plates (Soilmoisture Corp.). The experiments were conducted in a
controlledtemperature chamber located at the NC State University Horticultural Substrates
Laboratory, maintairgkat 22°C.

Four samples of each substrate, packed to the same bulk density, underwent a stepwise
saturation process with tap water. After 48 hours of equilibration, the samples were allowed to
freely drain for an additional 48 hours, recording water eflwelumes. Subsequently,
pressures of 1.0, 2.0, 4.0, 5.0, 7.5, 10, 20, and 30 kPa were applied individually for 24 hours,
with drainage from each substrate sample recorded. After 24 hr exposure to 30 kPa pressure,
samples were removed from VPPESs, weighieed at 105°C for 48 hr, and reweighed, allowing
for the calculation of volumetric water conte@)(

Plotting the moisture retention curves and AWC modekofjowing the acquisition of
Q values corresponding to desired suctions, a scatterplot wasgght illustrate the
relationship between moisture content and suctions. Substratehgfdarg abilities,
represented by easily available water and water buffering capacity were calculated following the
method proposed by de Boodt and Verdonck (197&dicted means for each substrate,

obtained through the NLIN procedure of SAS (Version 9.2; SAS Institute, Cary, NC), were
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plotted to fit the fiveparameter Van Genuchten model for horticultstddstrates (Milks et al.,
1989.

Air and water capacitynodelsUs i ng val ues derived from the
Genuchten's models, AWC models were executed to simulate physical properties of the 19
substrates in various sized and shagmttainers (Milks et al., 1989These models incorporated
#dsandd,, along wth three curvditting parameters (a, n, and nays well as individual container
geometries and volumes. By integrating moisture retention data with volumes calculated for
incremental heighbased zones, it becomes possible to ascertain the actual meEiimes
within each zone. The summation of these volumes up to the substrate surface height enables the
determination of the percent moisture volume for the entire container at its capacity (Figure 1).
The subtraction of CC from TP yields the percentafghS. Similarly, the AS for each zone can
be calculated using the same approach employed for determining CC.

The selected containers for these models were composite representations of various
containers tailored to three distinct production categoriesréps, with each section comprising
10 containers, for a total of 30 containers modeled. Section 1 focused on propagation and
included containers such as cubes, plugs, and liners (Table 2 and Figure 2), Section 2
encompassed ldiat grow bags and trough(Table 3 and Figure 3), while Section 3 featured
pots and opeitop grow bags (Table 4 and Figure 4). The substrates selected for each section
aimed to mirror potential substrates suitable for the respective type of production.

Furthermore, an additionekperiment was performed on the four open growbags,
where they were modeled under the condition of being fully filled and comparing this to the
manufacturer's prélled level. These containers, initially received in a dry state, contained a

coconut ca brick that was subsequently hydrated. The fill level and container dimensions after
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substrate hydration was documented. This approach enables the collection of data for a
comprehensive comparison of the physical characteristics and root volume afaihieseers

when filled to capaci tfiled lewlrafeuhydration eandfmla nuf act ur
expansion.

A final experiment involved the modification of a mathematical description representing
a container with a 26m top diameter, 10-6m bottomdiameter, and 14-dm height, such as
Fonteno displayed in 1987. This description was adjusted to create four simulated containers of
eqgual height, each possessing distinct geometries: (1) normal taper, (2) straight sides (top and
bottom diameters = 15 Qm(3) double taper (top diameter = 30 cm; bottom diameter = 10.6 cm),
(4) inverted normal taper (top diameter = 10.6 cm; bottom diameter = 15 cm). These simulated
containers were integrated into the media regression models and air and water values were
predicted for the resulting containeredia combinations.

Two fundamental assumptions underpinned the utilization of these models. Firstly, it was
assumed that the bulk density and TP of the media within containers equated to the bulk density
and TPofthea ampl es outlined in the MRC. Secondl vy,
represented desorption curves, all simulated irrigation was applied to saturation and allowed to
drain freely before pressures were applied (Bilkerback and Fqrit@8d).

