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Soilless Substratdydrologyand Subsequent Impaais PlantWater Relations of Containerized
Crops

Jeb Stuart Fields

ABSTRACT

Freshwater is a finite resource that is rapidly becoming more scrutinized in agricultural
consumption. Specialty crop producesspeciallyornamentatrop producers, must continually
improve production sustainability, with regards to water resaunargagement, in order to

continue to stay economically viable. Soilless substrates were initially developed to have
increased porosity and relatively low water holding capacity to ensure container crops would not
remain overhydrated after irrigations oimravents. As a result, substrates were selected that are
now considered to be in efficient in regards to water resource management. Therefore, to provide
growers with additional means to improve production sustainability, soilless substrate hydrology
need beinnovatedo provide increased watavailability while continuing to provide ample air

filled porosity to ensure productive and efficient water interactions. Historically, soilless

substrates have been char act(ieermazneuct wates i n g st a
holding capacity and minimum ditled porosity). The research herein involves integrating

dynamic soilless substrate hydraulic properties to understand how substrate hydrology can be
manipulated to design sustainable substrates.tasksinvolved adapting new technologies

analyze hydrological properties of peat and pine bark substragsafigyng evaporative

moisture characteristic measurementisich were originallydesigned for mineral soils, for

soilless substrate analysediliding these evaporative measurements provide more accurate

measures of substrate water potentials betwE@and-800 hPa than traditional pressure plate

measurements. Soilless substrates were engineered, utilizing only three common substrate



componerd [stabilized pine barkPinus taeded..), Sphagnunpeatmoss, and coconut coir

fiber], via particle fractionation and fibrous additions. The engineering process yielded substrates
with increased unsaturated hydraulic conductivity, pore connectivity, arelundorm pore size
distributions. These substrates were tested in a greenhouse with irrigation systems designed to
hold substrates at1(00 to-300 hPa) or approachingb( to-100 hPa) water potentials associated
with drought stress. Substratater dymmics were monitored, as were plant morphology and
drought stress indicators. It was determined that increased substrate unsaturated hydraulic
conductivity within the production water potentials, allowed for increased crop growth, reduction
in drought stres indicators, while producing marketable plants. Furthermore, individual plants
were produced using as low as 5.3 L per plant. Increased production range substrate hydraulic
conductivity was able to maintain necessary levels dilld porosity due taeduced irrigation
volumes, while providing water for plants when needed. The substrates were able to conduct
water from throughout the container volume to the plant roots for uptake when roots reduced
substrate water potential. Furthermore, increasedrstd$ydraulic conductivity allowed plants
within the substrate to continue absorbing water at much lower water potentials than those in
unaltered (control) pine bark. Finally, HYDRUS models were utilized to simulate water flux
through containerized sulbates. These models allowed for better understanding of how
individual hydraulic properties influence substrate water flux, and provided insight towards
proportions of inaccessible pores, which do not maintain sufficient levels of available water.
With themodels, researchers will be able to simulate new substrates, and utilize model
predictions to provide insight toward new substrates prior to implementing production tests. It
has been determined, that increasing substrate hydraulic conductivity, whizé dane with

just commonly used components, water requirements for production can be reduced, to produce



crops with minimal wasted water resources. Concluding, threnigeneering substrate hydrology

canamelioratgproduction sustainability and decreaseionmental impact.
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Jeb Stuart Fields

ABSTRACT

The world is rapidly approaching a time when water will become a limited resource, not only for
agricdture, but all daily uses. As a result specialty crop production must continue to increase
sustainability in order to continue to thrive. One area where growers and researchers believe
environmental stewardship can be increased is through designing smuecesefficient soilless
substrates. Soilless substrates (potting media) are utilized-witdby container crop

producers as a rooting medidar specialty cropsThese substrates were developed to be very
forgiving for growers. By that, growers coud@ply excess water through irrigation or

precipitations and these substrates were designed to readily drain excess water. This provides an
opportunity to create more water efficient substrates to help reduce water consumption by
container nurserie3he pocesses involving watair-substrate interactions within the container

are not well understood. As a resully research involves measuring, manipulating, maintaining,
and modeling substrate hydrology in an effort to design substrates that will conagsvenw
container production. | incorporated new technology used in Soil Science to measure hydraulic
properties of soilless substrates through the evaporative method. | then understood how growers
and allied suppliers can easily modify these substrateblyd properties. Next, | researched

how these manipulated hydraulic properties would influence plant growth and yhislity

maintaining drought level irrigation levels over multiple crdpisally, | modeled substrate

hydraulic properties to better undeand water movement through a contaimérough the



research herein, | was able to determine that substrate hydrology can be easily modified to
provide container crops with more easily accessed water, while still keeping sufficisphear

for plant gowth. Increasing unsaturated hydraulic conductivity in soilless substrates, allows
ornamental crops to be held at lower water regimes moisture levels traditionally considered to be
drought levelsUtilizing the HYDRUS model, | was able to determine howl¢wvelop future

substrate models that will accurately simulate-vealld outcomes, providing researchers with
another tool to quickly predict impacts of newly developed (or still in development) soilless

substrates on water staiascontainer production.
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content) line represents in situ redistribution of water at 1, 5, 15, 30, 60,

120, 300, 900, 1800, and 3600 SECANAS.........cccerrmrrrrimarrereeee e 159

Figure5.2  HYDRUS-1D output depicting water distribution in a 250n tall
container of A) peabased substrate and B) pine bhdsed substrate.

Substrates started at container capacity representing the horizontal line
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at 0.83 volumetric water content (pdmtsed substrate) and 0.54
volumetric water content (batthased sbstrate). Each data series
represents a depth in the container with O representing the upper surface

of the substrate and 250 representing the lower surface.................... 159

Figure5.3  HYDRUS-1D output depicting a pulse of water moving through a 250
mm tall containeof A) peatbased substrate and B) pine bhdsed
substrate. The line to the furthest right represents 1 sec duration of the
model and each subsequent line back to the equilibrium line represents
predicted moisture gradient at 5, 15, 30, 60, 120, 30D, B8D0, 3600
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ChapteVI: Simulating water movement in a peat and pine bark
Substrate

Figure 6.1  Representation of the mass balance system designed to measure water
flux through a container. Funnel was fit into bucket lid and provided
level fit for 3.9 L container. Lysimeters measured water flux in the

system (storage) and drainage (leaching)..........cccccooovviiiiccceeeeeees 193

Figure 6.2  Digital representation of the upper and lower surface layers of the finite
element mesh, used to construct the container. Boundarytioosdare
represented by colored nodes (white is no flux, green is atmospheric,

and brown is seepage face). Each lateral line is a cross section of nodes.
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Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

The atmospheric boundary condition represents the area where water
infiltrates the bulk substrate ¢gsn and was measured via in situ gpra
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Substrate moisture tension data for A) a 3:1 (by vol.) peat: perlite
substrate and B) a 9:1 (by vol.) bark: sand substrate. These data were
measured utilizing an instantaneous profilehndtto measure both
desorption and sorption data in a 3.9 L container. Solid circles represent
measures of desorption (drying) cycles and empty circles represent

measures of sorption (wetting) CyCles............ccccviiiiiieemnniiee 194

Evaporative measures of moisture tengiata for a 3:1 (by vol.) peat:

perlite substrate and a 9:1 (by vol.) bark: sand substrate................... 195

Data representing substrate hydraulic conductivity as a function of
substrate water potential for A) 3:1 (by vol.) peat: perlite substrate and
B) a 9:1 (by vol.) bark: sand substrate. Data were measured using an
instantaneous profile method with both desorption and sorption
measuredeparatelyn a 3.9 L containeiFilled circles represent
desorption (drying) measures, while empty circles represgption
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Sensitivity curves for A) saturated volumetric water content, B)

saturatechydraulicconducti vi ty, aizedin@) o par amet el
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simulation of water flux through a 3:1 (by vol.) Sphagnum peat: perlite
substrate, modeled with HYDRUS 3D in a 3.9 L container with

maximum substrate hydration initial conditions...............cccccoevveeeeee. 197

Figure 6.7  Sensitivitycurves for A) saturated volumetric water content, B)
saturatechydraulicconduct i vi ty, alcedin@) o par amet el
simulation of water flux through a 9:1 (by vol.) stabilized pine bark:
sand substrate, modeled with HYDRUS 3D in a 3.9 L containér wit

maximumsubstratéydration initial conditions...............cccceeeeiviiiieeennnn. 198

Figure 6.8  A) storage and B) cumulative leaching curves for a 3:1 (by vol.)
Sphagnum peat: perlite substrate, modeled with HYDRUS 3D in a 3.9
L container with maximum substrate hydration initial coiodis.
Curves represent either simulations based on hydraulic parameter
measuringnethods, in situ observed data, or parameters utilized to
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Figure 6.9  A) storage and B) cumulative leaching curves for a 3:1 (by vol.)
Sphagnum peagperlite substrate, modeled with HYDRUS 3D in a 3.9
L container with initial conditions equal to a pressure head@d cm.
Curves represent either simulations based on hydraulic parameter
measuringnethods, in situ observed data, or parameters utilized to

OPtIMIZE MOUEIS ... .ei e 200
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Figure 6.10 A) storage and B) cumulative leaching curves for a 9:1 (by vol.)
stabilized pine bark: sand substrate, modeled with HYDRUS 3D in a
3.9 L container with maximum substrate hydration initial conditions.
Curves represent eithsimulations based on hydraulic parameter
measuringnethods, in situ observed data, or parameters utilized to

OPLiMIZE MOAEIS........oooii e 201

Figure 6.11 A) storage and B) cumulative leaching curves for a 9:1 (by vol.)
stabilized pine bark: sand substrate, modeligd WYDRUS 3D in a
3.9 L container with initial conditions equal to a pressure heatlOo
cm. Curves represent either simulations based on hydraulic parameter
measuringnethods, in situ observed data, or parameters utilized to
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Appendces

Appendix B Volumetric water content (VWC) of Hibiscus resmensis crops
planted in seven different pine bark based substrates pre research in
Chapter 3. Substrates included unscreened pine bark (UPB), bark
particles that pass through a 2.3 mm eor@F0), a 4.0 mm screen but
not a 2.3 mm screen (PF2), 6.3 mm screen but not a 4.0 mm screen
(PF4), and pine bark particles that do not pass through a 6.3 mm screen
(PF6) while at 65% moisture content, and bark particles that do not pass

through a 6.3 mmcreen while at 65% moisture content amended with
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fibrous materials including 35% Sphagnum peat (P35) and 40%
coconut coir (C40) by volume. Crops were watered to effective
container capacity (maximum water holding capacity after overhead
irrigation) priorto allowing to dry past permanent wilt. Measured vapor
pressure deficit during the same time illustrates a relative constant
diurnal flux. Table describes the time when nonlinear regression
analysis determined water loss shifted from evapotranspiratiomyo
evaporation from substrate surface via calculating breakpoint where
curves shifted from nonlinear to linear. Representative VWC and
substrate water potentia/Y are also presented. Values within

parentheses are 95% confidence intervals for VWCYand................... 216

Appendix C Stabilized pine bark (Pinus taeda L.) at approximately 65% moisture
content by mass (moisture content of windrowed bark) was separated
into particle size fractions through screening through a series of sieves.
Unscreened bark was iteratly processed through sieves starting at the
largest diameter sieve (i.e. 4.0 mm screened bark would have been
processed through the 6.3 mm screen prior to 4.0 mm screening).
Physical properties were separated via into solid, air, and water
fraction. Maximum water holding @pacity was subsequently split into
readily available water (walO@r hel d at
hPa) and residual water (water held at substrate water potenti#ld <
hPa). The Yaxis represents the percent of the container volume

occupied ly each of the substrate phases under maximum hydration.
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Data was previously presented in Fields, J.S., J.S. Owen, Jr. and H.L.
Scoggins. 2015. Exploring the influence of particle size on plant water
availability in pine bark based substrates. Proceedihtigedouthern
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CHAPTER |

INTRODUCTION

I n recent decades, | arger portions of the
have begun adopting containerized versus conventional, in groundcpondiechniques to
produce ornamental and specialty crops (Raviv and Leith, 2008). Recent NASS surveys estimate
the U.S. nursery industry to have produced $3.8 billion in sales in 2009, with approx. $2.5 billion
of those sales coming from container nuysstock (USDA, 2010). Thus, approx. 66% of nursery
sales are from container production. Additionally, an overwhelming majority of specialty crops
spend a portion of their life cycle in containers. Producers typically utilize soilless substrates that
provide adequate air space for rapid root growth to ensure proper crop growth in containers.
Soilless substrates are a classification given to rooting medium that are primarily comprised of
materials not derived from field soils (i.e. sand, silt, and clay). @#pesoilless substrates are
highly porous composites, which are composed of multiple components which tend to differ by
regionally availability (Hanan, 1998; Abad et al., 2001). When in containers, mineral soils
experience what is known as the contagféect, in which the gravitational potential existing in
the container (equal to the height of the container) is not enough to overcome the suction
imposed on water by the small diameter pores (Bilderback, 1980; Mastalerz, 1977). Whereas in a
field, the ®il gravitational potential can be many meters (based on the depth of the soil profile),
which will allow for ample drainage from similar diameter pores. For this reason, substrates were
designed to have high porosity to alleviate any container effeetsisstoreover, producers are
concerned about under watering crops, atitzing these soilless substrates allogvewersto

apply excess irrigation to crops grown in these substoatfeseover wateringpecomes a



concern Thus, substrate development prisnocus has been twofold: (1) generally utilize lower
bulk density materials allowing ease of relocating containers (Knox and Chappell, 2014) and (2)
provide ample airspace and drainage during production to ensure adequate gas exchange and
minimize diseas. As a result, soilless substrates were initially developed to be inefficient in

regards to water consumption.

Increasingly limited freshwater, occurring regionally and temporally as a result of
droughts and rising demand, has resulted in concerns aer security for specialty crop
producers (O Neill and Dobrowlski, 2011). Fre
production and all of agriculture worldwide. A study conducted in 2011 (United Nations, 2011)
by the United Nations reports that 7@¥the freshwater consumed by the entire world is used
for agricultural pur poses, whi witadrawhfemUS GS r ep
reservess used for irrigation of crops (Kenney et al., 2005). With water reserves becoming
limited in regias such as the western U.S. (Howitt et al., 2014), many states are starting to
implement increased water regulations or restrictions on agriculture, including container
nurseries (Beesost al, 2004; Fulcher et al., 2016). Nursery crop producers oftely appess
water to reduce the risk of containerized crop water stress and subsequent reduction in crop
growth or loss (Mathers et al., 2005). It has been recently reported that peak water demand for
containerized nursery can be upwards of 7per acre peday (Fulcher and Fernandez, 2013).
While there is a slow progression to more efficient irrigation practices, overhead sprinkler
irrigation remains recommended for smaller containers (<#7 container; Bilderback et al., 2013)
and is the primary irrigation ethod for the majority of container nurseries regessllof size
(Beeson et al., 2004Based on container spacing and crop canopy architecture, only a limited

percentage of the water used in irrigation actually makes it into the container substrate. In fa



Hanan(1996) reports that only 15 and 50% of applied water makes it to the target crop, with a
mean water application efficiency of =20%. Th
demand day, 57.6 fof water out of the 72 fper acreday applieda a container nursery via

overhead irrigation will never be intercepted by the container. Furthermore, Majsztrik et al.

(2011) reported thdtigh leaching fractionévolume applied + volume leacheale common in

container nurserief\side from the loss afater, the excessive water application results in

increased runoff or leaching of applied agrichemicals such as nutrients and pesticides (Millon et

al., 2007).

With current widespread irrigation practices still lacking in efficiency, especially for
contaners below #7 (Fulcher et al., 2016), with no clear direction towards sustainability, steps
must be taken to provide improved water sustainability in container nurseries to ensure the
industry remains viable. However, one pitfall is basis for soillessubstrate container media
is rooted in inefficiency. There are multiple current research areas that provide a path towards
sustainability including the use of moisture sensor automated irrigation (Chappell et al., 2013),
evapotranspirational based irrigat decisions (Million et al., 2010), cultural practices including
container spacing and species groupings (Beeson and Yeager, 2003), and engineering more
efficient soilless substrates (Schmilewski, 2014). It is my belief, that while each of these tactics
will provide much needed reprise and increase nursery sustainability, the use of all or multiple
strategies in concert will provide the most influential change towards container nursery

sustainability.



Literature Review

Substrate hydrophysical properties

Soilless substrates are often characterized by their static physical properties. These
properties of most importance are often maxima (container capacity; CC) or minima (air space;
AS) values, or values that describe the physical nature of the substtate not change as
water: air ratio varies [bulk density (Db) and total porosity (TP)]. Container capacity is the
maximum percentage of the volume that can be occupied by water after allowing for
gravitational flow (drainage) and is synonymous with te&lfcapacity in soils but achieved in
minutes or hows versus days (White and Mastal 1967). Conversely, AS is considered the
minimum percentage of the volume that is occupied by air. The air and water ratio of a substrate
at maximum hydration is not gndetermined by substrate composition, but is a function of
container geometry (Bilderback and Fonteno, 1987). Bulk density is simply the mass of the solid
particles (M) divided by the total volume of the samplg)(\Db=M4V;. This is an important
soilless substrate classification criterion, because at the most basic level, Db describes the weight
of the container. This importance stems from the weight of containers influencing the ease of
translocating containers, which is one of the primary reasorainenproduction is a rapidly
increasing agricultural production sector (Raviv and Leith, 2008). Total porosity is the
percentage of the container volume not occupied by solid particles (i.e. void space). This can be
in the form of structural pores (porassing from the particle structure) or internal porosity (void
space within a particle itself). Total porosity can be calculated from AS an@ AT C+AS.

By definition, these values are static, or not being influenced by the water: air ratio of the

substrate at any moment.



When taking a more tdepth look at when air and water ratio are in flux, dynamic
properties, these pores can be broken down into more specific classification criteria, including
gravitational pores, hygroscopic pores, and capil@ngs. These three classifications are based
on the tension with which water is held into the pores, which in essence is primarily driven by
pore diameter. Gravitational pores, are pores that would remain unoccupied by water when
exposed to gravitationabfces (i.e. allowed to free drain). As such, gravitational pores are often
considered to be representative of the AS of a container substrate. Since gravitational head or
suction is based on the height of the column, the CC: AS ratio of a substratedispeadent
upon the height of the container (Bilderback and Fonteno, 1987). Hygroscopic pores are not true
“pores” in the sense of the word, but instead
particles. This hygroscopic zone is the interfadevben solid particles and the surrounding
environment. As watesintroduced into the system, it will become bound to the surface of
particles, and due to the adhesive nature of water, this interface will exist at high tensions and
water will often not mge. Under normal production conditions, the occupancy volume of water
in gravitational and hygroscopic pores will often not alter. However, the water: air ratio for
capillary pores tends to be in constant flux. Capillary pores are pores that hold wextsrosts
between gravitational artd/groscopic. The wateaxisting in these pores is generally available
for plant use, as well as able to be distributed through the substrate. As a result, the water in these
pores (often the largest volume of the thregraditional substrates) is repeatedly being

consumed, redistributed, and replenished through production and plant interactions.

Because the air: water ratio of pores fluctuate during crop production, more dynamic
properties based on the substrate watatent provide more information about crop water status

(Caron et al., 2013). Utilizing dynamic substrate properties via moisture characteristic curves



(MCC) we can provide a more definite substrate classification system. Moisture characteristic
curves, fist described for soilless substrates by Bunt (1961), are a function that represents the
relationship between volumetric water content and water potential (or pore tension) for a porous
media. This relationship can provide researchers with not only estirafstatic physical

properties (Milks et al., 1999), but also provide information regarding the degree of plant water
availability (de Boodt and Verdonck, 1972), and water theorgimak of waterunavailability

(Fields, 2013).