Tables 5, 67, 8, 9 and figures 5, 6, andvére generated using mathematically derived
modeling algorithms, necessitating the calculation of means from repetitions to derive curve
fitting parameters for integration into the models. To validate the mib@eleans of moisture
retention data were juxtaposed with correspon@n@lues and model predictions, employing
the 7.6cm aluminum cylinder as the designated container and comparing to actual data for this

container.
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Results and Discussion

Initial substrate physical propertieBased on the NCSU Porometer method (Fonteno et
al., 1995) thenighest TP was observed in the rockwool slab (96.1%) and coir (93.8%), whereas
the lowest was recorded in the ¥0@erlite (76.7%) and Can peat [77.2% ([Eab)]. European
peat exhibited a higher TP of 85.7% compared tca@ampeat. It was evident that the
incorporation of perlite, GF, FG, and PTS into @dianpeat resulted in an increase in TP.
However, little change in TP was observed when perlite weended from 20% to 40%.

CC and AS were influenced by the blend percentage and substraf@dipe1) The
highest CC values were observed in the two commercial propagation mixes, with Jiffy at 82.3%
and Ball at 78.9%, which were comparable to &hanpeat at 77.2%. Conversely, the lowest
CC values (<60.0%) were observed in rockwool, 100% perlite, 100% aged pine bark, 100%
ForestGold, and 20% GreenFibre.

The highest AS was predominantly observed in rockwool at 37.1%, while the lowest was
displayed in Caadianpeat at 6.4%Table 1) European peat exhibited a significantly higher AS
compared to Cadianpeat, with a difference of 17.5%, showcasing AS values of 23.9%. These
findings underscore the impact of material source (peat type) and component telendthet
physical properties of the substrates.

Although the Porometer method offers quick, reliable, and consistent data, issues have
arisen with the TP measurements due to their susceptibility to changes in bulk density and
moisture content. These parameters are influenced by the substrate prepacthpanking
method, as the method involves manually packing metati.6ores. Fonteno (1993)
demonstrated variations in AS, CC, and TP when Porometer samples of a 1:1 peat and

vermiculite substrate were set to moisture contents of 160% and 250%, ghién tmoisture
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content resulting in higher AS and lower CC. Additionally, the data obtained originates from a
7.6-cm metal core, which may not accurately represent the substrati@ner combination. For

a more precise assessment of reported substrate-plggsical properties, utilizing moisture
retention curves and the AWC model is recommended.

Various container sizes hydmhysical propertiesRe gar dl ess of the cont
shape, the percentage of solids and, consequently, the TP remainedtceitista a single
substrateTables, 5, 6, 7, &nd9). This outcome aligns with expectations, as TP remains
unaffected by container size, provided the bulk density and initial moisture content remains
constant, as established by prexigesearch (Milkst al., 198%. Notably, changes in container
size were associated with alterations in CC and AS of the substrate. TP was not reported, as it is
inferred by the CC and AS values, the sum of which equals TP.

Section 1.

Cubes, plugs, and liner$heinvestigation across container sizes, ranging from the 3.5
cm cube to the 22-8m liner, unveiled consistent patterns of AS increase and CC decrease
(Table 5) Notably, the 12&ell, 48cell, and 72cell containers exhibited similar AS and CC
values, a pheomenon attributed to their minimal height distinctions, ranfiioig 5.0 cm to 5.4
cm (Table 2) This emphasizes the influential role of container height in shaping substrate
dynamics.

Regarding European peat, a discernible 22% decrease in CC and mertringrease in
AS were observed from the 3ch cube to the 22-8m liner(Table 5) In contrast, Canadian
peat displayed an 11.9% decrease in CC with a corresponding increase in AS. Throughout the
analysis, European peat consistently maintained loWeari@l substantially higher AS, which

can be linked to the harvesting methods employed for sphagnum peat moss (block cut peat in
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Europe and field milled peat in Canada (Edwards, 2020). As the container size increases, the
distinctions between the characstigs of European and Canadian peat AS become less
prominent. With the 358m cube, the European peat AS exhibits a fivefold increase compared to
the Canadian peat. However, in the 228 liner, this difference narrows, with the European

peat AS being ogl2.5 times higher than the Canadikields (2014) showed a similar trend
comparing 70:30 (v:v) amendment ratios of perlite, shredded pine wood, and pine wood chips in
a plug tray compared with a 3.9 L container, with the taller container showingfittieedce

among materials.