There are differences substrate MCC depending on whether measurements are from
desorption (water loss) or sorption (hydration), and the difference is due to substrate hysteresis.
Hysteresis describes the phenomenon of where the state of soil water and equilibrium is
dependentn whether water is filling or voiding a media (Hillel, 1998). By that, there is an effect
where pores are filled and drained at different rates and tensions based on the energy to
overcome the tension of water entering versus exiting a pore, termeddsysthis, in part, is
the issue discussed with the capillary bundle theory for water movement by Hunt et al. (2013). In
this work, Hunt et al. discusses the idea of virtual pores. Virtual pores are falsely measured pores
in MCCs where water from largeragineter pores drains when the smaller diameter surrounding
pores drain, and thus the pore volume is attributed to the smaller pore size. Substrate hysteresis is
not commonly considered when MCCs are measured; however, much information about the

water dynarts of substrate systems can be informed through the use of hysteretic curves.

Frequent needed irrigation events for plants produced in soilless substrates lead to
increased hysteretic influences on substrate water dynamics (Heinen and Raats, 1998). Naasz
al. (2005) measured hysteretic effects in peat and pine bark substrates, noting that peat substrates

exhibited greater hysteretic effects than bark substrates. This was due to the increased percentage
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macropores in the bark substrate, reducing thenvelof inaccessible pores. Similar

observations were described by Michel et al. (2008), who noted that hysteresis also influenced
substrate wettability, gas diffusivity, and shrink/swell of peat substrates, with little effect on
hydraulic conductivity. Anlaf et al. (2016) described the increased impact of substrate

hysteresis in ebb and flow irrigation systems.

Another dynamic property that varies based on the water status of the container is
hydraulic conductivity, which is essence is the ease at whitér weoves through a porous
media. As a result of the cohesive and adhesive nature of water, when the water: air ratio
increases (i.e. volumetric water content increases) there is higher proportions of capillary water,
which fills more pores and allows mauaths for water to move. Generally, saturated hydraulic
conductivity is much greater than unsaturated hydraulic conductivity, due to the fact that at
saturation, pores are filled with water, providing greater ease of flow, and reducing tortuosity
(Fonteng 1993). Unsaturated hydraulic conductivity has been shown to limit plant access to
water in mineral soils by affecting the distance from which water can be accessed by plants
(Campbell and Campbell, 1982), and later discussed for soilless substratese{Réyil999).
Wallach et al. (1992) showed that minimal differences in substrate volumetric water content
result in great changes in substrate unsaturated hydraulic conductivity, especially as the
volumetric water content is reduced. Additionally, da&et al. (1993) discussed measuring
substrate hydraulic conductivity in soilless substrates to aid in substrate characterization and to
make more informed irrigation decisions. However, due to the difficult nature of the
measurements of unsaturated huticaconductivity, researchers often primarily measure
saturated hydraulic conductivity in soilless substrates (Caron and Elrick, 2005). Raviv et al.

(1999) discussed importance of measumngitu hydraulic conductivity, also noting difficulty of



measurment, and described the need for better understanding the relationship between hydraulic
conductivity and water content. Other dynamic substrate properties which are of importance
when engineering soilless substrates include gas diffusivity (Allaire, é98I6; Caron et al.,

2010), gas flux (Naasz et al., 2008), gas consumption andosef@fever et al., 200),

wettability (Fields et al., 2013; Michel, 2015) and pore tortuosity (Kerloch and Michel, 2015).

Water use efficiency

The limited nature of worldide water resources has led to the need for more efficient
use of water in agricultural practices (Howell, 2000; Wallace, 2000). Researchers have
developed th&ea ofwater use efficiency (WUE) as abroad metric utilized to quantify the
efficient use of weer in agriculture. Water use efficiency is an interesting metric, as there is no
“one size fits all” formula to calcul ate. Il ns
However, all WUE calculations are based on the quantity of water reqaipedduce a unit of
biomass (Kramer, 1983). Conventionally, WUE measures are separated into two broad
categories, integrated and intrinsic (Bacon, 2009). Integrated WUE, also referred to as
production WUE, is a measure over time to measure water usbpess allocation. This has
been measured both as water applied and water used (transpired) per dry mass. Intrinsic WUE,
also referred to as instantaneous or photosynthetic WUE, is the rate of carbon allocation per the
rate of transpiration. Garland et €012) demonstrated that the two measures of WUE are not
directly related. Thus it is often important for researchers to determine which measure proves

more informative for the specific research question.

Reductions in substrate water content have Baewn to increase WUE in some

bedding plants (Nemali and van lersel, 2008). Other research has shown that WUE maximizes



when substrate VWC =30% and decreases with bo
al., 2012). Drought stress has been showndrease in WUE in ornamental crops (Egilla et al.,
2005). In all of these casaside from research by Garland et al. (21€2juction of water

availability resulted in plants utilizing water more efficiently.

Researchers have employed various otheictatd improve WUE in crop production,
including soil management (Hatfield et al., 2001), nutrition management (Stoven et al., 2006),
lighting effects (Garland et al., 2012), irrigation management (Montesano et al., 2016), various
breeding techniques (Coo et al., 2004), hormonal regulation (CantBiavarro, 2016), just to

name a few.

Plant water availability

Available water capacity was first described by Veihmeyer and Hendrickson (1927) as
the difference in water content between field capacity andgreznt wilting point (PWP) in
field soils. However, Richards (1928) felt this term was generalized and proposed that available
water capacity should be considered the ability of the plant to absorb water from the soil, as well
as the velocity at which wateroves through the soil to replace the water used by the plant.
Richards and Wiieigh (1952) further redefined the term available water capacity as the range of
water stored in soil and available for plant use. Today, it is widely accepted that water
availability is the difference between the maximum water holding capacity and PWP, which in
Soil Science is accepted to occur at a water potentidl ®MPa (Hillel, 2004). Permanent
wilting point is considered theoil/substratevater potential where plantan no longer uptake
water from the rooting mediurRermanent wilting point, determined by Furr and Reeve (1945)

who allowed sunflowers to reach PWP while measuring soil water potential, is understood to



occur in taxa between soil water potentialslod and-2.0 MPa, on averagd.5 MPa, and is

taxa specific. Furthermore, infinitesimal reductions in water content equate to large, rapid
changes in water potential and subsequent decreases in hydraulic conductivity. Therefore, water
delivery to the roots beenes restricted and plants are unable to rehydrate transpirational water
loss (Taiz and Zeiger, 2010) at low water potentials (often-d€aMPa). Hagan (1956)

pronounced PWP not as a transition point but a transition approach, showing as the water
potertial approaches PWP water becomes more unavailable. However, de Boodt et al. (1974)
cautioned that the measurementlob MPa water potentials as a lower limit for water
availability was “of no use” for grenshowinouse p
to reduce transpiration ratessail water potentials as high &3.2 MPa (Denmead and Shaw,

1962). tbrticultural crops in peat substrates can exhibit stress signals when the substrate water
potential reache€).02 MPa (Caron et al., 1998), whishapprox. the sanmsibstrate water

potentialwhere decreased plant dry mass was observeurysanthemurhy Kiehl et al. (1992).

Modeling container water dynamics

Computational models are used quite extensively in agriculture to help researchers
predictoutcomes in many scenarios, whether it be regarding mineral nutrition, crop production
timing, atmospheric conditions, pest emergence, or water loss to schedule irrigation. Many
models are compiled utilizing existing data fit to an algorithm or fundétonula which allows
for prediction of a variable with the inputs of other variables. Other models are based off solving
existing equations to describe physical or chemical processes, whilst still involving the input of
known or measured variables or d&dae such model, currently utilized heavily in the fields of
soil science, engineering, and geohydrology, is the HYDRUS computer model (Simunek et al.,

1997). This computational program utilizes 1in
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1931)which predicts unsaturated flow in porous media numerically, in order to predict
movement and location of water within a defined system of chosen boundary conditions. To
solve this equation, the HYDRUS model incorporates Galerkin type linear finite element
schemes, which in essence means HYDRUS takes a finite number of different aspects of the
Richard’s equation into account and solves ea
ensuring that all compiled solutions fit within specified boundary comdifito create a finalized
solution. The HYDRUS model also allows for inverse modeling of hydraulic properties, by
which measured data are incorporated into the model and HYDRUS will utilize a Marquat
Levenberg type parameter estimation to predict hydrautiperties and relationships. The

HYDRUS computational model has been developed to allow for observations of predicted water
flow in 1-dimensional, 2limensional, and-8imensional scenarios with increasing complexity

in calculations and inputs to derigesolution.

While being heavily relied upon to predict water and solute movement in field soils,
HYDRUS has not been a major tool utilized in soilless substrate research in the past.
Understanding of water dynamics in soilless substrates is imperatase#nchers want to
develop more water efficient soilless substrates. Raviv et al. (2004) discussed the importance of
understanding watesubstrate interaction during and between irrigation events, concluding that
the difference in substrate physical prdigsrduring transient conditions influences crop water
relations differently than steady state measurements. Fields et al. (2016) used HYDRWS
predict the spatiaiemporal location of water in both peat and bark substrates during transient
and steadystate conditions. Naasz et al. (2005) useliniensional models to understand the
dynamics of air and water relationships in peat substrates. Recently, Caron et al. (2013) indicated

the ability to utilize HYDRUS models to predict water flow in soillesssgnatbes, and presented

11



the merits of utilizing the model. Previously, the HYDRBEB model has been utilized to
successfully predict water flow in perlite usingasared hydraulic properties (W& et al.,

2004). Anlauf et al. (2012) modeled water movenaamnt substrate hystesigin a peat substrate

in an ebb and flow production setting utilizing HYDRUS. Anlauf et al. (2016) noted that
hysteretic measurements of péased container substrates amended with pine bark were crucial
in predicting accurateubtcomes in ebb and flow systems. The HYDRLISmodel has also been
used to predict solute transport in soilless substrates with the authors cautioning the need to

calibrate models situfor certain ions (Boudreau et al., 2009).
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Abstract. Historically, sibstrate science has utilized the pressure extraction method to measure
soilless substrate moisture characteristic curves, albeit with published discrepancies. Recently, a
device utilizing the evaporative method to generate moisture characteristic cunaesguring

water potential as volumetric water content decreases via evaporation, known as a Hyprop, has
become available. This research compares and contrasts moisture characteristic curves developed
over a 2week period using both the pressure extractind the evaporative methods for two
component greenhous8pghagnunpeat and perlite) and nursery (aged pine bark and sand)

soilless substrates. The pressure extraction method was conducted between water potentials of O
and-300 hPa (10 data points usedconventional methodology for allotted time), while the
evaporative method measurements continued untt he t en s i o A@0ttoe706hPay av i t a
and provided higher data density (100 data points) within the two week period. The evaporative
method was found to produce repeatable results, with subsequent measurements of each
substrate providing analoge measurement® & 0.9000 andP > 0.3700 for the peat and bark
substrate, respectively). There was little variation between the two methodologies for the peat
substrate (0.004% difference in the area under the curves froRl3@0ttPa). However,

differences were observed between the methodologies for the bark substrate, with the percentage
difference increasing with deeasing water potential (9.6%-a00 hPa; 23.7% aB00 hPa).
Additionally, the evaporative method measured a continued decreasenmetotuvater content

of the aged pine bark and sand substrate with increasing water potentials throughout the range of
measurements, unlike the pressure extraction method, which has documented issues with loss of
hydraulic connectivity between the samptel dhe plate in coarse highly porous organic

substrates. flerefore, the pressure extraction method ceases to decrease in volumetric water

c 0 nt e@b hPa)resulting in a divergence in curves generated by the two methods. Both
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methods were found to have limitations while measuring substrate water conte @itunedios,

with the pressure plate resistance to free drainage of water influencing measurements and the
evaporative method continually underestimating the saturation point. As a result, both methods
provided decreased volumetric water content measuremeatsaturation than when static
physical properties were directly measured; therefore, moisture characteristic curves should be
used collectively with static properties to correct for underestimation of total porosity and to

better yield an understandinfjthe hydrophysical properties of a soilless substrate.

23



Introduction

Fresh water is a limited natural resource, and it is a vital component of container crop
production. A container nursery consumes upwards of 7@ mater per acre each day during

the growing season (Fulcher and Fernandez, 2013). The 2014 Census of Agriculture shows that
specialty crop sales have increased by 18% since the previous census in 2009 with the vast
majority of these crops spending at least a portion of their life cytlesntainers (U.S.

Department of Agriculture, 2015). Soilless substrates have been heavily relied upon for
production of containerized crops for decades with their use in specialty crop production
increasing (Raviv and Leith, 2007). It is important thaeeech be conducted to understand and
engineer soilless substrates for production systems that more effectively utilize resources,
namely water and mineral nutrients, in order for the containerized specialty crop industry to
continue to flourish. A more idepth understanding of the hydraulic properties of soilless
substrates may prove beneficial to this undertaking. Historically, research has focused on
measuring and altering the static physical properties [total porosity (TP), measured maximum
water holdng capacity (container capacity; CC) and minimum of air space (AS)] of soilless
substrates to optimize the relative ratio of air and water (Bilderback et al., 2005). However, more
recently, Caron et al. (2014) emphasized the need to investigate dynapadipsowhen

analyzing soilless substrates to correctly understand hydrology over the course of producing
containerized crops. This approach would utilize moisture characteristic curves (MCCs) to
understand soilless substrate dynamic properties as opjposalély analyzing static physical

properties which do not represent conditions during wetting or drying.

Moisture characteristic curves have been utilized by researchers to quantify

hydrophysical properties and make inferences into the hydrologyllelssasubstrates since first
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described by Bunt (1961). A MCC is conventionally generated by applying incremental pressure
increases to a substrate sample on a pressure plate to extract water that is held at varying tensions
(Klute, 1986). The amount of watremaining at each pressure is used to calculate volumetric

water content®) associated with that pressure. The resulting data are interpreted as the

rel ationship bet we ©nefawedttoas thepM&CC, svimcah difeeds befwgen a n d
individual substrates. Data from MCCs have been used to make inferences of gasafidxvat

within a soilless substrate, with an emphasis on water available to produce containerized crops.
Most notably, MCCs have been used to describe water availability for subirrigated containerized
crops; defining readily available water as occurringveen tensions 6fl0to-1 0 0 hPf@a (W
Wi09) and further partitioned into easily available water between tensiet ¢-50 hPa (water
occurringoetoeitPwaereac Wat er buffering captacity ( we

W00, de Boodt and Vewhck, 1972).

Additional methods to generate MCCs in mineral soils have been described by Dane and
Hopmans (2002). One method, known as the evaporative method, was first proposed by Wind
(1968) and later simplified by Schindler (1980). The simplified exatp@ method involves
simultaneously measuring W and gravimetric wa
an exposed surface. This method can also be simultaneously used to calculate hydraulic
conductivity. Wendroth et al. (1993) confirmed tpplication of evaporative method for
mineral soils; however, the authors cautioned that soils with extreme textures (i.e. relatively
small or large particle sizes) should be examined for suitability to utilize the evaporative method.
Schindler and MullerZ006) more recently pronounced the need for increased data density in

order to more accurately describe evaporative functions. Furthermore, Peters and Durner (2008)
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described uncertainties regarding low precision in hydraulic conductivity measuremange at |

values of© when using the evaporative method.

A device known as the Hyprop (Hydraulic property analyzer; UMS, Munich, Germany)
recently became commercially available and is being utilized to measure the relationships
betweer©, WY, and h gtidty iavariablycsaturated potous media. The Hyprop
utilizes a simplified evaporative method as described by Schindler et al. (2010) and yields
increased data density which negates inaccuracies of the predictive method exposed by Schindler
and Muller (D06) as well as Peters and Durner (2008). Schelle et al. (2013) compared multiple
lab methodologies for obtaining MCCs of mineral soils including both the evaporative method
and the traditional pressure plate method, concluding that in mineral soilesisenerplate
method has the tendency to overestin@télo such comparisons exist for highly porous organic
soilless media. Recently, Schindler et al. (2016) published research in which MCCs for primarily
peatbased substrates were measured utilizing the evaporative method. However, there were no
comparisonso more traditional methodologies in order to address the cautions of Wendroth et

al. (1993) for extreme particle sizes (i.e. soilless substrates).

The goal of this research was to determine whether the evaporative method for obtaining
MCCs would be validor coarse, highly porous, dominantly organic soilless substrates. The
authors hypothesized that the evaporative method will provide repeatable data that is analogous
to the pressure extraction method for organic soilless substrates, with continuecemeatsiof
diminishing volumetric water content as substrate water potential decreases beyond the water
potential that substrate samples lose connectivity. Specific objectives were to: (1) Determine the
capacity of the evaporative method to provide consisteproducible data for bark or peat

based soilless substrates; and (2) compare MCCs obtained with the evaporative method to those

26



obtained with pressure plates. The testing of these hypotheses will allow researchers to realize
inaccuracies or concerrsat may be associated with employing the new or existing technologies
for measuring MCCs discussed in this paper. As such, this study provides an initial evaluation of
dynamic property measurements for highly porous soilless substrates utilizing this new

methodology.

Materials and Methods

Static physical propertiegwo different soilless substrates; a substrate primarily utilized in open
air nursery production, composed of 9 aged pine Rirkug taedd..; Carolina Bark Products,
Seaboard, NC) : 1 masoarsl (Heard Aggregates, Waverly, VA; by volume); and a
commercially available substrate traditionally used in greenhouse production, composed of
Sphagnunpeat moss and perlite (Fafard’1 Sungro, Agawam, MA) were used for this
experiment. Henceforth theyeareferred to as bark and peat, respectively. Static physical
properties including TP, CC, AS, and bulk density)(@ere determined for each substrate using
porometer analysis following procedures in Fonteno and Harden (2010; Table 1). In addition,
particle size distribution of 100 g oven dried samples were determined for three replicates of
each substrate by passing the substrate through seven sieves (6.30, 2.00, 0.71, 0.50, 0.25, 0.11
mm openings) and a lower catch pan. Sieves and pan were shakenifiowbh a ReTap

shaker (Rx29; W.S. Tyler, Mentor, OH). The particles that were retained on each sieve that
passed through the 0.11 mm sieve were weighed individually to determine the particle size

distribution (Table 1).
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Pressure extraction methoBlloisture characteristic curves for four replicates of each substrate
were produced utilizing volumetric pressure plate extractors (VPPE; Soilmoisture Equipment
Corp., Santa Barbara, CA) at the North Carolina State University Horticultural Substrates
Laboratoy (Raleigh, NC) using the method described by Milks, et al. (1989), adapted from

Klute (1986). Prior to packing, substrates were hydrated to 60% an@®70fbark and peat,
respectively. Four replicates of each sample were packed in aluminum cores (7.5 cm ht x 7.5 cm
i.d.) using a packing column in the same process as with the porometer analysis to ensure
uniform D, (peat 0.130.005 SE g-cm®; bark 0.32:0.005 g-cm?). The substrate filled cores

were placed on 500 hPa porous ceramic plates (Soilmoisture Corp., Santa Barbara, CA). Samples
were then saturated with tap water from below (water poured outside the aluminum cores moves
through the ceramic platesto the sample) and allowed to equilibrate for 48 h prior to draining

and recording volume of effluent. Pressure, from compressed air, equaling 10 hPa was then
applied to the VPPE and allowed to equilibrate for 48 h. The water expressed from the sample
wasthen collected and measured. This process was repeated for pressures of 20, 40, 50, 75, 100,
200, and 300 hPa. After the 300 hPa pressure measurement, cores were removed from VPPEs
and dried in a forced air drying oven at 105 °C for 48 h. Data were asetttlate® at each

pressure. It is worth noting that ceramic plates with different pore sizes can be utilized to extend
the range of measurements for the pressure extraction method beyond pressures of 300 hPa;
however, these values and maximum applied pressurecivesen based on conventional
practices and time restraints.,andddedraimager i ¢ wat
(Y4 were replaced with TP and CC from porometer analysis to correct for inhibition of free

drainage through the ceramic plate p&r Milks et al. (1989).
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Evaporative methadl'hree replicates of each substrate were analyzed via the evaporative
method utilizing a Hyprop (UMS, Munich, Germany). These analyses produced MCCs, as well
as graphical depictions of hydraulic conductivisyaafunctonoBa nd W. Procedur es
by Schindler et al. (2010) were followed to develop MCCs with additional steps. Prior to
analysis, samples were hydrated with precise quantity of water to &btdi60% and 70% for

the bark and peat substrates, respectialg, allowed to equilibrate for 24 h. The beveled
aluminum core (250 mL, 5 cm ht x 8 cm i.d.) was fitted with two separate cores of equal inner
and outer diameter on the bottom (5 cm ht) and top (10 cm ht) of the sample core to create a
packing column (tatl ht of 20 cm). Following packing procedures similar to porometer analysis,
the column was loosely filled from the top with substrate, and the column was lifted to a height
of 10 cm and dropped on a level surface five times, resulting in unifgrmitiin each core to

be analyzed equal to that of the porometer and pressure extraction analyses (Table 1), and
comparable to substratg, [ a production container. The packed core was fixed with a piece of
cheese cloth and the perforated base plate (UMS, Mu@Giermany). Samples were then
incrementally saturated with deionized water from below (water poured outside the aluminum
cores) with an effort to minimize trapped air in pore spaces and allowed to equilibrate for 24 h to
ensure total saturation. Cores welrained by removing a rubber stopper from the bottom of the

saturation container.

Two holes were then bored at two depths (3.75 and 1.25 cm from the base) into the
packed substrate using an auger and the auger positioning tool (UMS, Munich, Germany). Th
base of the device, affixed with two tensiometers, was fitted precisely to the substrate placing
each tensiometer into the bored holes. After the core containing the substrate was affixed with

degassed tensiometers, the sample was placed on a scal&(@<2200, Kern & Sohn GmbH,
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Balingen, Germany) and connected to a computer to record water potential of the two
tensiometers and total weight of the device with affixed sample every 10 min using Tensioview
software (UMS, Munich, Germany). These measuresnemttinued until water in the upper
tensiometer cavitated as a result of exceeding theoretical water potential=#H8%58 iPa) or

from a loss of connectivity between the water in the tensiometer and water in the surrounding
substrate. Once analysis was complete, substrate was removed from the core, dried in a forced
air oven at 105°C for 48 h and weighed. Data wenasfitg HypropFit software (UMS, Munich,

Germany) to generate curves depicting the relationships betvaemd V.

Data AnalysisData were analyzed using R:3.2.0 (https://wwpvaject.org). Since the

assumptions of parametric test are not always metlfoasés, to keep our results comparable

and consistent, reproducibility of results were analyzed using severpbnametric statistical

methods including (1) the Kolmogore8mirnov test (Conover, 1999) to determine whe@er

from any two replicates aredm the same continuous distribution and (2) the Krugkallis

rank sum test (Hollander and Wolfe, 1973) to determine whether significant differences existed
among samples. In both methods, we gropdy discretized suction levels, where the range of
suction levels were divided into small intervals and the calculated the average water contents at
each interval, since the evaporative method m
of observations was an independent sample. We further strengthareahlysis by fitting

curves of each replicate of each substrate using a smoothing spline. Since the MCCs have similar
trends and shapes, the percent difference of areas under the curves was calculated as a
measurement of the difference amongst anydwwees. Moreover, since the difference in

suction levels can be viewed as a sequence of time elapsed, a series alignment for each replicate
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of each substrate was computed employing dynamic time warping (DTW) algorithm, which
optimally deforms one (queryf the two input series onto the other (Giorgino, 2009). A 0.05

significance level was used for hypothesis testing.

Data from the evapor att ;g etiizebtaconurasttree t r un
two methods since the pressure plate data iredpsriment concluded at a suction of 300 hPa.
The KolmogorowSmirnov test was again used to conclude-parametrically whether the two
methods yielded similar data. The Kruskdhllis rank sum tests were also used to contrast the
MCCs from the two methodiagies. The percentage difference in area under the curves was also
calculated using formulation [1]. Where AUC1 denoted the area under the first curve, which was
chosen as our baseline; and AUC2 denoted the area under the second curve, then the percentage
differences are defined as:

|ATC1-AUC2| .
—T——+100% [1]

After noting that differences in methodologies exist for the bark substrate, we further
investigated the change point (i.e. the suction level beyond which the curve measured via
evaporativenethod starts to diverge from the curved measured via pressure extraction method).

Replicates of MCCs from both the peat and bark substrate analyzed via evaporative and
pressure extraction methods were fit with a constrained van Genuchten model (vaht&gnu
1980) using SWRC Fit program (Seki, 2007), to observe variation in model parameters between

the two methods.

Results and Discussion
Comparison of Evaporative Method ReplicafBisere was no significant difference between any

two replicates (peat bstrate:P > 0.9000, bark substrate:> 0.3700) regardless of substrate as
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per the Kolmogoro¥Smirnov test. In addition, the three replications of the peat substrate
measured (Fig. 1) were not significantly different from each other according to theaKrusk
Wal l i s rank sum P=G&9%00] Furtheria2e) comparihg adeé n8eb curves
for the individual replications showed no two replicates were more than 3.5% different from
another (3.48%, 1.94%, and 1.46%). Utilizing DTW to observe tlierdifce amongst the three

peat substrate replicates (Fig. 23, it was concluded that only negligible differences exist.

The individual replicates of the bark substrate were also analyzed for differences via the
KruskatWallis rank sum test, and aswithh e peat substrate, no diffe
(2) = 0.8603P = 0.6504]. Area under the curve analysis showed slightly larger differences
amongst the individual replicates of the bark substrate (12.55%, 7.07%, and 5.11%) than those of
the peat sultrate, yet the authors consider the variation low enough to assume similarity
amongst curves (Fig. 1). Dynamic time warping comparisons of the bark substrate replicates
(Fig. 2 DF) also illustrate more dissimilarity amongst the individual curves thdreipeat
substrate. It is important to note that in all comparisons, the third replicate of the bark substrate
was responsible for the majority of the differences between the individual reps, and it can be
seen as more visually different. This was likelggponse to the increased variation of the size
and shape of the bark particles relative to that of the peat substrate. This may lead to interference
when installing tensiometers, thus resulting in incomplete connection between tensiometer and

water, wheremploying the device with coarse irregular shaped materials.

Comparison of Pressure Plate Extraction Method Replichtegher of the substrates exhibited
any difference amongst any two replicates when analyzed with the Kolmegonawiov test

(peat subsate:P>0.9883, bark substrate>0.9883). When the data were pooled across
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replications and analyzed with the Kruskdallis rank sum test, no differences could be
detected in both the Ped.d9750 andtsetbarkasubstrate22 ((33)
=0.61432P = 0.8931]. When comparing area under the curves of the individual replicates, no
two replicates were more than 6.67% different for the peat substrate and 2.95% different for the
bark substrate. Therefore, the pressure plate extracgtimoohis extremely consistent amongst
replicates with the same bulk densities and initial MC. Unlike with the evaporative method, the
irregularity and coarseness of the particles had negligible influence on the differences among the

replicates.

Contrastng Evaporative vs. Pressure Extraction Methdlde two methods, eporative and
pressure plate extract iptoorgWhprrconparingecurvesofthei | ar
peat substrate with the Kolmogore&dmirnov testlP = 0.3384; Fig. 1). The most notable

difference wa® a t o (i'®. TP). The observed values forride8.8 hPa were generally under
represented for organic soilless substrates measured via the pressure extraction. To correct for
the under representation of these two points, values for TP and CC (92.6% and 82.6%
respectively; Table 1) from porometer arsggywere used in place of measurements from the
pressure plates (87.8% and 73.5%, respectively) as described by Milks et al. (1989). The mean
v a | u eginfthe evapbtrative method analysis of the three peat substrate replicates was 83.8%,
thus the differace between the evaporative method and porometer analysis was greater than the

difference between the pressure extraction method and porometer analysis.

In order to draw statistical comparisons between the two methods, data from the
evaporative method hado be t r uncat gtdoso'®s the @dssure extractioo m W

method data did not extend beyond pressures of 300 hPa. As with the individual replicates, the
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two methods were similar over the defined suction range in the peat substrate accdhding to
KruskatWal | i s r ank s um P=@.6028]. Fox the pgeat substrate the Hiffefei9ce

in area under the curves for the two methodologies was low (0.004%), even less than differences
between replicates for the evaporative method. Thiggsthesized to be an outcome of the

particle size distribution being comprised of a low proportion of particles above 2 mm diameter,

resulting in a more uniform distribution of pore sizes (Table 1).

The two MCC measurement methods differed more noticaéalbhe bark substrate
according to the Kolmogoresdmirnov test® = 0.0008). The difference B a t (békveen the
two methods was more distinct in the bark substrate than in the peat substrate. The evaporative
method analysis predictedaao f 6 4 . olwhichastcon8derably lower than 79.0% and
83.4%0 measured by porometer and pressure extractiethod for the bark substrate,
respectively. The inability of the evaporative method to accurately measure values for saturation
and subsequent TP in the coarse bark is likely due to the rapid drainage of water resulting from
the large proportion of paeles with larger than 2mm diameter and increased macropore
volume. The corresponding values attained from the pressure extraction analysis were replaced
with CC and TP values from porometer analysis, as they were with the peat substrate, to correct
fori mi ted free drainage of water from the pl ate
to be much higher via evaporative method for both substrates (Table 2), thus again alluding to
more initial rapid drainage prior to initiating measurements. Bechoth methodologies
produce dissimilar measurementsbb e t w g @ n d; gPMeither of these processes should be

relied upon for measurements of static physical properties.

According to the KruskaWallis rank sum test (with data truncated from 63@0 hPa)

the curves generated via the two methodol ogi e
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3.8765,P = 0.04897]. Furthermore, there was a 26.5% difference in the area under the two

curves representing the bark substrate. Aside from the difieia® a t o, Wich will not

strongly affect area under the curve analysis, there is an observable difference in the shape of the
curves. While the curve from the pressure extraction analysis becomes constant aBGa given

bet wesam di, the curvdrom the evaporative method continues to experience a decrease
inGas suction increases. Tkand @by beiattrigutedtd t he M
loss in hydraulic connectivity between the coarse bark sample composite and the ceramic plate
within the VPPE. Many researchers have observed similar issues with highly porous and coarse
materials when pressures such as 1.5 MPa (15,000 hPa) are applied (Fields et al., 2014; Fonteno
and Bilderback, 1993; Gee et al., 2002; Stevenson, 1982). Researahshpprts the concept

that some of the substrate materials, which the authors believe are those with the highest
proportions of coarse particles, can also lose the connection of water between the sample and the

plate at relatively low pressures.

In orderto determine where the curves differ, we plotted the percentage differece in
against suction (Fig. 3). Ther@and®s23.9% 6 % di f f e
di f f er e gogiethedbrrk salistrat¥. The peat substrate differed by agp®X6 aztas = W
a result of slight divergence in the two curves. However, the difference in the peat substrates is
inflated due to the largé® at which the divergence takes place. Furthermore, when the data were
fit with a van Genuchten model without éomg the endpoint through the residual volumetric
water content@®r; the theoretical point where the change of the moisture characteristic function
[©( W)] approaches closest to zero), GtMaleesevapor
near zero, Wile the pressure plate method in both the peat and bark substrate were higher (Table

2).
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The authors hypothesized that as the coarseness of material was increased along with a
subsequent increase in pore size, the risk of unsuccessful evaporativesahatause of the
potential lack of continuous connectivity between the tensiometer and liquid water was
amplified. This likely results from an increased risk of having the ceramic tip of the tensiometer
being fixed within a large pore and not connectintpthe substrate matrix, or only a lesser
fraction of the surface area of the ceramic tip being in contact with the substrate matrix, and
therefore liquid water was unable to maintain an undisturbed hydraulic connection. Tensiometers
that have a larger pioon of their surface area exposed to air and not substrate particles or water
generally cavitate more readily and may provide unreliable measurements (Nemali et al., 2007).
However, this trend cannot be supported with the data solely from this resesaociy two
levels of substrate coarseness were analyzed. When poor connectivity between the substrate
matrix and the tensiometer tip causes an unsuccessful analysis, the data should be discarded and

new measurements initiated.

As a result of better conoion with particles, the MCC of the peat substrate (Fig. 1)
extends trgsucton,pvhile tte MC® of the bark substrate only extends to approx.
Wsoo @s a result of tensiometer cavitation due to a lower degree of connectivity with the substrate
paticles. Moi sture characteristic curgpes from
(the vaporization point of water) and theoretically beyond if tensiometers are completely
degassed and there is sufficient contact between capillary water arslahecctip.
Furthermore, analyses tended to extend to | ow

tensiometer’s ceramic tip in contact with cap

The evaporative method shows continued lo€3 with subsequent increasiryghegative

W values beyond t he pPihepressure extragtiort nieasurememtsu ct i on
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ceases. The accepted i de@ nidgodie theamost mfermeagiver e me n t

region of the MCC based on research by de Boodt and Verdd8¢R). The pressure extraction
method provides useful data. However, as we progress into the future, more efforts will have to
be afforded to reducing water use in order for production settings to stay economically and
environmentally viable (Fulcher elt,a22016) resulting in a need to redefine and extend the range

of water availability when possible. As a resulg #uthors believe this region of the MCC,

pri mar i | 3o nagpyowvidednfordhation to further understand substrate water

availability and inform irrigation decisions when producing containerized crops with less water

or during water restrictions. mer materials, such as peat moss, the pressure extraction method
would likely measure decreasesaras pressures above 300 hPa are applied; however, applying
higher pressures would increase the total time required for analysis. For this experiment the
authors chose to only apply pressures that are conventionally used to stay within a two week time
frame, which is similar to the total analysis of the evaporative method. Thus the authors conclude
that the evaporative method provides more information tieetwater dynamics of the substrate

at lower®© values within the same duration of time. The increased data density associated with
the MCCs from evaporative method analysis also provides researchers more detailed information

in regards to the entire shapelopethatgédseccw.ur ve,

An inherent difference in the two methodologies was that MCCs were measured when
the substrates were at equilibrium or at their respective steady state condition in pressure
extraction analysis, while the evaporative method involveasuring water potential continually
when the water in the sample was under transient conditions. Moreover, when applying pressure
to samples during pressure extraction analysis, some voids may be filled with air and trap water

within what become inacceb# pores that would normally be drained at a given applied
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pressure. Thus these pores are assumed to be smaller than the actual pore and never drain,
underestimating available water. Drzal et al. (1999) described the use of MCCs to determine pore
size disributions of soilless substrates; however, Hunt et al. (2013) calls into question this

approach when proposing the concept of virtu
that exist in the form of water trapped inside solid matrices and uraitaib when their

respective pressure is equaled, due to exit channels being controlled by smaller diameter pores
(i.e. higher pressures must be achieved to expend water from surrounding pores prior to water
expulsion from the pore in question). The aushtypothesize that the use of the evaporative
method may reduce the prevalence of this phenomenon by eliminating the requirement of
equilibrium between each measurement. However, there is a distinct possibility that a
considerable proportion of the watest from the substrate in the evaporative method is a result
of vaporization water in the upper substrate layer, as opposed to primarily liquid water
movement from the near the lower surface. Thus the water redistribution within the substrate
sample may ot have functioned as the method would assume. The authors believe that the
movement of water within the core should be further explored in future research as it could

impact other measurements that can be measured utilizing the evaporative method, namely

unsaturated hydraulic conductivity.

Both methods provided dissimilar measurements of soilless substrate static physical
properties from that which can be quickly attained via porometer analysis. However, it is
understood that these properties are onpyesentative of a substrate in a 7.5 cm core and are
most representative of a substrate at the time of initial planting, as the physical arrangement of a
substrate in a container will be altered during the growing season (Alkurgg et al., 1999)

primaily through particle shrinkage and settling (Bures et al., 1993; Bruckner, 1997), organic
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matter breakdown (Nash and Laiche, 1981), and root exploration (Altland et al., 2011; Judd et
al., 2015). Static properties in sample cores are utilized more oftemoare substrates relative
air and water capacity at the point of free drainage, which will change based on the height of a

container (Bilderback and Fonteno, 1987; Owen and Altland, 2008).

Conclusiors

The evaporati ve met ho dteanamplysisrwlishissimiartove e k s
the time required to conduct the conventional measurements via pressure extraction method, with
both yielding usable data. The evaporative method describes the relationship k@aveed W
with a greater density of dafee. our evaporative analysis yielded 100 data points vs 10 data
points with our pressure extractiggwthamnal ysi s)
additional time or efforts included, reducing the need for extrapolation of the curves. Both
methods have limitations, primarily involving hydraulic connectivity, when analyzing highly
porous substrates. The pressure extraction method provides useful information until hydraulic
connectivity is interrupteavhich when coupled with static physical pesties from porometer
analysis is a powerful tool for batrate scientists. However, the utilization of the evaporative
met hod all ows for more data acquisition beyon

broken between sample and pressure plate for the individual substrate.

Using more dynamic approach® characterizing soilless substrates such as
incorporating measurements®@b e y o pothay$provide more in depth information of soilless
substrates to help better understand how to engineer substrates with properties that enhance
water mobiltyanddns equent water availability. Based or
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ability to measur® u p  gsgdanditheoretically beyond) while still providing greater data
densi ty @&ada nbdgytthe auwthars cénclude that the evaporative methodiahéev
alternative to the traditional pressure plate extraction method and may provide additional benefits

for soilless substrate research.

Literature Cited

Allaire-Leung, S.E., J. Caron, and L.E. Parent. 1999. Changes in physical properties of peat
substates during plant growth. Can. J. Soil Sci. 79:113B.

Altland, J.E., J.S. Owen, Jr., and M.Z. Gabriel. 2011. Influence of pumice and plant roots on
substrate physical properties over time. HortTechnology 2155%4

Bilderback, T.E. and W.C. Fonteno.8I@ Effects of container geometry and media physical
properties on air and water volumes in containers. J. Environ. Hort.-58280

Bilderback, T.E., S.L. Warren, J.S. Owen, Jr., and J.P. Albano. 2005. Healthy substrates need
physicals too! HortTechnolodys:747751.

Bunt, A.C. 1961. Some physical properties ofplaint composts and their effects on growth.
Plant and Soil 13:32332.

Bruckner, U. 1997. Physical properties of different potting media and substrate mixtures
especially akand water capacityActa Hort. 450:26370.

Bures, S, F.A. Pokorny, and O.G. Ware. 1993. Estimating shrinkage of container media with
linear and/or regression models. Commun. Soil Sci. Plant Anal. 243235

Caron, J., S. Pepin, and Y. Periard. 2014. Physics of growingimea green future. Acta Hort.

1034:309317.

40



Conover, W.J. 1999. Practical nonparametric statistics, 3rd Edition, New York: John Wiley &
Sons.

Dane, J. and J. Hopmans. 2002. Water retention and storage/laboratory/7@06#bJ.H. Dane
and G.C. Toppdgds.). Methods of Soil Analysis, Part 4, Physical Methods. Soil Sci. Soc.
Am., Madison, WI.

de Boodt, M. and O. Verdonck. 1972. The physical properties of substrates in horticulture. Acta
Hort. 26:3744.