Coconut coir and rockwool demonstrated the highest TP, at 93.9% and 96.1%,
respectively(Table 5) In the 3.5cm cube, coir exhibited a higher CC of 84.3% compared to
rockwool's 80.4%, while rockwool had a higher AS of 15.7% mamad to coir's 9.6%. However,
with increasing container height, the divergence in their AS and CC values underwent changes.
Rockwool experienced a substantial 55.2% decrease in CC, resulting in 25.2%, and increased in
AS from the 3.5cm cube to the 22-8m liner. Coir had a 28.5% decrease in CC and increase in
AS. Perlite displayed the lowest TP of 76.7%, with the CC in the smallest container being 63.9%
with an AS of 12.8%. Increasing the container height to-2th&ed to a 250% increase in AS in
perlite

Both of Jiffy and Ball propagation mixes exhibited relatively low AS levels, with Jiffy
having 4.7% and Ball with 3.7% the smallest container (Table Bowever, with an increase
in container height, the AS levels became more comparable to thoseopkkn peat, coir, and
perlite, falling within a range of roughly 10%. These propagation mixes displayed consistent
characteristics across all container sizes, with the largest container showing Jiffy at 25.5% AS

and Ball at 26.4% AS. Throughout all cantrs these mixes consistently possessed the highest
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CC among others, except in the 2218 height container, where Canadian peat slightly
surpassed them with 68.8%, while Jiffy had a 67.8%, and Ball had 62.8%.

Section 2.

Layflat growbags and trough$he analysis of commercially utilized Idat growbags
and trough containers showed a diverse range of container dimefisabies 3) The heights of
these containers ranged from-@m, represented by the BVB Strawberry Growbag, to-th38
represented bthe Klasmann Growbag Advanced. Additionally, there was a considerable
variability in the length and width of these containers, with top length ranging frort 208
105.4cm and top width ranging from 10c8n to 24.6cm (Table 3) With a height differene of
approximately &m from the shortest to tallest container, the AS levels across most materials did
not differ as greatly as between other containers. However, there was still a consistent pattern
observed of AS increase and CC decrease as contaigkt inereased. Notably, the comparison
of container lengths revealed that length does not have a great effect on the AS, emphasizing that
it is the height that influences it. For instance, the 11L trough iset6.lbng with a height of
11.8cm, while theCalifornia substrate trough is more than two times longer with a length of
96.8cm, with a similar height of 11-8m. However, the difference between their AS values
across all subsites does not exceed 1% (Tabje 6

In European peat, the CC displayedecrease from 63.3% in the BVB growbag to
53.9% in the 9L trough, representing nearly a 10% difference, as well as w{ifahl& 6)
Conversely, Canadian peat exhibited a higher CC of 77.9% in the BVB growbag, which
decreased to 72.8% in the 9L trougidicating onlya 5% change in both CC and AS.

Throughout all containers, European peat consistently maintained a lower CC and higher AS
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compared to Canadian peat. The AS of European peat was four times greater than Canadian in
the BVB growbag, but thre@ntes great in the 9L trough.

Coconut coir displayed a CC of 76.3% with an AS of 17.5%, while rockwool exhibited a
lower CC of 63.1%, but higher AS of 33.1% in the shortest contéliiaéle 6) However, the
differences became more pronounced in the l&ferontainer, with coir having a 63.7% CC
and 30.1% AS, and rockwool with only a 37.9% CC and 58.3% AS.

Among the wood products tested, PTS exhibited the highest CC in the BVB growbag, but
all four products showed CC values within a 10% range of eaeh(dihble 6) PTS had the
lowest AS at 16%, while the others had approximately 24% AS in the BVB growbag. However,
with an increase in container height, the discrepancy in AS became more pronounced. PTS, for
instance, had 23.2% AS, while FG had 40.3% stilitmaintained the highest CC among other
wood substrates.

As the size of the container is increased, the variations in AS and CC among different
amendment rates and amendment products become less pron@aided) For example, the
20:80 perlite an€Canadian peat mix in the shortest container (BVB growbag) had 7.0% AS, in
contrast to the 20% GF with an AS over three times higher at 22.1%. With the increase in
container size, the disparities in AS among the four amendment products (perlite, PTS) FG, GF
at 20% and 40% rates diminish, resulting in much less deviation among any of the amendments
(Table 5). This suggests the potential for taller containers to be utilized as a means to enhance
AS without relying solely on amending materials with coarseeggies.