Drzal, M.S., W.C. Fonteno, and K.D. Cassel. 1999eR@ction analysis: a new tool for
substrate testing. Acta Hort. 481:83.

Fields, J.S., W.C. Fonteno, and B.E. Jackson. 2014. Plant available & unavailable water in
greenhouse substrates: Assessments and considerations. Acta Hort. 1838:341

Fulcher A. and T. Fernandez. 2013. Sustainable nursery irrigation management series: Part .
Water use in nursery production. Bulletin W287, Univ. of Tennessee.

Fulcher, A., A.V. LeBude, J.S. Owen, Jr., S.A. White, and R.C. Beeson. 2016. The next ten
years: streegic vision of water resources for nursery and greenhouse producers.
HortTechnology. 26:12122.

Fonteno, W.C. and T.E. Bilderback. 1993. Impact of hydrogel on physical properties of coarse
structured horticultural substrates. J. Amer. Soc. Hort. Sci21T222.

Fonteno, W.C. and C.T. Harden. 2010. North Carolina State University Horticultural Substrates
Lab Manual. North Carolina State University.

Gee, G.W., A.L. Ward, Z.F. Zhang, G.S. Campbell, and J. Mathison. 2002. Influence of

hydraulic nonequilidum on pressure plate data. Vadose Zone J. 11782

41



Giorgino, T. 2009. Computing and Visualizing Dynamic Time Warping Alignments in R: The
dtw package. J. Stat. Software, 324.
Hollander, M. and D.A. Wolfe. 197Blonparametric Statistical Methodsew York: John

Wiley & Sons.

Hunt , A.G. , R. P Ewing, and R. Horton. 2013.

Amer. J. 77:187-1887.

Judd, L.A., B.E. Jackson, and W.C. Fonteno. 2015. Rhizometer: An apparatus to observe and
measure root growth ari$ physical effect on container substrate physical properties
over time. HortScience. 50:2894.

Klute, A., 1986. Methods of Soil Analysis, Part |, Physical and Mineralogical Methods. 2nd ed.
Soil Sci. Soc. Am., Madison, Wis.

Milks, R.R., W.C. Fonteno,ral R.A. Larson. 1989. Hydrology of horticultural substrates: I.
Mathematical models for moisture characteristics of horticultural container media. J.
Amer. Soc. Hort. Sci. 114:482.

Nash, V.E. and A.J. Laiche. 1981. Changes in the characteristicsinfputdia with time.
Commun. Soil Sci. Plant Anal. 12:101020.

Nemali, K.S., F. Montesano, S.K. Dove, and M.W. van lersel. 2007. Calibration and

performance of moisture sensors in soilless substrates: ECH20 and theta probes. Scientia

Hort. 112:227234.

Owen, Jr., J.S., and J.E. Altland. 2008. Container height and Douglas Fir bark texture affect
substrate physical properties. HortScience 43505

Peters, A., and W. Durner. 2008. Simplified evaporation method for determining soil hydraulic

properties. JHydrology 356:147162.

42

W



Ravi v, M. and J. H. Lieth. 200 8. Soill ess cul't

Diego, CA.

Schelle, H., L. Heise, K. Janicke, and W. Durner. 2013. Water retention characteristics of soils
over the whole moisture mge: a comparison of laboratory methods. Euro. J. Soil Sci.
64:814821.

Schindler, U., 1980. Ein Schnellverfahren zur Messung der Wasserleitfa higkeit im
teilgesa’ttigten Boden an Stechzylinderproben. Arch. Aoké&flanzenbau u. Bodenkd.
Berlin 24, 7. (English Translation)

Schindler, U., W. Durner, G. von Unold, and L. Muller. 2010. Evaporation method for
measuring unsaturated hydraulic properties of soils: Extending the measurement range.
Soil Sci. Soc. Am. J. 74:1071083.

Schindler, U., L. Muellerand F. Eulenstein. 2016. Measurement and evaluation of the hydraulic
properties of horticultural substrates. Arch. Agron. and Soil Sci. 68886

Schindler, U. and L. Muller. 2006. Simplifying the evaporation method for quantifying soil
hydraulic properies. J. Plant NutSoil Sci. 169:623529.

Seki, K. 2007. SWRC fit a nonlinear fitting program with a water retention curve for soils
having unimodal and bimodal pore structure. Hydrol. Earth Syst. Sci. Discuss-4: 407
437.

Stevenson, D.S. 1982. Unrelibities of pressure plate 1500 kilopascal data in predicting soil
water contents at which plants become wilted ingedt mixes. Can. J. Soil Sci. 62:415

4109.

43



U.S. Department of Agriculture. 2015. Census of agriculture, 2009. Census of horticultural
specialties. 15 Dec. 2015. <http://www.agcensus.usda.gov/Publications/2012/
Online_Resources/Census_of Horticulture_Specialties/HORTIC.pdf>.

van Genuchten, M.T. 1980. A closéarm equation for predicting the hydraulic conductivity of
unsaturated soils. Sdici. Soc. Amer. J. 44:89298.

Wendroth, O., W. Ehlers, J.W. Hopmans, H. Klage, J. Halbertsma, and J.H.M. Wo"sten. 1993.
Reevaluation of the evaporation method for determining hydraulic functions in
unsaturated soils. Soil Sci. Soc. Am. J. 57:14343.

wind, G.P., 1968. Capillary conductivity data estimated by a simple method. In: Rijtema, P.E.,
Wassink, H. (eds.). Water in the Unsaturated Zone, vol. 1. Proceedings of the
Wageningen Symposium, 288 June 1966. Int. Assoc. Sci. Hydrol. Publ. (IASH),

Gentbrgge, The Netherlands and UNESCO, Paris.

44



Figure captions

Figure 1. Consistenayf three replicate moisture characteristic curves for A) Sphagnum peat :
perlite and B) aged pine bark with 10% sand (by volume) substrate measured with the
evaporative method(ue circles), and the pressure extraction method (red circles). Each
curve represents an individual replicate. Only three replicates of the pressure extraction
method are included in the figure.

Figure 2. Pahwise comparison of replicate moisture chagastic curves measured via
evaporative method for Sphagnum peat moss : perl#&)(aAnd aged pine bark with 10%
sand (by volume; EF) using dynamic time warping analysis for each comparison. A)
peat substrate replicate 2 vs 1, B) peat substrate re@ieaté, C) peat substrate
replicate 3 vs 2, D) bark substrate replicate 2 vs 1, E) bark substrate replicate 3 vs 1, and
F) bark substrate replicate 3 vs 2. This analysis involves providing an optimal alignment
between two nonlinear series by querying cepicate against a reference replicate. The
similarities between the two replicates can be estimated based on the distance between
each line, with the greater the distance resulting in increased dissimilarities between each
curve replicate.

Figure 3. Depition of the percentage difference between the moisture characteristic curve from
the volumetric pressure plate extractor and the moisture characteristic curve from the
evaporative method across the suction range from 0 to 300 hPa. Aged pine bark with 10%
sand (by volume; solid line) and peat with perlite (dashed line). Shaded region represents
the corrected values in the volumetric pressure plate extraction method (i.e. total porosity

value and container capacity value).
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Table 1. Statiphysical propdres and particle size distribution of commercially available
Sphagnunpeat: perlite substrate and an conventional nursery substrate composed of aged pil
with 10 % sand (by volumé).

Physical parameters Sphagnunpeat substrate Aged pine bark substie

Static physical properties

Container capacity 82.6 +0.I 548 +1.0
(percent volume)

Air spacé’ 100 +1.1 242 +1.1
(percent volume)

Total porosity 926 +1.0 79.0 £1.0
(percent volume)

Bulk density 0.11 +0.01 0.32 £0.01
(g-cn)

Particle size distributidn

X-Large (> 6.3 mm) 0.48 +0.29 16.90 +2.61
Large (2- 6.3 mm) 37.80 +2.94 31.98 +2.73
Medium (0.732 mm) 28.44 +0.91 2894 +1.75
Fines (< 0.71 mm) 33.28 +3.13 22.18 +3.51

“Substrate analysis oducted utilizing three replicates for each analysis at Virginia Tech
Hampton Roads Agricultural Research and Extension Center, Virginia Beach, VA
YContainer capacity is percentage of the sample volume occupied by water after allowing
sample to drain forii.

*Standard error = standard deviation /square root of number of replicates

“Air space is the percent of the sample volume occupied by air after allowing to drain for
1h.

"Total porosity is the percent of the sample volume not occupied by solid afticle

space + container capacity).

“Bulk density is the dry weight of the sample (solid patrticles) + total sample volume.
'Particle size distribution values are mean percent dry mass of a three oven dried
replicates.
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Table 2. Mearvan Genuchten paranee values attained from data from modeled moisture
characteristic curves from commercially available greenhS8pbagnunpeat: perlite substrate ar
conventional nursery substrate composed of aged pine bark with 10% sand (by volume) via
pressure extractiomethod and evaporative methdising SWRC Fit (Seki, 2007) to attain
models.

Method_of Constrained van Genuchten model parameters {bil Data fit to
analysis model
(54 or" a’ n" R

Sphagnunpeat moss with 25% perlite (by volume)
Pressure o5 3 4 0.21 24.5 + 0.42 0.25+0.01 1.65+0.02 0.9929
extraction

Evaporative 87.4 +2.30 1.44x10°+4.98x10° 0.16+0.02 0.93+0.40 0.9937
Aged pine bark with 10% sand (by volume)

Pressure g/, 41034 33.5+1.80 0.98+002 1.66+0.10 0.9867
extraction
Evaporative 65.0 + 3.34 0.02 +1.60 0.44+016 124+003 0.9485

“Applying incremental pressures to a sample on a porous ceramic plate, collecting water expelled
at each pressure.

YAllowing a hydrated sample to slowly dry due to evaporation whitgicually measuring
volumetric water content and water potential.

*The volumetric water content at saturation as modeled by the van Genuchten model and
representative of total porosity.

“Residual water, the theoretical volumetric water content wherehtdmege of the moisture
characteristic functior@d( W) ] approaches closest to zero.
YA parameter in the van Genuchten model that equals the inverse of the air entry point.

YA curve fitting parameter that is influenced by the pore size distribution of the sample.

‘A measure of how well the curves fit teetHata, as provided by the SWRC Fit model.
*Represents standard error (the quotient of the standard deviation by the square root of the

number of observations).
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CHAPTERIII

The Influence of Engineered Bess Substrate Hydrology on Plant

Water Status for an Ornamental Containerized Crop

GrownUnder Optimal Water Conditions

Formatted to fit style guide for publication in Plant and Soil
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Abstract. As water use becomes increasingly scrutinized, matenefficient soilless substrates
should be engineered to work in concert with new irrigation technologies and water management
strategies. We investigated soilless substrate hydrologydoypulating substrate hydraulic
propertiedn orderto determineheir influence on crop growth and plant wagttus. Aged pine

bark was screened or blended with fibrous materials to engineer seven experimental substrates,
all with differing hydrophysical propertiesiibiscus rosasinensis Fort Myer s’ pl ugs
planid in each of the seven substrates and maintained at optibsttatevater potentials
(between50 and-100 hPa). After a salable crop wa®duced, plants were allowed to dry until
completely wilted while simultaneously measuring watartent plants @sed withdrawing

waterfrom the substratdt was determined that pore uniformity and connectietyld be

increasedy both fibrous additions and particle fractionation, which result@tcheased

substrate hydrauliconductivity and shifts in substraa&-water balanceCrop morphology and

total water usedould be both positively and negativétyluenced bysubstrate hydrology.

Increased substrate hydraulic conductivity positively impacted crop water use resulting in
subsequent increases in crop gitovMoreover, lower substrate hydraulic conductivities during
production resulted in increased crop water stress as measured by plant growth measures.
Measurements of plant water availability showed thasubstratevater potential at whicthe

crop ceassto withdraw waterariedamongsubstratesThe plants withdrew water from

substrate until substrate water potential reached extremely low water potentials prior to ceasing
water uptake in the engineered substrates, whereas the plants in the unailéebedkpceased
transpiration at higher substrate water potentiie. results suggest theailless substrates with
enhanced hydraulic properties can be usetteate more sustainable production systiats

canhelp reduce the water footprint of contilzed specialty crops.
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Introduction

Container productionan expanding sector of specialty crop producémepuneédfor
nearly 66% of the totalurserycrop production within the United States (U.S. Department of
Agriculture, 2015). Container produati@rimarily utilizessoilless substrates to produce
marketable crops. Soilless substrates were first introduced for container crop production to
increase drainage by maintainiagelativelylarge proportion oéir spacgAS) as compared to
previously utilzed mineral soil substrates (Raviv and Lieth, 2008). These highly porous, initially
disease freesubstrates were essential to growers in previous decades. Thus, soilless substrates
weredesignedo ensure amplAS regardless of irrigation practices oratker. This has led to
excessvaterapplicationfor container crops to eliminate any risk of undetering (Mathers et
al., 2005). Moreover, this excess water application leads to inefficient use of water resources and

subsequent leaching aondrunoff of applied agrichemicals (Million et al., 2007).

Fresh water is &nite resource, a fact recognizbg both the public at large and specialty
crop producers. Currently,70% of the freshwater consumed in the world is used for agricultural
purposes and ndgr40% of the freshwaterithdrawnin the US is used to irrigate crops (Kenney
et al., 2009). Containerized specialty crop producers continue to be more conscious of water use,
whether it is due to economiecisionsgovernmental restrictions, or incredssnvironmental
stewardship (Fulcher et al., 2016). Water savings could be realized thresighimeering
soilless substrates withcreasedydraulicconductivity, coupled withreducedrrigation, to

increasevaterefficiency of containeézed specialty wp production

Recently Fulcher and Fernandez (2013) showed that container nuapgigsipwards

177.3m?® of water pethectare perday during theveriods of high water demandaried effortsto
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redue the water load in ornamental container productiariuice: different irrigation schemes
(Warsaw et al., 2009), crop water use modeling (Million et al., 2010), crop spacing and
arrangementariation(Beeson and Yeager, 200a&nd sensor driven irrigation (Chappell et al.,
2013), albeit without a clear alteative to overhead irrigation in container nursery production
(Fulcher et al., 2016). Approximately 50% of container nurseries currently uiedead

irrigation, without capability of utilizing morsustainable irrigatiodelivery method¢Beeson et

al., 2004) Thereforeresearch should, in part, move toward engineering new soilless substrates

to increasesubstratevater efficiency.

Current best management practices (BMPs; Bilderback et al., 2013) for container
production of ornamental nursery crapghe Southeastern United Statesommendstatic
physical properties with large proportion oAS (10 to 30 %) andelativelylow container
capacity (CC; 45 to 65 %). Insteadsailely utilizing recommendedtaticmeasures (AS and
CC), dynamic hydraulipropertiesjncludingthe inherent relationship between volumetric water
content (VWC), water potentia¥() and hydraulic conductivity (Kzan providedyreater msight
in determining suitability of soilless substrates (Caron et al., 2014). Moisture tenestac
curves (MCC), which represent the relationship between VWCrapida porous mediare
utilized by researchers twt onlydetermine static physical properties (Milks et al., 1989), but
also provide information regarding degree of water avaitgifdie Boodt and Verdonck, 1972)

and pore structure (Drzal et al., 1999)

Campbell and Campbell (1982) discussed the importaniciglohydraulic conductivity
(K) to allow roots to access water from greater distances within mineral soil matrices. dzt Silva

al. (1993) discussed the merits of measuring K in soilless substrates primarily composed of
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Sphagnunpeat mosso create more efficient irrigation schedulitogghelp reduce water stress
Raviv et al. (1999) deemed decreasing K as the primary limitoigrféor water uptake by roots

in soilless substratehowevertheynoted thatn situ measurements of substrate K are not easily
obtainedand relationships between K and VWC or substraghould be better understood to
make predictions of water availéity in containersResearchers have observed minimal
reductions in substrate VWC can result in great reductions in unsaturaiédllidch et al.,

1992) These changes become more pronounced as W&t@aseturther away from saturation

in peat based subbates( O’ Mear a et al ., 2014)

The overarching objective of this research is to determine if basic modificafions
soilless substrate hydrophysical properties can increase water retention or enhance root
accessibility of substrate water and subsedy@mtrease crop water efficiency while retaining
or improving crop growthThis objectivewasaccomplished by 1) determinitige influence of
substratenodificationson hydraulic properties, 2ssessing the effectstofdraulic properties
on containerized cno water dynamicor crops grown in substrate water potentials betwbén
and-100 hPaand 3) measuring how water availability for a containerized crop is affected by
varying hydraulic propertie§.he authordiypothesized that increased soilless sulestrgtiraulic
conductivity will allow forincreasedyrowthand vigorby allowing crops access to higher
proportions of watetherebyreducing crop water stress wheubstrates anmaintained at lower

Y.

Materials and Methods

Substrate preparatiorOn 17 Mar 2015=2.5 n? of stabilized (aged between four and six

months)loblolly pine bark (PBPinus taedd..) screened through a 12.6 mm screen was attained
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from a commercial nursery substrate compdpgqjfic OrganicsHenderson, NCUSA). The

bark was further sepasat into four different size fractions by sieving through a shaker rotating

at appoximatelyei ght osci |l |l ations per 1 s (Custom Fab
Williamston, SC) with 6.3, 4.0, and 2.3 mm screens (W.S. Tyler, Mentor, OH) at the Substrates
Processing and Research Celdeatedat North Carolina State University, Raleigh NC. The

process entailed incrementaflyl a c 0.0% gf of¥B (64.6° 0.8%moisture content measured

via random sampling throughout the screening process) into the shaker tray, smoothing the PB to

an even depth af6 cm, shaking through a 6.3 mm screen for 90 s, and then placing particles that
did not pass (=26.3 mm) and which passéd throu
drums. Once 0.38 #iof each substrate was collected, the process was repeated on the bark that
passed through the initial screen using 4.0 mm and 2.3 screen & 8dl®@ ni of each size

fraction. This proces®sulted in four particle size fractions of PB6.3 mm(PF6) 4.0-6.3 mm

(PF4), 2.34.0 mm (PF2)and¢ 2.3 mm(PF0) Additionally, 0.38 m of unscreened pine bark

(UPB) was placed in sealed drums for latse. All substratewerethen transported to the

Virginia Tech Hampton Roads Agricultural Research and Extension Center in Virginia Beach,

VA for analysis and experimentation.

Compressethales ofSphagnunpeat moss (Fafard, A&gyam, MA) and coconut coir
(FibreDust, LLC, Glastonbury, CT) were hydrateztonstitutedandstored individually in
sealed plastic tulfer 24 hto allow for moisture equilibriumPeat and coir wet@endedwith
PF6to produce two additional substrates: 65% (by vol.) PB : 35%dbypeat (P35) and 60%
(by vol.) PB : 40% (by vol.) coir (C40) with the goal of shifting the majority of substrate

particles < 6.3 mm from platy in textufiypical of pine bark particlesd a morefibroustexture
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(Sphagnunpeatmoss and coconut coid thus affecting pore connectivity and subsequent

water movement or availability.

Static physical propertieRorometer analysis (Fonteno and Harden, 2010) was conducted to
determine static physical properties, including AS, CC, total porosity (TP) akddnsity (Db),

for each of the seven substrates. Particle size distributions of three replicates for each substrate
were then determined by shaking 100 g of oven dried substrate for 5 min withapRbaker

(Rx-29; W.S. Tyler, Mentor, OH) equipped w30, 2.00, 0.71, 0.50, 0.25, and 0.11 mm sieve

and a pan. Particles remaining on each sieve or in the pan after agitation were weighed and used
to determine patrticle size distribution by weight. The particles sizes were then grouped into three
texture clases based on diameter including large.(® &am), medium (between@and 0.71

cm), and small (<0.71 cm) particles.