Section 3.

Open top growbags and potSommercial open top growbags and pots were analyzed in

the model. In this study, notable changes were observed in the characteristics of European peat,
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Canadian peat, coconut coir, and various wood pro@ectss different container sizes and
amendment rates. Height of these containers ranged froatidh Being the 4.7L square pot, to
33.3cm, being the 25L round pot, representing a-trddifference in height from shortest to
tallest(Table 4) However there was still a consistent pattern observed of AS increase and CC
decrease as container height increased. Among several containers there were no great differences
in AS or CC, including between the Root Kandy open top and the 5 gallon open top, with thei
heights both being 26-@m, even with their radius being 14cfn in Root Kandy and 17-@m in
the 5 gallon open top bag, displaying heights integral role in changing the air andtatateins
the containers

European peat s CC teeASineenseedhythdsame/am@at, whi |
transitioning from a 4.7L to 25L p¢Table 8) In contrast, Canadian peat in the 4.7L pot
exhibited a 19.5% higher CC compared to European peat, a difference that persisted across larger
container sizes. The 25L pavealed a 20.5% higher CC for Canadian peat compared to its
European counterpart. Additionally, European peat consistently maintained higher AS in all
container sizes compared to Canadian peat.

Among the wood products, PTS consistently maintained thestof# across all
container sizes, with only a 6% increase from smallest to the largest cofitaibler 8) FG
displayed the highest AS, ranging from an initial 43.4% to 54.9% in the largest container.
However, FG demonstrated a lower capacity to retaistone, reflected in its 28.6% CC in the
largest container.

Comparing different amendment types and rates revealed similar trends in CC across
container sizegTable 9. In the 4.7L square pot, the range was from 54.4% (40% PTS) to 63.8%

(20% perlite), rpresenting a difference of 9.4%. In the 25L pot, the range was from 44.8% (40%
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PTS and 40% FG) to 53.5% (20% perlite), with a slightly lower difference of 8.7%. Regarding
AS, 40% PTS maintained a higher AS in all container sizes, while 20% perlite cothgiste
exhibited the lowest AS. The difference from the highest to the lowest AS in the 4.7L pot was
15.7, reducing slightly to 15.0% in the 25L pot.

Notably, as container height increased, the differences in AS among amendments
decreased for some materiéilsble 9) For example, the difference in AS from 40% perlite to
20% GF in the shortest container was 8.7%, but in the 25L pot, it reduced to only 3.2%.
Furthermore, increasing the amendment rate from 20% to 40% for perlite and GF in larger
containers sh@ed minimal impact on CC or AS.

Growbag Fill Level.

Manufacturer filled growbag compared to growbag filled to capaéity’C models were
ran based on bot hfillad aneountedter byfratingtthe coeonul coir phocke
completely and the scemawhere the bags were completely filleithin the containers (Figure
5. Analyzing t he -galdombafyexhibited3®7260AS antl 6311% CC witha 1
coconut coir substrate. However, when fully filled, a slight increase in AS and deor€&dy
2.6% were observed. Similar trends were evident in the other bags with Root Kandy
experiencing a 5.8% changegéllon showing a 2.3% change, and True Blue revealing a 3.5%
change.

The assessment of root volume was conducted considering thé rmanu u r-filed6s pr e
amount and a scenario where the bags were filled to capacity. This analysis revealed a consistent
increase in root volume for all bags when filled to their maximum cap@egyre 5)

Specifically, Root Kandy demonstrated a 45.08%sease in root volume, followed by the 1
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gallon bag with a notable 14.78% increase, True Blue had a 7.57% increase, agdltbe bag
with a 3.49% increase.

This volumetric expansion indicates a uniform enhancement in the availability of air and
waterfor root growth across all bags. For example, the Root Kandy bag showed an additional 1.5
liters of water when filled completely, while the True Blue bag presented nearly 3.0 liters more
water under the same conditigiisgure 5) Although the True Blue lgeexhibited only a 3.5%
change in CC, the substantial increase in available water volume becomes evident when viewed
in the context of root growth potential through the volume of water present. Bilderback and
Fonteno (1987) investigated the volume of watesent in various container sizes, showing that
a 3.8 L container had two times more water compared to a 15.3 cm container, even though the
CC value was only 2% different. These outcomes highlight the dynamic relationship between
recommended fill levelsZC, and root volume, emphasizing the potential impact on the root
environment and growth conditions within the ojtep grow bags.