Hydraulic propertiesSaturated hydraulic conductivity {Kmeasurements were attained on three
replicates of each of the seven subssasing a commercial research syst@SAT, Decagon
Devices, Pullman, WA). This measurement consisted of packing each substrate into three
aluminum cores (250 cthusing an assembled column (lower 250G core attached below the
sample core, with two furer 250 criicores fixed above the sampling core) that was filled to the
top, lifted and droped from 5 cm height five times. This ensured conddéfor each

individual substrate througtutall laboratoryanalysesThe bottom of each packed corasv

coveed with cheesecloth, placed into a plastic tub, saturated stepwise from the bottom, and left
for 24 h to equilibrate. After equilibration, sample cores were affixed with a collar and
appropriate upper and lower screen (all included with the KSAT dewigekvent particles

from escaping and ensuring all water was passed through the substrate instead of passing outside

of the core. Samples were then affixed into the KSAT device and were again saturated from the
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base to replace any water lost durimggaraion. Utilizing the KSAT deviceKs was measured
for each replicate three sequential times in the constant head measurement mode prior to being

removed from the device.

Volumetric water content of each substrate was measured at (ewd000 hPa 0f0.1
MPa) via a dewpoirtitygrameter (WP4C; Decagon Devices), following procedures described by
Fields (2013). Stainless steel sampling dishes (Decagon Devices) were filled approximately half
w a y fiveé mm depth) to completely cover the bottom surface of the dish and allowed to air dry
to different degrees of dryness (to ensure varying moisture content in each dish prior to
measurement). Each dish was then sealed in the dratverddwpointhygrometer and¥ was
measuredn “ Pr eci se Mode”. After measmmedargnt t he d
weighed, and dried in a forced air drying oven at 105 °C for 48 h. This process was repeated
until seven measurements betwee® and-3.0 MPa were attained. The VWC of the samples

were calculated utilizing measured Db to provide the subst\€ within theY range.

Moisture characteristic curves were developed for each of the seven substrates via the
evaporative method utilizing a Hyprop (UMS, Munich, Germany) following the procedures
described by Fields et al. (2016). Each substrate wagg@ackhe same Db as for porometer
analysis to ensure uniformity and mimic substrates in planted containers. Along with the
relationship between VWC ang, the evaporative method provides measurements of the
relationship between K and both VWC andor agiven porous media. Data for each substrate
were then compiled with HypropFit software (UMS, Munich, Germany), along with values >

1.0 MPa from dewpointhygrametry), TP from porometer), and Kfrom KSAT). With these
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added points included, data werertmodeled SAS v9.3, SAS Institute, Cary, NCio fit the
Brooks and Corey (1964oisture tension model:

1 Lifh<H,

Brooks and Corey (1964) modeSe = (Hi] ~4if h = H, s
b

WhereSe = [——& , or effective saturation, artis substrate tensiorh(Pa). Fitting paramets
Hs—fp

within the model are measur e snitedspar@amoetegandi ze di
air entry point €y, ), that provide morenformation towards substrate hydraulic properties than

other models. Other parameters incl&iswhich is the VWC tsaturation, anér, which is the

VWC when increased no longer results isignificant reductions ivWC (Stephens and

Rehfeldt, 1985).

Utilizing the modeled MCC data, easily available water (EAW), the water held between
10 and-50 hPa, and water buffag capacity (WBC), the water held betwe&0 and-100 hPa,
were calculated for each of the seven subst(dee8oodt and Verdonck, 1972)he Brooks and
Corey parametex was usedo make inferences into the relative pore size uniformity of each
substate, with larger values representing more uniform pore size distributions (Brooks and

Corey, 1964).

The MCC datdased on effective saturatiameasured via the evaporative method were
utilized along with the K(W) nRetabkisummodement s t o
predicted K across the measured tension range

produce the strongest fit. The fit was computed (in HypropFit) with a nonlinear regression
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algorithm that minimized the sum of weighted squared vesscdbetween model prediction

(based on MCC measures) and measured K(W) dat

Greenhousertal. On 5 May 2015, previously sealed drums were rolled horizontally on the
ground to ensure homogenization and uniform moisture distribution for each of the seven
substrates, and 0.14%uf each substratwasamended witts . 6 0  &f §5.0M3.9R9.9K
controlledrelease fertilizer [CRF; £89-12] 3-mo Osmocote Plus (micronutrient$he Scotts

Co. LLC, Marysvi llime(l:OcH$hedapulderizédylivty bykhgvelm
turningthe 0.14 M piles three timeso ensure homogenizatioBach substrate was used to fill

27 #1 (3.8 L) containers (C400; Nursery Supplies, Chambersburg, PA) loosely to the lip and
packed by lifting and dropping from a 5 cm heidiree times to provide a density comparable to
the density of the cores packed in the laboratory portions of this research. Each filled container
was planted witlHibiscus rosasinensid. .  * F o rptugs KHatehetsCreek Farms,

Gainesville, FL). Each pht was placed in the center of the containerthedontainer was

dropped once from a height of 5 cm to complete planting. Five additional containers of each
substrate were filled as previously described and left fallow. These fallow containers were
immediately oven dried to determine substrate dry weight and Db. The 189 planted containers (7
substrates x 27 containers) were moved into a shaded mist beedeead irrigated blyand

and left in the mist house for 48 h.

On 8 May 2015, all planted contanrs were randomly placed on one of three benchas in
climate controlled glasgreenhouse. Each bench was separated into seven irrigation zones, with
each zone consisting of a solenoid valve controlling 10 individual pressure compensating spray
stakes (Netfim USA, Fresno, CA; Plum color; 12L1 '} used to water nine planted containers

and a water collection vesselrteeasure irrigation volumén addition, a lysimeter was randomly
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placed in each irrigation zonkysimeters were built by attaching 853.2%square Plexiglas

plates on either salof a load cell (LSR0; Transducer Techniques, Temecula, GAants were

watered overhead as needed to establish roots within the container. During establishment, 150
mL |liquid fertil i z'efsoluble 200N 8.2RH6.6K@EE200R 12 g- L
Peters, Inc. Allentown, PA) was applied to each container on 18 May, 28 May, and 15 June

2015.

On 29 June 2015, plants were fertilized with 150 mL liquid fertilizer solution (prepared
the same as previous solutions), and automated irrigation wasaditirhis is considered the
production portion of the experiment, at which time plant growth in@&x(height + widest
width + perpendicular width)/3] was measured on each plant approximately every 14 d thereafter
until harvest. Lysimeters connectedatdata logger (CR3000 Micilogger, Campbell Scientific,
Logan, Ur) via a multiplexer (AM16/32BJultiplexer, Campbell Scientific, Logan, UT) were
used to record the weight of one container per replication every 5 mio antuate solenoids,
turning on10 spray stakes (one replicai), via two relays (SDMCD16AC, Campbell
Scientific. Water was applied to a replication (nine containers and 1 collection vesselhehen
minimum weight of the container was equal weightcorrespondingo a water contewith Y
of -100 hPa and irrigated until substrate reached a calculated wergbspondindgo aY of -50
hPa. Water potential was determined using the calculated substrate dry weight from the fallow
containers to calculate VWC, and the MCCs were utiliezbhvert VWC toy . SinceY
discussed in this study were not directly measured, but instead calculated through total water in

substrate, they representcorresponding to the average VVéCthe entire coriner.
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The criticalY range utilized correspondstiv substrate WBC first described by de Boodt
and Verdonck (1972), in whighlant water isonsideredo bereadilyavailable(Pustjarvi and
Robertson1975) Each zone wagrevented froninitiating irrigation more than once every three
hours to prevent eess watering. Additionally, air temperature (T) and relative humidity (RH) at
canopy height were measured and recomlenty five minwith a sensorMP60, Vaisala,

Vantaa, Finland) via the data logger, and used to calculate vapor pressure deficitTiwD).
water lost from the containgvia evapotranspiratio(ET) was calculated from lysimeter data
everyfive min throudnout the duration of the study andmpiled and averaged hourly, aasv

VPD.

Water volume applied via the spray stake was measuredipaitly for each irrigation
zone, which was used to confirm water application values measured via lysimeters. Integrated
pest management procedures were used in the greenhouse during the experiment which included
applicationsof insecticide (Safari, ValémioSciences Corp., Libertyville, IL; 1 July 2015) and

miticide (Judo OHPInc., Mainland, PA; 31 July 2015) to prevent pest damage.

Instantaneous ater relations neasurement$On 19 July 2015 a portable photosynthesis system
(LI-6400XT; L-COR Biosciencs, Lincoln, NE) with a lightemitting diode(LED)lit gas

exchange chamber was used to measure leaf gas flux inchatiphotosynthesis (Prgtomatal
conductance andtranspiration (E)Data were measured between 1045 HR and 1245 HR with

the atmosplrei ¢ and environmental pa6@$PpRHedBE5%s f ol |
SD; photosynthetic active radiation (PAR) 30D+ 0 . 8 “uB80./0nemandomly selected

plant in each replication was utilized for instantaneous gas exchange meassiréneeleaf

chamber was clamped onto an apical mature leaf ensuring that the leaf was not contorted nor was

the midrib in the clamped chamber, with the entire area of the chambef)(6avmred with leaf
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tissue. This process was done quickly to mininaimg possible shawlg that may affect the

system or the plant. The chamber waga@imic the PAR of the sunlightemperature, and RH
of the greenhouse environment at the initiation of measurements. Tieoa&@ntration within
theLED-lit chamber wasénl d at 4 0 Bz 021 SEQootdinersngete weighl prior to
measuring gas exchange to ensure each was withib@te-100 hPa substraté range.
Instantaneous water use efficiency (WUE) of the treatments was calculated by dividing Pn by

transpiraion.

Harvest.On 6 Aug 2015 thdfinal data collection and plahiarvestwas initiated. The irrigation

control plant ¢n the ysimeter) ineach zonéad itsleaves removed, leaf araA) measured

(LI-3100C Area Meter; l-COR Biosciences, Lincoln, NEnd total leaf number counted. Leaf

length which is influenced by cell elongatigRallardy, 2008)of the three most apical mature
leaveswas measured from base to fgxcluding petiole) as an indicator of water stress

throughout the experimerrowthindex was measured one last time on every plant in trial, and
the difference between the initiSkootswere GI and
severed at the surface of the substrate and roots were washed free of substrate. All plant tissue
wasdi ed i n a convect priomo beingeeighed. An asiditional Gvo plants 7 d
per replication were harvested as described abovefiviehmost apical leaves on the two plants

were separated and dried (dry weights were later added back tshtmdaldry weight), so as to

have 10 leaves from each zone. The leaves were sent to the University of Georgia Stable Isotope
Ecology Lab(Athens, GA, USAYor **C isotope discriminatio (3 1 3 @alysesCarbon13
discrimination was used as an estimatantégratedVUE as it is an indicator ofs@ver the

duration of crop growth (Farguhar et al., 1989). Root to shoot ratio of dry mass (R:S) was then

measured and utilized as an estimator of carbon alloc&tiant compactness was calculated as
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the ratio ofshoot dry mass to shoot height, so that larger values represent more compact plants
(van lersel and Nemali, 2004). Integrated WUE was also calculated by dividing total plant dry
biomass by ET. The hourly ET measures were plotted against hourly cala/Rideavith

nighttime values removed (when little ET was occurring). This was done to provide insight into
the ability of the substrate to move water when environmental (both rooting and atmospheric

environment) demand increased.

Plant water availabilityOn 11 Aug 2015, the threeemainingplants in each replicatidmad the

spray stakes removed. Oradomly selected remaining plant in each replicate was placed on
therespectivdysimeter.Container system weight, and RH vererecorded every five min to
calculatewater status of the plassuibstratesystem and VPD, respectively. Plants were irrigated
overheady handuntil each had reached effective CC (the maximum water holding capacity

possible through overhead irrigation). Water was then withheld fremm@ant for=2 weeks, at

which time every plant wasompletely wilted and water loss was negligifde>2 d. As plants

dried down the lysimeter measutlevater lossThe reduction in VWC over each 24 h period

(from 0000 hr to 0000 hr) were plotted against the staMwWC for that periodDatawere

regressed toalculated the critical point wheretdeai | yv wat er use shifted t
in VWC. This allows inferences into the VWC where water loss shigte ET (large reductions

in VWC), to primarily evaporaon (constantly low reductions in VWCn an effort toestimate

at what VWC each plant stopped transgr The water remaining in the substrate when plants
ceased transpiring was consi der edisdriicalbe t he wu

VWC was then converted t6 utilizing MCC data for each substrate.

Data analysisData presented in tables with associated statistics were analyzed in JMP Pro

(12.0. 1, SAS Institute, | nc. ; Cary, NE) wutili
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0.05)to separate means across all seven substrates. SulizEéiéd-4, PF2 and PRkire

further analyzed tdetect any potentidinearor quadratic relationshiphat may exist between
measurements and substmatean particleliameter(PF6 = 4.66 mmPH =2.58 mm,PR2 =

2.07 mm andPF0= 0.69 mm; based on dry mass) to understand the effect of particle size
fractionation. A ttest was utilized tgpecificallycompare peat and coio determine how the

two fibers influence substrates differenthe data iriables without accompanyirggatistics are
computed fronfitted Brooks and Corey (1964jnodelsand therefore do not have any associated

statistics.

Correlation data, when usederecalculated using Pearson prodambment correlation
coefficient in JMP Po (12.0.1) Regressioffior determining critical transition betweerater loss
primarily from transpiration (ET) to water loss primarily from evaporaiotine water
availability study was calculatd’o determine the breakpoiimtwater availability, redctions in
VWC over a 24 h period were plotted against substrate VWC, and theypeirdgthe data
shifted to asymptotic was selected by the intersection of regression lines. To further determine at
w h a tthe $hift from ET to evaporation occurred, VWC mgas at midnight (ocooo hnvere
plotted against dry down duratigAppendix B) Data were fit to a model in SAS (9.3 SAS
Institute, Cary, NCjo determine the VWC where water loss shifted from nonlinear (ET) to
linear (evaporation)lhis was to make infences into the water loss based on when the
substrateplant system was under steady state conditions (no observable flux) utilizing a
segmented line analysis modalpiecewise regression model was then fit to the data, with the
decrease in VWCiritial water lossresulting fromET) fittedto a natural logarithmic function,

and thdoss in VWCafter the transition tprimarily evaporation only figdto a linear function.

The transition between the two f uncfied, ands |, con
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95% confdence intervals for each wezemputed. The VWC breakpoints for the seven

substrates were then transformed to assochtetlizing MCC for each substrate.

Results & Discussion

Hydrophysical propertiesMean particle diameter exhibite strong relationship with all three

texture classes (R 0.996, 0.959, and 0.984 for large, medium, and small respectively; Table 1).
This is an inherent result of the substrate processing, as the act of screening bark separates
particles by size. Therwas no detectable difference in texture or Db between thesiibended
substrates (P35 and C40; Table 1). The quantity of small and medium texture particles in the P35
and C40 substrates was much lower than in the UPB (by dry mass); however, the fibrous
additions resulted in greater (P35) or similar (C40) CC values (Table 2). The substrate composite
is influenced by the differing particle geometries of the individual comporertespondingo

the ability of the fibrous materiate effect composite pe sizes differently thathe platelike
particleswhen used to create a composite with coarse bark particles. Thus, the addition of the
fibrous materials resulted in the substrates being able to hold more water thashulg Rd.

resulting pore structurend surface area. The geometry and structure of wood substrate particles,
and subsequent relative surface area has been shown to influence substrate water holding
capacity (Fields et al., 2014b). Additionally, to decrease total pore size and CC, thedp=at an
amendments were almost completely composed of particles in the small texture class when the

components were measured individually (data not presented).

The fibrous additions resulted in static physical properties (CC, AS, and TP) most closely
resembling that of the UPB, which was our goal (Table 2). The UPB had ASwvakbetween
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PFO and PF2, yet similéo that of the fiber amended substrates (P35 and C40), and CC values
representing the median of all seven substrates. The PFO had a CC olhis8.%vas greater

than the other substrates and nearly two times that of the other three particle fractions (PF2, PF4
and PF6), similar to the observations made by Richards et al. (1986), where the removal of pine
bark particles >2 mm increased water haojdoapacity. Thee was a quadratic relationship

between mean particle diameter and CC, with increasing particle diameter resulting in decreased
CC.Converselyan inverse relationshipith respect to ASvasdetectedThe PF6 and PF4 have

the largest AS, whe the PF2 has lower AS than PF6. Across the static physical properties for

the particle fractionation we see a stronigdratic relationship based orean particle diameter
(R*=0.984, 0.996, 0.996, for CC, AS, and TP respectively; Table 2). Amondtbadi

addition materials, P35 had higher AS than C40 (P = 0.0889) while C40 has higher CC than P35
(P = 0.0449). The PFO has approximately less tharitorcethe AS compared to the PF6, PF4

and PF2. These relationships of the air and water holding ckaséics of the particle size
fractionated substrates coincides with similar relationships between mineral soils based upon
their relative particle size due to the inherent differences in surface area, as well as the pore size
distribution (Jury and Hortqr2004). PFO was the only substrate with the recommended
properties as reported in the Southern Nurser
2013), with the PF6, PF4 and PF2 substrates having greater AS and lower CC than

recommended, and the UPB33;? and C40 having slightly greater AS than recommended.

There was no detectable differencdls between the two substrates with fibrous particles
added, nor was any relationship observed betWe@md mean particle diameter (Table 2). The
Ksvalues forthe PF6, PF4, and PF2 were greater than that of the PFO, UPB or fiber amended

substrates. This is similar to results shown by Heiskanen (1999) wbhgsad substrates, who
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noted that the presence of larger particles incrégsehis is due to the incread percentage of

the porosity occupied by macropores, reducing wder retardation. The PF2, PF4, and PF6,
engineered with intent to reduttee phenomena of hysteresis by creating more uniform pore
sizes have inherently reduced tortuosity when hydrated allow an increased rate of water

flow at optimalcontainer growing¥ (substrate water potentials betwebfl and-100 hPa)With

the inclusion of greater proportions of fine sized particles in a substrate, smaller diameter pores
are formed, whichedrict water movement to a greater degree than larger diameter pores,
resultingin increasedubstrateortuosity when hydrated, thus increased physical retardation of
water as it passes through the substrate. However, as VWC is decreased, the watevenust mo
along particle surfasgand tortuosity is increased (Fonteno, 1993). Therefore, we hypothesize
that tortuosity would increase more in the coarse materials than the fine materials as substrates

dry.