Artificial Containers.

Artificial containers with uniqgue geometrjhe air and water values for 100% coconut
coir in theatrtificial contaners are illustrated in Figure Bll containers were assumed to have
the same height, allowing for an analysis of the influence of other container parameters on the
distribution of air and water. The simulation models indicate thatradtéine container design
from a normal taper did not significantly affect the percentage of air and water values. However,
substantial changes occurred in the actual volumes of air and water available for root growth,
influenced by variations in containenlume. One exception was observed where there was no
volume change from the normal taper to the inverted normal container. The percentage of solids

remained constant across all containers due to the uniform TP of the substrates. Inverting the

166



container reglted in less available air but increased the amount of water. The modifications in
container configuration, especially transitioning to a smaller taper at the top, led to a reduction in
drainable pore space compared to the normal taper.

Similar trends wes observed in the 60% peat + 40% perlite substrate across the fou
simulated containers (Figure. Discrepancies in air and water values between the coconut coir
and 40% perlite + 60% peat substrate stemmed from variations in the MRC of the two substrates
This experiment underscores that not only does container height influeneagteimprofiles, but
the distinct geometries of the container also play a crucial role in shaping these profiles.
Bilderback and Fonteno (1987) showed similar results in aelark: 1 sand and 1 peat: 1

vermiculite media.

Conclusions

The predicted AWC models have illustrated the variations in air and water profiles of
numerous substrates utilized in different containers, which are used for various crop types and
stages of crop production. Noteworthy differences emerge in amendmehtsiusmallersized
containers, such as lay flat growbags and troughs. However, in representations -Gizacyer
containers, where these amendments are more likely to be utilized, the physical properties
exhibit minimal differences between amendmentsigints from Biran and Eliassaf (1980),

Keever et al. (1985), and Tilt et al. (1987) emphasize the significance of matching container
shape to the natural growth habit of plant species for optimal growth response, considering both
genetic capacities and damer physical properties. The data collected during this study affirm

that media type and container combinations significantly influence air and water values,
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emphasizing the importance of selecting an appropriate medium/container combination tailored

to the specific needs of plant root characteristics.

To predict air and water content accurately, a comprehensive understanding of the
substrates MRC and a mathematical model for container geometry are imperative (Bilderback
and Fontenpl987).Although theNCSU Porometer method (Fonteno et al., 1995) provides fast
and repeatable data, this may not serve as the most precisephydrcal property indicator due
to the influence of container geometry, and this method utilizing-ari.6ore The impact of
confiner type and size extends beyond only the physical characteristics, significantly affecting
production costs (Dufault and Waters, 1985). This underscores the importance of adopting a

holistic approach in the selection of substrates and containers.

Contaner height stands out as a critical factor, exerting a substantial influence on
substrate characteristics and subsequently affecting air and water values. The volume of
containers also contributes significantly to changes in physical properties, theéhadydimg
plant growh responses (Bish et al., 19%&timer, 1991; Marsh and Paul, 1988; Dufault and
Waters 1985). Considerations regarding the number of plants within containers, especially in the
context of substrate grow bags, unveil subtle nuancais and water availability for individual
plants (Amundson et aR012; Dijkstra et a].1992). Moreover, the decision to fill bags
completely or not introduces variations in root volume, consequently impacting air and water
values. The choice betweerbsuigation and top irrigation adds another layer of complexity,
particularly in taller containers where capillarity of substrates becomes a crucial consideration
(Schulker et a).2021). In essence, these findings collectively emphasize the intricaiernship
between container dimensions, substrate characteristics, and the formulation of effective

container management strategies.
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Another utility of these models may be in providing a baseline for determining irrigation
efficiency in each container/subeste combination. The underlying premise for the models is the
saturation of these substrates and free drainage. This produces a maximum water retention and a
minimum air space value after drainadeis well known that there are many factors that can
influence the volume of water captured and retained after irrigation, such as irrigation time and
frequency as well as substrate conditions such as water content prior to irrigation and the
hydroplobic level for each substrate (Schulker et al., 2020jparisons of irrigation results
with model values will provide valuable measures of irrigation efficiency, which will be critical

in determining water use in the future.