Dewpoint hygrometry resulted in increased (lessnegae ) W at | ow VWC f ol
with fibrous additions then when measured with tensiometers and the evaporative method (C40
and P35; Fig. 1F and G). This is hypothesized to be a result of the small sample size utilized in
analysis. Utilizing a coarse barkn dewpoi nt hygrometry and small
results in samples that may not structurally mimic the composite substrate in the 250 cm3 cores
or substrate in the container where the volume would be dominated by large bark particles,
furtherinfluencing the VWC at each tension. Another possible explanation for the discrepancy
between dewpoint hygrometry and low tension evaporative measures is degrading hydraulic
connectivity between substrate particles and the tensiometers as the samiajpi@sation
from the sample is a transient process, which does not allow the sample to reach equilibrium at

each measure, and thus poor contact may establish during measurements.
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Moisture characteristic curves for each substrate were fit to a model BaadkCorey,
1964; Fig. 1) which provides pore size unifor
l owest A (0.19; Table 3) representing the | ea
PF2, PF4, and C40 had | agrthgmaximan obsarled pore sizewi t h P
uniformity (0.69). The intent of the particle fractionation was to create a range of pore
uniformity, in order to understand subsequent effects on substrate water dynamics. Pore
uniformity was increased in all engineerethswates except the PF6 substrate, which was
comprised of primarily coarse particles, when compared to WR8Brooks and Corey model
predicted the lowest air entry pressures forRRd and PF6 substrates. This air entry pressure is
generally indicativef the largest diameter ndrysteretically restricted pore when assuming the
capillary bundle theory. However, this theory may not be indicative of the true nature of the
porous substrate, as many measured pores can be virtual, due to hysteretic fifiectsnig at
what tension water is released from pores (Hunt et al., 2013). The model fit extremely small
bubbling pressures for PF4 and PF6 (0.085 hPa and 0.018 hPa, respectively; Table 3), indicating
the inability of these substrates to retain waterorep even against miniscule tensions.
Furthermore, this would suggest that the perched water table in these two substrates (PF4 and
PF6) would likely be infinitesimal (unmeasurable). This, along with impractically large measures
of Ksand static physicalrppertiesjs whythese substrates are considered to be water inefficient
under conventional cultural practices (i.e. regular irrigation) because the high proportion of

macropore volume increased drainage resultingvwer water holding capacity (8o, 198).

The difference in VWC between CC a¥yin the P35 and C40 implies that coir
improves the rate of drainage and aeration at conventional production hydration levels. This is

also observable with the increased AS in C40 as compared to that of P35. H@veatues
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from modeled MCCs show ththe VWC of C40@.11cm’icm™) was greater at loW when
compared to P35 which is approaching 0 (318" cm’icm’>; Table 3). This indicates that while
coir will increase aeration within conventional production ranges to a greater degree than peat,
when extreme dry situations occur, coir will retain more water which may help prevent crop
death if water is purposely or accidently withheld. A similar observation was made by Fields et
al. (2014b)where a 100% coir substrate exhibiggdate\VWC comparedo a 100% peat

substrate at300 hPa andl.5 MPa. Furthermore, coir has been shown to remain hydrophilic,
unlike peat which becomes hydrophobic, when allowed to dry (Fields et al., 2014a). This

phenomenon contributes to the increased water availabildyiirsubstrates at loW.

T h e )ld4taeasured via the evaporative metheeteplotted between 0 an@00
hPa (Fig 2A), fitteamodelt hat wut i | i zed MCdhd @otted fol petihpenme as ur e
50 and-100 hPa, corresponding to the WBC range (EB). The RMSE for the models to all the
data points was low (RMSE = 0.13, 0.19, 0.16, 0.04, 0.12, 0.12, and 0.4 8ntdd for the PFO,
PF2, PF4, PF6, UPB, P35, and C40, respectively), indicating gootiHes?35 had K two
orders of magnitude greatematithe other experimental substrates across WBC range. This
indicates that the addition of peat to a coarse substrate can greatly incre&dbdfveten50
and-100 hPa. The K of the C40 was less than the P35, while being similar to P35 in most other
hydrophysical properties. With both P35 and C40 similérCC, and TP, the reduced K
betweerlso andW.1o0 suggests that coir, as a subst@mponent, conducts water to a lesser
degree than peat. The curves for the four particle fractionation substrates follow a similar trend
(Fig. 2); however, the K of the PF4 substrate was lower across the range than the PF6. It is
hypothesized that the sieg process caused the PF4 fraction to have more uniform medium

texture particles and less small texture particles from the double screening process than the
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previously screened PF6 bark. While this phenomenon also occurs in the PF2 fraction, the
particlesare smaller than in the PF6 and PF4, thus increase K, while also increasing surface area,
which allowed for an increase in the proportion of extremely fine sized particles (<0.11 mm dia.)

in the hydrated screening process (data not shown).

To further compre the K@) curves, the values of K at5 hPa [KW¥7s)] for each
substrate were calculated [UPB2:72, PF0O =2.60, PF2 =2.95, PF4 =3.20, PF6 =3.06,
P35=-0.74, C40 =2.8Q all K values are LogK (cm/d)] from thefit model. The UPB and C40
substrate wersimilar at K(¥zs) to the PFO and PF2 substrates. However, the mean slope of
UPB, was the most negative across-Bto-100 hParange@ . 0 1 8 thPa;fig. @). The
K for the UPB decr eas e-88hPaovebthebOdonlOhR@aangeof t he
(Fig 2b). The values of K betweeB0 and-1 0 0 h P a®loaver thanthat®f measuréd
values. This agrees with previous findings for gesgted soilless substrates that showed
substrate K decreases by three orders of magnitude over th2hBa substrate water
potential range (da Silva et al., 1993; Wallach et al., 1992), and that K for peat and bark sharply
decline at30 and-50 hPa, respectively (Naasz et al., 2005). This indicates rapid decline in the
ability of a substrate to conduetiter, and therefore reduced water availability to the plant.
Additionally, Londra (2010) found perlite amended with coir to have higher unsaturated K than
perlite amended with peat at 40% VWC, which would be at a higher (less neféthae) that
used in our data. THes values for the C40 were larger than that of the P35. Therefore, we
expect cokramended substrate to have higher K than-peanded substrate Wsapproaches 0
hPa, and a more dramatic decrease in K in@oiended suli@tes between saturation ai3d
hPa. However, substrate K becomes less limiting for water movemgtra@soaches 0 hPa.

Researchers will often measured$s opposed to unsaturated K, due to the relative ease of
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measurements (Caron and Elrick, 2005)vaeer,measurements &€, did notcorrelate

stronglywith K(¥7s) values ( = 0.32, P = 0.1563, and thusdo not provide insight into

production rangesConsequently, it is believed that measures of unsaturated K, especially within
traditional productionanges, should be relied upon to provide information towards the-water

substrate interactions.

Plant responses ansdater statusLeaf samples were sent to an analytical laboratory to test for

any differences in foliar nutrition during the study, with nifedences in N = 0.2646) and K

(P =0.0757) and a slight treatment effect on foliaPR=(0.0311).The plants grown in PFO dn

P35 had the greatest AGI (Table 4). While pla
AGlI in P35 was similar to that of plants in C
in salable crops (aut hor fobplatsgaevninthenanly , t he g
substrate to conform to all the BMPs for static physical properties (citation Southern Nursery
Association’ s) . No di f f eplamsigmwn irthexseven s8bstiamtess o b s e
(Table 4), suggesting that while soswstrates were able to produce larger crops, water

availability was sufficient to ensure none of the substrates caused any shifts in carbon allocation
between roots and shoots (i.e. variation in R:S). Moreover, leaf length revealed no differences
among teatments (P = 0.94), providing further evidence that none of the substrates imposed

serious water stress on the plants. The lack of stress indicators is likely a result of all crops being
grown at equivalen¥ ranges. Conversely, there were differencesragrthe plants grown in

different substrates in regards to canopy compactness and LA (Table 4). Leaf area of crops
produced in the P35 and C40 substrates were greater than when produced in PF6 substrate (Table
4). No differences were found for compactnegh any of the engineered substrates when

compared to UPB wutilizing Tukey’s HSD, as UPB
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measurement. Within the engineered substrates; more compact plants occurred in P35, C40, and
PFO substrates than when grown in PF4RRE substrates. Increased compassin H.

acetosella has been linked to higher substrate moisture (Bayer et al., 2013). This indicates the
increased ability for the plants grown in substrates with higher K in this study to be able to
withdraw water moreeadily. Additiondly, there wasa strongquadratic relationship amongst

mean particle size and both LAYR0.986) and compauness(R? = 0.999; Table 4). However,
compaanesshad a quadratic relationship with¥{s), suggesting that the hydraulic conductivity

influenced crop morphology R 0.71).

Hi gher values of 813C indicate | ess discri
indicates more stomatal closure and a lower WEdE uharetal, 1989 . However, Tuke
HSD was unable to detect any difference in &1
Ssubstrates when separating means (Table 4). T

order toreduce the possibility of detecting false positjvascasionallyslight treatment effects

are undetected. An analysis of variance prior to means separatsugdielstreatment effects

across all seven substrates{ 0. 0307 ) . Further morme=s-06RB3C corr
0.0017%, LA (r =-0.65 P = 0.0019, compactnessr(=-0.59 P =0.0050, and R:Sr(=0.49 P =

0.0243, suggesting that the substratéich was shown to influence these morphological and
physiological parameters,alsonf | uenced 613C of the | eaf tissu
obse ved a decr eas etressad canthi@gownH roshsinensig-h and

concluded that WUE increased with drought stress. Thuso m 6 1 3 Cwencenalse thae s

the substratdreatmentsnfluencedplantWUE, despite equivalent productionbstrate'.

However, 013C was Ypotcalaulatedingihsia WEEHIE -9 PH K (

0.4034,and 0.08P = 0.6351 respectively).
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Tukey’s HSD was unable to detect any treat

of gs, Pn, and E; howevanstantaneous measures of E showed a trend of increasing particle size
resulting in decreased instantaneou® E (0.051; Table 5). Instantaneous measurenieatgs

for the plants grown in the particle fractionation substrates aligned in the samecsagtte

mean particle diametearesulting in a linear relationshigetween leaf gs and mean particle
diameter(R? = 0.844). Instantaneous Pn, gs, and E measurements were similar for plants grown
in UPB compared to plants growmPF4 and PF6, which werewer than the remaining

treatments (Table 5). There was no difference in instantaneous WUE (Pn + E) among the

treatmentsk = 0.34).

The calculated ET across the entire experiment followed a similar trend to the
instantaneous measurements of E, with PFOug = 1 2e.water thai®h® (Table 4). Thee
wasa quadratic (R= 0.998) relationship between mean particle diameter and ET, and there was
no difference between P35 and C80=(0.65). The water use in PF2, PF4, and PF6 substrates
were all < 7.75 L peplant, the P35, C40, and PFO used 12.05 to 18.85 L per plant, and the UPB
8.83 L per plant, continuing the trend of UPB producing the median value. Producing salable
cropswith under 20 L HO per plant (and as low as 5.31 L per plaot)ldrepresent a
significant reduction in water use in commercial container produgiosus production systems

using less efficient irrigation systems

There was no detectable difference in water use efficiency (biomass accumiajion/
with a mean of 3.18 + 0.18 - *LHowever, clear differences amongst the treatment were
observed when plotting ET vs VPD (Fig. 3) after removing values occurring at night when water
loss was minimal. Assuming VPD as an estimator of evapotranspirational demand that is

experienced equly amongst all replicates, the slope of the linear fit was analyzed as the ability
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of the water in the substrate to be moved based on increased VPD. This measure is likely
influenced by both the velocity water can be moved at and the distance it @nThevauthors

made an assumption that the stomata reacted to the VPD similarly across all treatments as the
regulation of transpiration by stomatal closure would be the primary resistance in this water
continuum based on instantaneous leaf gs meastitesthree substrates with the highest ET:

VPD ratios were P35, PFO, and C40 (due to larger plants utilizing more watée) the three

substrates with the lowest substrate water conductance were PF4, PF6, and PF2. The ET:VPD
slopes correlate with K¥{;s) values ( = 0.73, P = 0.064). The only inconsistency in the

sequence comparedtoW) was UPB 1).TieK@6) oLUPR Waa larger than that

of the C40; however, between # to-100 hPa range the K of the two substrates did intersect

(Fig. 2), so while the unscreened barlkdhaa h i g)htleerCA0KK(WH5S larger &

approachedl100 hPa. It is likely that the increased K over the production range allvated to

move greater distances within the substras2V decreased (whether througtrface

evaporation or from root uptake), water moved with less inhibition from low pore connectivity or

from less uniform pore size distributions possibly causing hysteretic restrictitres substrates

with increased production.Khese differences maydicate potential for translocating water

within a given substrat® | ant si ze | i kely i mpacts this meas
the same sequence agsyaodsET:VRDrsleped. These dresintesralatetd dise K (
increased K allowed for greater growth, which creates stronger sinks and therefarevdtize

uptake.

Plant water availability The effective CC, maximum water held by the substrate after hand
watering in situ, was recorded, and compared to CC observed in porometers when bottom

saturated. Across the seven substrates, there was a lindanséli@ between effective CC
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exhibited and porometeneasured CC and were < 5 % different (Fig. 4). Unscreened pine bark
was the only substrate that was completely outside of the 95 % confidence interval. This is in
part due to the uniformity and connetly of the pores in the six experimental substrates

mitigating the hysteretic effects of the substrate resulting in more uniform water distribution
throughout the container in the six experimental substrates than with UPB, thus achieving in situ

effectiveCC more resembling the CC values measured in laboratory analyses via porometer.

Reduction in wlumetric water content breakpoiritem when transpiration was a
primary driver of water loss to evaporation of primary water tessirred from 04m3 i
(P35) to 0.8 m* (PF6), with the PFO, P35, and C40 at higher VWC than those in produced in
the PF2, PF4, and PFBi¢. 5. The breakpoint for the plants grown in UPB was the median
value anong the seven substrates (0m2 ). The VWC breakpoinbccurred atV
corresponding? < -1.5 MP with the exceptionof UPBandR35 based on convertin
via Brooks and Corey models fit to MCC data (Fig.The breakpoint of the UPB occurred at a
WP of -0.39 MPa. The PF4 and PF6 substrates, which wenindted by large particles and
subsequently large macropore volumes, WAAC breakpointghat occurred a# of -21.96 and
11.94 MPa respectivelpased on the MCC modeishen water loss/as primarilyfrom
evaporationThes e extr eme vradtmeassirescahd asksulditisenot expdcted |
that these plants were able to withdraw watel 81994 and21.96 MPaand these values should
be cautiously considere8mall reductions in substrate VWC result in massive reductiows in
at low W, whichresults in nearly asymptotic nature of the MA®us, with the coarse nature of
the particlestelativelylittle water exists on particle surfaces, &8idecreases to extremely low
tensions with the loss of little watérhiscan be observeidom W for -11.94 or-21.96 MP&o

have95% confidence intervafrom -1.19 t0-59.16 and2.05 t0-86.91 MPa, respectively
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(Appendix B) The mean VWC of the substrates over time while the plants were allowed to dry
down was presented with VPD to show relative consisteirnal flux in Appendix B.

Furthermore, we hypothesize the extreme ¥weached by these substrates is a result of the

pore distribution shifting the physical classification of water present in the substrate. The
relatively small surface area and large macropore volume in the PF4 and PF6 result in reduced
hygroscopic (adsodud to particles) and increased gravitational (moving from gravitational

forces) water. Both hygroscopic and gravitational water are generally considered more
unavailable to plants than capillary water (water held in pores). The drainage of the gravitationa
water and relatively little hygroscopic and capillary water results in substrates reaching very low
W more rapidly. The particle fractionation substrates wheslulted in ahiftin pore sizegrom
gravitational to capillary and hygroscopic (PF2 and PFO) had larger proportions of water
unavailable. However, there was increased watesent, whiclallowed plants to continue to

grow and utilize water, as the gravitational water readily drains from the substrates.

Plants produced in PF4 and PF6 may also have developed stress memory as a result of
the low substrate water volumes provided throughout tlty §Bruce et al., 2007While
substrate W was held constant, the PF4 and PF
(Table 2).FletaSoriano and Munn8&osch (2016) recently reviewed many aspects of drought
stress memory in plants, and discussed the ability of a plattetats physiology over the
course of a season, within minutes or even seconds as a resultagtmoal water conditions.
The resulting reduced total water quantities that were applied to these two treatments to maintain
W between50 and-100 hPa, awell as reduced K restricting plant water access, may have
caused the plants in these substrates to alter their water uptake or transpirational mechanisms.

This is similar to thewhiadtice odft enddfeii migt uit
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agroromic and fruit production to combat water restrictions (Ferres and Soriano, 2007), has been

describedor containerizedhursery crops (Davies et al., 2016).

Since the P35 was considered to have produced some of the best growing plants based on
morphologicadata (Table 4) and possessed the highest K values in the WBC range, we surmise
that the increased ability for the plants to uniformly access water throughout the container
volume and the ability of the substrate to deliver water easily across a disthro&’
decreasedllowed for more rapid growth. As a result, we hypothesize that increased substrate K
within the WBC rangenay result in a quicker production period reaching salability in less time.
However, it is also apparent that while there was little @chgtater (from leachingPlants
herein wereggrown under optimal conditions, and the addition of peat did not sustain plant vigor
at lowW similar to the other engineered substrates utilized heraerefore it is possible that
the high K in the P35 alleed plants to remove water uniformly from the entirety of the
substrateConsequentlyit is possible that other substrates were able to sustain plant vigor via a
small hydrated region in the substrate that may not have been able to be utilized until direc

contact with roots occurred.

Conclusiorns

Pine barkbased substrate K, both saturated and unsaturated, can be manipulated either by
mechanicaprocessing and subsequent fractionating or by amending with fibrous materials like
peat or coir, with both metlklologiesaffectingvarious aspects of soilless substrate hydrology.

While K often utilized by researchers due to the ease of measurement, there was no correlation
betweerKs and unsaturated K (within the optimal production range). Therefore, unsaturated K

should be utilized to make informed decisions as production K impacts crop morphology and
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ability of the plant to access water. Increasing production range K resulted in increased plant

growth based on growth index, and reduced water stress based orctomaad LA.

Unsaturated K within WBC can be increased with the addition of peat to a coarse bark, as
opposed to the addition of coir. Decreasing mean particle size also increased unsaturated K
within the WBC range. When maintaining a constant optimiassate, crop water stress is not
substantially impacted based on substrate hydrology; however, crop morphology was observed,

likely as a result of total water volume available.

The plants in substrates with highe§) showed greater growth and vigor while
producing the more desirable (marketable) crops (personal observation). Peat amending did not
allow plants to withdraw water at lowdtcompared to other engineered substrates, but instead
water became inaccessible to plants grown in the peat amended higtkea¥ (-0.6 MPa) than
all substrates in the experiment except for UPB. The particle fractionation and the addition of
coir to the coarse bark resulted water held in substrates r e<alcSHMPagrior to shifts in
trends of VWC reductionThus theauthors believe that in optimal growing conditions, the
addition of peat will result in improved water distribution and delivery to plant roots. Although,
the addition of coir, while improving aeration and retaining sufficient water in the optimal
growingW range, will allow for higher proportions of water to be utilized at {8 a water
deficit event. Moreover, as the relationship between substratélsadynamic, additional
research involving measurements of substrate W lateakpoints where planstop removing
water from substrates is needed to understand the effect of substrate K on water availability.
Furthermore, the degree of water availability as described by de Boodt and Verdonck (1972) was

measured on peat based substrates. With the diffesan water availability observed in this
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research, it would be beneficial to understand how the degree of water availability as a function

of W differs for individual substrates.
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Figure Captions

Figure 1. Measurenhoisture characteristic curve dagmint9 fit to Brooks ad Corey (1964)

models (line) for seven substrates including unscreened pine bark (A), baclepahniat
pass through a 2.3 mm scre®),(a 4.0 mm screen but not a 2.3 mm scré)ng.3 mm
screen but not a 4.0 mm scre@&),(and pine bark particles th@o not pass through a 6.3
mm screenk) while at 65% moisture content, and bark particles that do not pass through
a 6.3 mm screen while at 65% moisture condéenénded with fibrous materials including
35% Sphagnunpeat ) and 40% coconut coify) by vdume.Data measured utilizing
porometer, evaporative analysis, and dewpoint potentiametry for saturattorn1000
hPa, and <000 hPa respectively. Model fit parameters are presented in Table 3.

Figure 2.Unsaturated hydraulic conductivity data g®ren experimental substrates including
unscreened pine bark (UPB), bark paets that pass through a 2.3 mm screen (PFO0), a
4.0 mm screen but not a 2.3 mm screen (PF2), 6.3 mm screen but not a 4.0 mm screen
(PF4), and pine bark particles that do not passugh a 6.3 mm screen (PF6) while at
65% moisture content, and bark particles that do not pass through a 6.3 mm screen while
at 65% moisture conteatmended with fibrous materials includiB§% Sphagnunpeat
(P35) and 40% coconut coir (C40) by volurmalividual data points (A) measured via
evaporative method via difference in tension between two depths in core as moisture
evaporates, and B) models representiydraulic conductivity data betweesunbstrate
water potentials 050 and-100hPa (water bufféng capacity) attained from fitting
moisture tesions measures to a Mualem (1pA®del while weighting for actual data

measures in (A).
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Figure 3. Water losthrough evapotranspiration vs. vapor pressure dédicgeven substrates
including unscreened me bark (A), bark padles that pass through a 2.3 mm scrd@ (
a 4.0 mm screen but not a 2.3 mm scré&n@.3 mm screen but not a 4.0 mm screen
(D), and pine bark particles that do not pass through a 6.3 mm sEjeehile at 65%
moisture content,ral bark particles that do not pass through a 6.3 mm screen while at
65% moisture conter@mended with fibrous materials includi8§% Sphagnunpeat €)
and 40% coconut coid) by volume.Line represents the best linear fit.

Figure 4. Relationshipetweenn situ effective comainer capacity for seven experimental
substrates in 3.8 L containers and laboratory meagpogdmeter) container capacity.
Substrates included unscreened pine bark (UPB), baiklparthat pass through a 2.3
mm screen (PFO0), a 4iOm screen but not a 2.3 mm screen (PF2), 6.3 mm screen but not
a 4.0 mm screen (PF4), and pine bark particles that do not pass through a 6.3 mm screen
(PF6) while at 65% moisture content, and bark particles that do not pass through a 6.3
mm screen whileta5% moisture contemtmended with fibrous materials includiB§%
Sphagnunpeat (P35) and 40% coconut coir (C40) by voluiitee dark shaded region
represents a 95% confidence interval, while the light shaded region represents a 95%
prediction interval. Tie equation for the line of fit is:
measured container capacity = 0.97 = ef fective container capacity + 3.8. Root
mean square error for line of fit = 5.5@rcent by voland R = 0.79.

Figure 5.The reductionn volumetric water content @feven experimental pine babksed
substrates used to produdibiscus reasinensiplantes. Substrates included unscreened
pine bark (UPB), bark pactes that pass through a 2.3 mm screen (PF0), a 4.0 mm screen

but not a 2.3 mm screen (PF2), 6.3 mm screen but not a 4.0 mm screen (PF4), and pine
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bark particles that do not mathrough a 6.3 mm screen (PF6) while at 65% moisture
content, and bark particles that do not pass through a 6.3 mm screen while at 65%
moisture conterdamended with fibrous materials includi8§% Sphagnunpeat (P35)

and 40% coconut coir (C40) by volun&ubstrates with fully rooted plantgere watered

to effective container capaci{gnaximum water holding capacity after overhead

irrigation) prior toallowing to dry past permanent wiltitil the plant ceased withdrawing
water from the substratBaily rediction in substate volumetric water contents were

plotted against volumetric water contémt each substrate to illustrate at what volumetric
water content evapotranspiration shifts to primarily evaporation due to plant water uptake

diminishing.
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Tables

Table 1. Particle size distribution (dry weight basis) grouped into three texture classe
(large, medium, small) and bulk density for seven experimental pine bark based subs

Large Medium Small Bulk density
Substrate (>2 mm) (2.0 mm- 0.7 mm) (<0.7 mm) (g-cm
Control
Unscreenell 50.8 & 32.3Db 16.0 b 0.18 b

Particle size fractionatiGn

PFO 1.1f 594 a 395a 0.32a
PF2 61.6d 333b 51cd 0.19 bc
PF4 829b 126d 45d 0.15cd
PF6 925a 45e 3.0d 0.15 bcd
Lineal® 0.00@ <0.0001 0.0038 0.0056
Quadratié <0.0001 <0.0001 <0.0001 <0.0001
Fiber additions

P35 68.2 cd 25.3¢c 6.5 cd 0.14 cd
C40 69.7 c 21.7 ¢ 8.6¢C 0.13d
Pvaf 0.3322 0.9249 0.1049 0.1012

®Stabilized pine barkRinus taediascreened through a 12.6mscreen prior to acquisition
from a commercial nursery substrate supplier (Pacific Organics, Henderson, NC, US
Means separated across all seven subs
= 0.05.

‘Substrate comprised of pine bark particles that pass through a 2.3 mm screen (PFO'
mm screen but not a 2.3 mm screen (PF2), 6.3 mm screen but notim 4deen (PF4),
and pine bark particles that do not pass through a 6.3 mm screen (PF6) while at 65%
moisture content.

p.value for testing the hypothesis of a linear relationship between particle fractionati
substrates based on mean particle diameter.

°P-value for testing the hypothesis of a quadratic relationship between particle fractio
substrates based on mean particle diameter.

'Substrate engineering process involving amending pine bark particles that do not pa
through a 6.3 mm screen whié65% moisture content with fibrous materials to match
static physical properties of unscreened bark.

9P-value of ttest between two fiber addition substrates.
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Table 2. Hydrophysical properties for seven pine Hmked substrates including, unscredveatt (UBP), four screened
barks, and substrates comprised of 6.3 mm bark amended with 35% (I§plhaignunpeat (P35) or 40% (by vol.) cocont
coir (C40). Easily available water, water buffering capacity and permanent wilt point are computed fromalatBriooks
and Corey (1964) model, and therefore have no associated statistics outside of their respective models.

Substrate Container Air spac@ Total Easily Water Total Saturated VWC at
capacity (m>m?®  porosity available buffering container  hydraulic -1.5 MP4
(m*>m?) (m*m?3)  watef capaity’  water load conductivity  (m®m?)
(mm3 Mm% (e (Logyo cmid)
Control
UPB 0.482 ¢ 0.322cd 0.804bc 144 3.2 153.7 ¢ 3.91 bc 0.091
Particle fractionatich
PFO 0.585a 0.148 e 0.732d 0.26 0.03 232.2a 3.79c¢c 0.137
PF2 0.331d 0.443 b 0.791c 0.9 0.2 132.1c 4,76 a 0.109
PF4 0.323de 0.480ab 0.798c 0.06 0.01 92.1d 4.68 ab 0.108
PF6 0.271¢e 0.525 a 0.796 ¢ 0.6 0.02 72.4d 472 a 0.100
Lineat 0.007 0.001 0.0149 NA NA 0.00a 0.1271 NA
Quadratid <0.0001 <0.0001 0.0007 NA NA <0.0001 0.0878 NA

Fiber additions

P35 0.534 b 0.309d 0.843ab 16.6 6.3 238.3 a 3.58¢c 0.113
C40 0.504bc 0.355¢c 0.859 a 14.4 3.4 197.0b 3.72¢c 0.148
Pvaf 0.0889 0.0449 0.0111 NA NA 0.015 0.3580 NA

%Container capacity is the maximum percentage of substrate volume occupied by water after allowing to drain for or
PAir space is the minimum percentage of substrate volume occupied by air after allowing to drain for one hour.
“Total porosity is the percentage of substrate volume not occupied by solid particles; often calculated as TP = CC +
Ypercentage of substrate volume occupied by water that is released bdfivaed-50 hPa of tension.

¢ Percentage of substrate volume occdyiig water that is released betwe®d@ and-100 hPa of tension.

"Volume of water held betweeB0 and-100 hPa of tension for a 3.9 L container. Calculated based on moisture charac
curves and individual container substrate volumes.

%A quanttatveme asur e of the substrate’s ability to transmi
"Volumetric water content of a substrate when substrate water potertial MPa.

*Continued on next page.
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'Aged pine bark screened through a 12.6 mm screentpracquisition from a commercial nursery substrate supplier
(Pacific Organics, Henderson, NC, USA).

'Means separated across all sevemspdDstrates (entire
“Substrate comprised of pine bark particles that pass th@@g3 mm screen (PF0), a 4.0 mm screen but not a 2.3 mmr
screen (PF2), 6.3 mm screen but not a 4.0 mm screen (PF4), and pine bark particles that do not pass through a 6.
screen (PF6) while at 65% moisture content.

'Probability of linear relationshipmongst particle fractionation substrates based on mean particle diameter.
"Probability of quadratic relationship amongst particle fractionation substrates based on mean particle diameter.
"Substrate engineering process involving amending pine barklesittiat do not pass through a 6.3 mm screen while at
65% moisture content with fibrous materials to match static physical properties of unscreened bark.

°Results of test to observe differences amongst the two fiber addition substrates.
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Table 3. Fit mdel parameters for the relationship between volumetric water content and substrate
potential for seven experimental pine badsed substrates. Data were fit to a Brooks and Corey (19
porous media moisture tension model.

Substrat® o’ ort Hy A R? RMSE
(cm*cm®)  (cmt-em’®) (hPa) (cm®-cm®)
UPB 78.08 3.40x10° 0.277 0.1968 .95 4.32
PFO 72.73 14.57 5.788 0.6896 .99 1.68
PF2 79.05 9.33 0.312 0.3628 .99 1.35
PF4 79.56 8.40 0.085 0.3036 .88 2.83
PF6 80.24 0.61 0.018 0.1905 .96 5.37
P35 83.74 3.38x10° 0.848 0.2041 .98 2.67
C40 85.90 10.53 0.288 0.2682 .96 3.30

®Substrates include unscreened pine bark (UPB), substrates engineered through sieving pine barl
65% moisture content through a series of screens. Partiatgsass through a 2.3 mm screen (PF0), a
mm screen but not a 2.3 mm screen (PF2), 6.3 mm screen but not a 4.0 mm screen (PF4), and pi
particles that do not pass through a 6.3 mm screen (PF6) while at 65% moisture content, and Suk
engineemg process involving amending pine bark particles that do not pass through a 6.3 mm scr
while at 65% moisture content with fibrous materials to match static physical properties of unscree
bark utilizing 35%Sphagnunpeat (P35) and 40% coconut coid(@ by volume.

®Volumetric water content at saturation.

“Volumetric water content when increasing moisture tension does not further reduce volumetric w:
content.

Bubbling pressure (tension which air first enters the substrate).

°Pore size distributionniformity index, larger values represent increased pore uniformity.

'Root mean square error of the predictive model compared to the observed data.
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Table 4. Plant growth and water status metriddibfscus rosasinensis Fort Myer s’ g
pine barkbased substrates including, unscreened bark (UBP), four screened barks, and substrate:
comprised of 6.3 mm bark amended with 35% (by \®hhagnunpeat (P35) or 40% (by vol.) coconut
coir (C40). All plants produced while holding substrate magoiential betweerb0 and-100 hPa.

Substrate  Growth Leafared  Compactness Root : shoot Total water &-C'
index (cn?) (g-cm drymass volume
increas@ ratic® used (L)
(cm)
Control
upPB’ 26.59 B 2190 ab 0.2782 abc  0.6097 a 8.83 ab -28.08 a

Paticle size fractionation

PFO 32.61a 2610 ab 0.3841 ab 0.5205 a 17.85 a -27.99 a
PF2 18.71 c 1344 ab 0.2300 bc 0.6289 a 7.72 ab -27.19 a
PF4 20.48 ¢ 1286 ab 0.1883 ¢ 0.6931 a 6.14 ab -27.07 a
PF6 18.81 c 1065 b 0.1708 c 0.7352 a 531b -27.24 a
Lineaft 0.0079 0.0181 0.0035 0.2403 0.0257 0.1809
Quadratié 0.0001 0.0127 0.0006 0.4735 0.0183 0.0967
Fiber addition's
P35 30.54 ab 3094 a 0.4225 a 0.4409 a 12.69 ab -27.94 a
C40 26.78 b 2897 a 0.3537 ab 0.4587 a 12.05 ab -28.29 a
Pval" 0.0566 0.7738 0.3253 0.8440 0.6499 0.5621

®Difference between growth index at the culmination and initiation of the study

®Total leaf area per plant at culmination of the study.

‘Shoot dry weight + shoot height at culmination of the study.

YRatioof dried root mass to dried shoot mass for individual plants at culmination of study.

°The total quantity of water that was provided to the individual containers throughout the study.
Considered to be representative of total evapotranspiration oventbedsaation.

"The difference if®C:*°C isotopes in newly mature foliar samples for each treatment and a Pee De¢
Belemnite control sample.

9Stabilized pine barkRinus taedascreened through a 12.6 mm screen prior to acquisition from a
commercial nursergubstrate supplier (Pacific Organics, Henderson, NC, USA)

'Means separated across all sevemsbdhO®Str at es
'Substrate comprised of pine bark particles that pass through a 2.3 mm screen (PF0), a 4.0 mm s
not a 2.3 mm screen (PF2), 6.3 mm screen but not a 4.0 mm screen (PF4), and pine bark particle
not pass through a 6.3 mm screen (Rkile at 65% moisture content.

'Probability of linear relationship amongst particle fractionation substrates based on mean particle
diameter.

“Probability of quadratic relationship amongst particle fractionation substrates based on mean par
diameter

'Substrate engineering process involving amending pine bark particles that do not pass through a
screen while at 65% moisture content with fibrous materials to match static physical properties of
unscreened bark.

"Results of #est to observe difrences amongst the two fiber addition substrates.
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Table 5. Instantaneous water status measurements made with a portable photosynthebims

Hibiscus rosasinensis Fort Myer s’ p | a nbased sgbst@tesn Plants wesee
irrigatedsuch that substrate water potentials were maintained betd@amd-100 hPa.
Net photosynthesis Stomatal conductance Transpiration
Substrate umol ,meH mol H,O - “fs* mmol HO - s’
Control
Unscreenel 11.25+0.71 0.16 £ 0.05 43+1.0
Particle size fractionatién
PFO 13.27 £ 1.92 0.33+0.10 78+16
PF2 14.81+1.92 0.26 £ 0.05 6.9+1.0
PF4 10.79 £ 1.37 0.19+ 0.05 5.0£4.3
PF6 12.30 £ 0.33 0.16+ 0.02 46+1.2
Lineal 0.5340 0.0617 0.0508
Quadratit 0.8205 0.1534 0.1405
Fiber addition$
P35 17.26 + 0.69 0.45+0.10 9.1+1.2
C40 16.93 £ 2.84 0.43+0.15 89+25
Pval 0.9160 0.9437 0.9483

%LI-COR 6400ximeasurements with temperature = 33.4 °C, relative humidity = 40.5%, and
photosynthetic active radiation 8a0pmo | %s™m

®Aged pine bark screened through a 12.6 mm screen prior to acquisition from a commercial
nursery substrate supplier (Pacific Organics, Henderson, NC, USA).

‘Standard error of the mean.

Substrates engineered through sieving pine bark whilB%trBoisture content through a series
screens. Particles that pass through a 2.3 mm screen (PF0), a 4.0 mm screen but not a 2.3
screen (PF2), 6.3 mm screen but not a 4.0 mm screen (PF4), and pine bark particles that d
pass through a 6.3 mm scrd@#6) while at 65% moisture content.

*Probability of linear relationship amongst particle fractionation substrates based on mean p
diameter.

"Probability of quadratic relationship amongst particle fractionation substrates based on mez
particle dianeter.

9Substrate engineering process involving amending pine bark particles that do not pass thrc
6.3 mm screen while at 65% moisture content with fibrous materials to match static physica
properties of unscreened bark.

"Results of test to observdifferences amongst the two fiber addition substrates.
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Figure 2.
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Figure 3.

Vapor pressure deficit (kPa)

-2641 = 14.2*VPD

RMSE:15.63

5 nU
~ T3]

()
uonelidsueniodeas ybnoayy ssoj 183ep\

150,
125
100

100

kPa)

Vapor pressure deficit (

VPD

36%)

Y = 4459 + 10.

RMSE:749

[Te)
~

(Qw)
uonesidsuesnyodeas ybnoayy sso| Ja3epp

150
125
100



. S
. o e 1
s = L
. ll.
o .
m.% S . Lo
B3 . .
L3 .
o LN o [Ts} (@] [Te]
L (o] o ~ [Tp] o
i i i
()

uonedidsuesjodens ybnoayy ssoj Ja3epn

o
‘o2 u
CLET
cT. .~“..-.
Ll . o

[=] . 2 ..

3 i

g . . .“....mn

3 <.

' - A K

83 . . »-.a.

s ¥ . toeds
o wn (@] LN o wn o
N o o M~ L [

— i —

()
uoneusidsuesyodens ybnoayy ssoj Ja1epn

=
—_~
©
o .
-~
-
by s
)
S
(o]
el
@
f -
>
w
wv)
[}
f .
o
.
(o]
(o N
©
>
g

(=] (T ] o [Tp] (e ] [Vp] (]

wn o o ~ un o

— — —

()

Vapor pressure deficit (kPa)

uonelidsuesyodeas ybnouayy sso| Jarep

25745 + 5.304*VPD

(qw)
uonelidsuesyodens ybnouyy ssoj Jarep

Vapor pressure deficit (kPa)

Vapor pressure deficit (kPa)

101



Water loss through evapotranspiration

(mL)

D e
125
100
75

50

Vapor pressure deficit (kPa)

102



Figure 4.
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Figure 5.
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CHAPTERIV

The Influence of Substrate Hydraulic Conductivity on Plant Water
Status of Ornamental Container Ci@pown in SubOptimal

Substrate Water Potentials.

Formatted to fit style guide for publication in HortScience
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Abstract. Soilless substrates areefficient with regards to water (i.e. high porosity and low

water holding capacity), which provislan exellent opportunity to increase water efficiency in
containerized production. We suggest that increasing hydraulic conductivity in the dry range of
substrate moisture content occurring during production can increase water availability, reduce
irrigation volume, and produce high quality, marketable crops. Three substrates were engineered
using screeedstabilized pine bark, and amending with either Sphagnum peatmoss or coconut
coir to have higher unsaturated hydraulic conductivity between water potentia@aind-300

hPa. There was no correlation with the unsaturated hydraulic conductivity and saturated
hydraulic conductivity (r = 04, P = 0.8985. EstablishedHydrangea arborescensAnnabel | e’
plantsweregrown in the three engineered and a conventi(@uaitrol) pine bark substrates

exposed to subptimal irrigation levels (i.e. held at substrate water potentials betd88rand

300 hPa) for 32 days. The plants in the engineered substrates outperformed the control in every
growth and morphological mé&rmeasured, as well as showing fewer (or none) drought stress
signscompared tahe control. We observed increased vigor measures in plants grown
substratesvith higher unsaturated hydraulic conductivity, as welji@atemwater acquisition.

The coirincreased unsaturated hydraulic conductivity and provided increased air space when
incorporated into coarse bark versus peat at the same ratio by volume. Increasing pine bark
hydraulic conductivity, through screening or fiber amending, in concert witlri@ations can
produce marketable, vigorous crops while reducing water consumed andzimigimater

wasted in ornamental container production.
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Introduction

Fresh vater is a limited resource that is necessary for the production of aB, @datt

recoquized by both the public and specialty crop produdesgy percent of freshwater

withdrawn in he United Stateis usedor irrigation of crops (Kenney et al., 2009Jants n an

intensive controlled container production systenustreceivequality freshwaterdaily or

multiple times in day, in the absencepoécipitation to preventactual or perceived plant water

stress. Because of this, growers often apply excess water to container crops to alleviate concerns
of under watering that could render filant unmarketable or delay time to s@athers et al.,

2005). This has led to container nurseries applying upwart80oh® of irrigation perhecare

per day during the warm season @hdr and Fernandez, 2013). WAtlater restrictions looming,

growerswill have to adopt more sustainable cultural practicesrnmainsuccessful.