In conclusionthis study highlights the connection between substrate and container
geametry, challenging the conventional treatment of these factors as independent entities. The
dimensions of containers, specifically their height and volume, emedgeamining factors
shaping the air and water content of horticultural substratesirifluisnce remains consistent
across diverse media, with variations influenced by the moisture retention patterns. Moreover,
it's crucial to note that while most containers will accommodate plants for two to 12 months,
certain crops such as fribearing fpants and other perennials may reside in them for three to
eight years. The longer lifespan of these crops necessitates additional planning and consideration
of the substrate and container type to ensure sustained growth and health over an extended

period.
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Figures and Tables
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Figure4.1. Volume and percent moisture retained in 1 cm zone increments ifiat ignowbag
container derived from the moisture retention curve of 100% coconut coir.
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Figure4.2. Images of cubes, plugs, aimer container treatments used in the air and water capacity (AWC) models. Containers used
included @) mini blocks, B) grow blocks, C) 128 square,) 72 square,§) BP plantcelLlF) 2 3/ 8@)2x 73 8I3Hx 5 1 o
3 5/ 80)2x 76 8,0 @ BdbstagV.
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Figure 4.3. Images of lay flat growbags and trough container treatments used in the air and water capacity (AWC) mantelss Cont
used includedA) 1.85L raspberry pot(B) 9L trough, C) 8L trough, D) 11L trough, E) California trough, ) strawberry growbag
(BVB), (G) precision plusiltra-growbag(Botanicoir), H) GT master (Grodan)l X finesse growbagJiffy), and J) growbag

advanced (KlasmanBeilmann).
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Figure 4.4. Images of open top growbags andcpotainer treatments used in the air and water capacity (AWC) models. Containers
used includedA) 4.7L lightweight (B) 7L square pot,&) 10L square pot,) 20L square potH) 15L square pot,H) 1 gallon PCM
open top, G) Root Kandy, i) 5 gallon PCMopen top, ) True Blue, andJ) 25L round pot.
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1-gallon

Water 2616 (63.1)
Air 1275 (30.7)
Solid 257 (6.2)

Total 4148

1-gallon

2944 (60.5)
1621 (33.3)
301 (6.2)

Total
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Root Kandy 5-gallon
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4302 (60.4)

11980 (56.9)
2378 (33.4)
442 (6.2)

7753 (36.9)
1304 (6.2)

Filled to Capacity

Root Kandy 5-gallon

5641 (54.6)
4053 (39.2)
640 (6.2)
10334

9620 (39.2)
1520 (6.2)

True Blue

|
|

16113 (55.4)
11192 (38.4)
1806 (6.2)

True Blue

19040 (51.9)
15361 (41.9)
2274 (6.2)

Figure 4.5Four open top growbags modeled using thenvaiter capacity (AWC) model. These

containers were compared based on the manufacturer fill level, and filled to capacity. The first

values are the amount of water, air, or solids in mL, and the value is (perttentage. For
example, 2944 is 2944 mL with 60.5% water.
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Container Designs

100% Coconut Coir

\ /

|
Air 837 (30.3) 675 (32.7) 969 (34.2) 577 (27.9)
Water 1752 (63.5) 1263 (61.1) 1684 (59.6) 1361 (65.9)
Solid 169 (6.2) 128 (6.2) 175 (6.2) 128 (6.2)
Total 2758 2066 2828 2066

Figure 4.6 Four artificial container geometries modeled using thevater capacity (AWC)

model with 100% coconut coir. The first values are the amount of water, air, or solids in mL, and
the value is () is the percentage. For example, 837 is 837 mL with 30.3% air. The brown colored
fill represents solids, blue represents water, and white represents air.
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Figure 4.7 Four artificial container geometries modeled usingainevater capacity (AWC)
modelwith 60% peat: 40% perlitd he first values are the amount of water, air, or solids in mL,
and the value is () ide percentage. For example, 465 is 465 mL with%@a®. The brown
colored fill represents solids, blue repents water, and white represents air.
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