Most container nurseries utilize overhead irrigation on all or a portion of their operation
and do not have the infrastructure to switch to more sustainable irrigation syB&sser( et al.,
2004) Thereforegrowers must expand their efforts beyond irrigation technology to increase
water sustainability (Fulcher et al., 2016ne area where growers can make modifications that
provide potential water savingsithout additionalinfrastructureis selecting more sustainable
soilless substratgBarrett et al., 2016 Bubstrates with increased sustainability woulclude
those that increase water storage capacity or more effectively deliver stored water to the plant
Conventionakoilless substrates wengitially developed to provide growers withicreased
controloverthe container syste. Substrates at@ghly porous so that they drain rapidly, prevent
salt stress, anarepathogen free (Raviv and Leith, 2008). Furthermore etsabstrates were
developed to allowontainergo receiveexcess wateirom precipitatiorwithout concerns of

flood stress as observed in sommeral sois. As a result, current best management practices
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(BMPs) for container nursery production recommarakimum water holding capacity or

container capacities (C&)45% and air spaces (AS8)30%of the container volum@5% to

65%by vol.and 106 to 30%by vol., respectively; Bilderback et al., 2013hdse increased AS

values compared to a field soigllude to the primary focusf substrate desigoeing to release

water as opposed twater retention or storagEurthermoreconventional wisdom based on past

research infers that tltkegreeof water availabilityhasstrict cutoffs of easily available water

(between10 and-50 hPasubstrate water potentidk) and water buffering c:
-50and1 00 hPa), wit h -180HPa netadadly acdessibledto phants (8dé Beodt

and Verdonck, 1972 ustjarvi and Robertson, 19798Ve believe gbstrates shoulgrovidea

better balancef sufficient drainagandwater retentionSuch sibstrateshouldretainwater

during and after irrigation events reduce water volume required to grow containerized crops.

As substrate science developedersandingmore about utilizing dynamic hydraulic
properties as measures of substrate productgity relates to resource (i.e. water and mineral
nutrient)sustainabilityis becoming imperativéCaron et al., 204). The relationships between
substratewate pot ent i al (W), volumetric water conter
have been discussedlesstheir importance in substrate engineering and selection in previous
chapters of this dissertation (Fields, Chapter 3). Moisture characteristic (MI®EJ are
common examples @roviding information ordynamic hydraulic propertighatdepict the
rel ationship bet we e nBetén€linirghedeladonshiphetween Kdn® 6 1) .
MCC provides informatiommn substratenvironmentakustainabilly (throughincreasedesource

retention; Naasz et al., 2005) and water avai

While the relationshipbetweersubstrat&K a nd W amotcMmiviGnly measured

saturated hydraulic conductivity (Ks) is increasingly utiliZEais is due to K being limiting

108



factor for water uptake by roois soilless substrates (Raviv et al., 1999) and field soils
(Campbell and Campbell, 982)nlike Ks, unsaturated Kemains difficultto accuratelyneasure
(Raviv et al., 1999). Howevelrreportedn Chapter 3hat there was Etle correlation = -
032P=015369 bet ween pr g3hkra) and measukkd f¢r darkbaed
substratesAdditionally, measuring substratedanaid in irrigation decisions and help reduce
water stress in container production (da Silva et al., 1993). Utilmiorg recent developents

in measuringsubstrate propertiegje may be able to maximize water distribution and use in

container substrates, thereby reducing water consumption by container nurseries

One metriautilized to measure plant response to modified substrates indsetgawater
dynamics, is water use efficiency (WUE). Water use efficiency has been desuribhetbus
ways, from intrinsic (rate of carbon assimilation: rate of transpiration) to integrated (biomass
produced: total transpiration) all of which proguasefu informationregardingplantwater
interactiors (Bacon, 2004). However, éke measuremay not be as important for ornamental
growers, as growth alenmmay not be the mostfluential factorin sales. Another metric to
measurg@lantwaterresponse to modéd substrates is water availabilityhich affects crop
stress, time to market, and corresponding nutrient availabiigger availability is a measure of
percentage of water held by a substrate that a plant can utilize to sustain life. This metgc may b
beneficial to producers attempting to grow with reduced wathier metris that should be
consideredaredrought stress indicators, many of which are measurable. Each metric has value to
researchersand when used in concgeain provide information tthe water dynamics of the

substrateplant system holisticallyDrought stress can be achieved by allowing plants to reach

l ow ¥ prior to rehydration (Brown et al., 199
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The goal of this research was to determine if substrates enginedradeoptimal
hydraulic propertiesouldcontinue to produce a quality, sdiablydrangeaarborescensrop
grownat W previouslyconsidered unfavorable for container production. Furthermmgreyanted
to determine howuboptima¥ i nf |l uences crop physiology and
to determine differences in plant wassailability betweenhe substratesngineeredo have
increased hydraulic conductivityeersusan uralteredbark substrate. We hypothesized that these
engineered substrates will provide the plant with access to higher proportions of water and
increase WUEwhile reducing indicators adrought stressommon to plantgrown at low ¥,
which plants grown itraditional bark substrate will exhibiMoreoverthe materials utilized for
engineeringsubstrategi.e. fibrous materialedded to the bark) wiliffectthe plantsubstrate

water dynamicsneasured through subsequent plant physiology and morphology

Materials & Methods

Substrate preparatiarOn 10 March 205, we acquired: 1 . 2of aged loblolly pine barkq(B,

Pinus taedd..) passed through 8.6 mm screnat a commercial bark processing plapagific

Organics Henderson, NCBark wasthen separated into two particle size fractions by shaking it
through a 4 mm screen (W.S. Tyler, Mentor, OH) rotating at approximately eight oscillations per
sinacustoni abri cated shaker (St ev e ’SabstétesPidbcess;pg Wi | |
and Research Center at North Carolina State UniveR#keigh NC The process entailed

shovel i hofpine Bark@6.4M1.1% SE moisture conteniito the shaker tray to a depth

of =7 sbatng@nfivk min. The bark was then separated into two drustred bark that

passed through the 4 mm screen, termed fine bark (FB), anthbadid not pass through the 4
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mm screen into separd@el9 nfdrums . The screening process sepat

vol. (i.e. the volume of the bark that passed through the screen was equal to that did not pass
through). An additionad.19 n? drum was filled with <12.6 mm pine bark termed unprocessed
bark (UB). All drums were sealed to prevent moisture lasd,transportetb theVirginia Tech
Hampton Roads Agricultural Research and Extension Center in Virginia Beach, VA for

blending,analysis and experimentatian

Utilizing particles that did not pass through the 4.0 mm screeblemeledtwo additional
substrates witlB85% (by vol.) compressefiphagnunpeatmos¢BP; Fafard, Agawam, Mpor
coconut coi35% (by vol.)coir (BC; FibreDust, LLC, Glasnbury, C7) that were previously
hydrated in sealed plastic tubs for 24 h to equilibfBbesecomponent amendment rativere
based on preliminargnalyseso mimic static physical properties to that of the unscreened bark
whilst keeping equal amendnteatios of the two fibrous additions (data not shown), even
though approximately 50% of the volume of the unaltered bark was removed. These two

substrates were then placed ift@9 nT drums and sealed.

Physical propertiesMeasurement includeminimum ar space (AS), container capacity (CC),

total porosity (TP), and bulk density (Db) via porometer analysis (Fonteno and Harden, 2010) for
three replicates of each substrate using a 347tminum core. Particle size distributions

(PSD) of three replicatesere measured for each substrate by shaking 100 g of oven dried
substrate for 5 min with a Rbap shaker (R29; W.S. Tyler, Mentor, OH) equipped with 6.30,

2.00, 0.71, 0.50, 0.25, and 0.11 mm sieve and a pan. Particles remaining on each sieve or in the

pan after shaking were weighed and used to determine particle size distribution by weight.
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Hydraulic propertiesSaturated hydraulic conductivity ¢Kof each substrat®as measured
utilizing a KSAT device (Decagon Devices, Pullman, WA). Each substratéli@dsrom the

top into a threesection column consisting of two 2667 cores attached below and above the
250 cn? sample core. The 258n° was lifted and dropped from 5 cm height five times to obtain
uniform Db within the sample core for each substrate packed sample core was removed
taking care not to disturb the bark at either opening prior to covering with cheesecloth. Core
were then placed into a plastic tub, saturated slowly from the bottom, and left for 24 h to
equilibrate prior to being a#ed with a collar and appropriate upper and lower screen (all
included with the KSAT device). Samples were then placed into the KSAT device and again
saturated from the base to replace any water lost during preparation. Saturated hydraulic
conductivity wasneasured three sequential times for each of the three replicates in the constant

head measurement mode prior to being removed from the device.

Substratevater potentials <1.0 MPa were measured via a dewpoint potentiameter
(WP4C; Decagon Devices) follomg procedures described by Fields (2013). Each substrate was
used to fill stainless steel sampling dishes (Decagon Devices) to completely cover the bottom
surface of the dish (=0.5 cm depth) and dri ed
dish prior to measurement). Each dish was sealed in the dewpoint potentiameteradicawer
substrate water potenti?f§f was measured on “Precise Mode”.
weighedafter each measurement and then dried in a forced air drying oven at i@58th.
This process was repeated until five measurements betiv€eand-4.0 MPa were attained for
each substrate and correspondintumetric water contenty/fVC) werecalculated utilizing

measured Db.
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Moisture characteristic curves (MCCs) and uassted hydraulic conductivity (K) curves
were developed for each substrate via the evaporative method utilizing a Hyprop (UMS, Munich,
Germany) following the procedures described by Fields et al. (2016). We packed each substrate
utilizing a column assembbs with previous analyses. Data for each substrate, includingsTP,
and values obtained via dewpoint potentiametry, were then compiled with HypropFit software
(UMS, Munich, GermanyMoisture characteristicada were modeled utilizing the Brooks and
Corey (1964), model to generate predictive curvesof MCCsT he measured K( W) d
plotted, and the MCC data based on effective saturation measured via the evaporative method
were utilized along with the K(W) Thenodelr e ment
predicted K across the measured tension range
produce the strongest fit. The fit was computed (in HypropFit) with a nonlinear regression
algorithm that minimized the sum of weighted squared resitheftgeeen model prediction

(based on MCC measures) and measured K(W) dat

Low water crop productiorOn June 05 2016, the previously sealed drums containing the four
substratesvere agitated tensure homogenization and uniform moisture distributomreach of

the four substrates. Avolume of 0.13enf each substrate was®amended
controlledrelease fertilizer (CRF; 15.08.9R9.9K 3mo Osmocote Plus/®generation with
micronutrients, The Scotts Come[lllcr@GshedMar ysvi | |
(Rockydale Quarries Corp., Roanoke, VA): pulverized (Old Castle Lawn & Garden, Inc.,

Atlanta, GA) by wt.].Thirty-two 3.8 L containers (C400; Nursery Supplies, Chambersburg, PA)

were filledloosely to the lip with each substrate andpged from a 5 cm height three times to

provide a bulk density equivalent to that of the cores packed in the laboratory portions of this

researchHydrangea arboresceris.  * A n tinerb(€drltonePlants, Dayton, OR) were
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planted in 21 containers of eastbstrate. Each plant was placed in the center of the container

and again dropped once from a height of 5 cm to complete planting. The remaining 11 containers
of each substrate remainedplanted fallow), and five of these fallow containers were

immediaely oven dried to determine substrate dry weight and Db. The 84 planted containers (4
substrates x 21 containers) and 24 fallow containers (4 substrates x 6 containers) were moved
into a shaded mist house, hand watered, and left in the mist house fod $exalow for root

establishment.

On 13 June 2016 all planted containers were moved onto an open air nursery gravel pad
and placed under dpoverhead irrigation (20 midj for 21 d to further. On 12 July 2016, plants
were pruned to uniform size andapéd on benches incimatecontrolledgreenhouse. The
benches had 12 separate irrigation zones. Each zone consisted of a solenoid valve controlling 10
individual pressurecempensating spray stakes (Netafim USA
1) used to watenine containers and a water collection vessel, which measured application
volume and frequency. Each irrigation zone was utilized for a single substrate (treatrttent) wi
three separate irrigation zones (replicate) assigned to each treAteguiticed one plant and
one fallow container on two randomly located lysimeters in each replication connected to a data
logger CR3000 Micrelogger, Campbell Scientific, Logan, UNa a multiplexer AM16/32B
Relay Multiplexer Campbell Scientific) that recorded the weight of the container system every 5
min. Air temperature (T) and relative humidity (RH) at canopy height were measured every 5
min with a HMPG60 probe (Vaisala, Vantd&anland) via the data loggeFhe total irrigation
events for each replicate were logged and used to calculate irrigations per day and total applied

water volume was used to calculate time average application rate {@pet h).
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One representative plawas harvested fromach replicate on 14 July 2Q1Bata
measuredncludedleaf length LL; from leaf tip to leaf base) of the four most apical mature
leaves, leaf area (£3100C, LICOR Biosciences, Lincoln, NE), leaf number, and root index
[RI; (rootingdepth + widest rooting width + perpendicular rooting width)}RJots and shoots
were separatedvashecclean of debris, dried at 1@ for 7d, and weighethem. Additionally,
we measuredrgwth index [GI; (height + widest width + perpendicular widtl)dBeachplant,
extracted pore watéteBude and Bilderback, 20p8n three randomly selected plants in each
replicate to determine initial electrical conductivity (EC) and @PHe hundred fiftynL of liquid
fertil i zerL"efsoluble2ad6P-16.6Keertilger solution; JR Peters, Inc.

Allentown, PA)was then applied to each container by hand to provide additional nutrition levels

through the remainder of the study

On 15 July 20160 Day after initiation (DAI)] automated irrigation controbw initiated.
A solenoid was actuated, via relagbM-CD16AC AC/DC Relay ControlleiCampbell
Scientific, Logan, UT) when the minimum weight of the pleohtainer system on a lysimeter
was equal to a correspondiigof -300 hPa. Plants contindiéo receve irrigated until substrate
reached a calculated weight correspondingYoad -100 hPaThe critical weights (when
irrigation was initiated and terminated) of each substrate was determined using each substrate
dry weight from previously collected falloeontainers and substrate MC@sleaching pan,
with riser, was placed under a random plant in each replicateeasure volume of water
leached after each irrigatioA single emitter from each zone was placed in a bottle to collect
water application ankkaching volumes daily. Growth ind¢&I; (shoot height + widest width +
perpendicular width)/3vas calculatedpproximatelyevery 10 d (O DAI, 11 DAI, 21 DAI, 32

DAI).
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Instantaneous Water Use Measureme@ts.17 and 32 DAI a portable photosynthesigesys
(LI-6400XT; LI-COR Biosciences, Lincoln, NE) with a lighmitting diodeequippedyas

exchange chamber was used to measure leaf gas flux including net photosynthesis (Pn), stomatal
conductance @and transpiration. Data were measured between 1108ndR 215 HR on both

days with the atmospheric and environmental parameters for the measurements on 17 DAI as
follows: T = 30.16+ 1.2 SD; RH = 46.3% 3.0 SD; photosynthetic active radiatid®AR =

980um o s +494 SD, and for 32 DA as follow3: = 29.6 C+ 0.7 SD; RH = 66.5% 2.3

SE;PAR= 1455um o in%s® + 426 SD.One representative plant of each replicass selected

for measurement, and clamped the leaf chamber fluorometer onto an apical mature leaf ensuring
that the leaf was not contorteahd the entire area of the chamber (6)arnvered the leaf tissue.

This process was done quickly (<90 s) to minimize any possible shadowing that may affect the
system or the plant. The chamber mimickedRA& T, and RH of the greenhouse environment

at the time of measurement. The €€ncentration within the chamber was set to 404.8 and

400.5pmo | -m0.2 SE for 17 and 32 DAI, respectively.

In addition, a pressure chamber (Model 600, PMS Instrument Co., Albany, OR) was used
to measure water potential of a severed apica
immediately followinggas exchange measurements. Once severed, the stem was immediately fit
into a rubber stopper with clay to create an air tight seal. The stem was then sealed in the
pressure chamber with the severed surface exposed to the atmosphere. We incrementally
increagd pressure of the chamber utilizing compressed nitroggrgés until liquid was first

observed exiting the severed stem surface. The entire process in was conducted in < 120 s.
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Harvest.On 32 DAI digital imagesvere takerof representative plants froeach treatmentour

plants in each replicate were harvestediuding the plant used for instantaneous water status
measurements and the plant used for irrigation control. The plant on the lysimeter of each
replication had all leaves removed, leaf ale®) (measured (L43100C Area Meter; LCOR
Biosciences, Lincoln, NEgnd total leaf number counted. Leaf length, as an indicator or plant
water status throughout the experiment as impacted by cell elongation (Pallardy, 2008), of the
four most apical matureaves was measured from base to tip (excluding petiole) on all

harvested plants. Shoots were severed (above substrate plant material) at the surface of the
substrate and washed roots free of substrate. All plant tissue was dried in a convection®ven at 5

G for 7 d.

Plant water availability We turned off irrigation, removed the spray stake, and hand watered

two plants and a fallow container in each replication to effective CC. One plant and one fallow
container were placed on a lysimeter in each itiegazone. Wateloss through evaporation

and/or transpiratiowas recordedntil all plants were completely vdd for >2 d beginning 32

DAI. Volumetric water contentada were fit to a model which calculated the point where the
transition from nonlineafduring ET) to linear (evaporation) occurred. The VWC determined to

be the transition between ET and evaporation was then converted to water potentiag utilizi

MCC data for each substrate. Daily reductions in substrate VWC were also plotted against VWC.
Utilizing these data plots, the intersection where the data become asymptotic was used to

determine when water loss switched from primarily transpiration to primarily evaporation.

Data analysisData presented in tables with associated statistics wergzadah JMP Pro
(12.0.1, SAS I nstitute, | nUe0.05) to€@mpare,theNC) ut i | i

engineered substrates to the UB (control). We separated the means of the three engineered
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substrates with Tukey’s Holr@0S)t WefitssoistgtlCT i c an't
data toanexisting mode(Brooks ad Corey, 1964itilizing HypropFit softwareThe MCC data

based on effective saturation measured via the evaporative method were utilized along with the
K(¥Y) measurements to fit a K(W) model i n Hypr
measured tensionrange and weighd t he act ual K(WY) measur ement :
The fit was computed (in HypropFit) with a nonlinear regression algorithm that minimized the

sum of weighted squared residuals between model prediction (based on MCC measures) and

me a s u r eddta. Rdot¥ean square error (RMSE) were computed to determine how strong

the K(WY) model fit the measured K(W) dat a.

Data in tables without accompanying statistics was computed from raw data fit to, and
therefore we did not have any further statisticeeissed. Correlation data,erecalculated
using Pearson produnotoment correlation coefficient in JMP Pro (12.0.1). Nonlinear regression
for determining critical transition between linear and nonlinear data in the water availability

study was calculatedilizing PROC NLIN in SAS (9.3, SAS Institute, Cary, NC).

Results and discussion

Physical propertiesThe physical properties of FB and UB were within ranges recommended by
BMPs (Bilderback et al., 2013). Minimum AS in BC and BP was outside of the B\gf@ ran

(Table 1). Total porosity varied with FB and BP porosity being an average of 6.6% (by vol.)
greater than UB and 3.3% less than BC. The BC had the largest TP, indicating increased porosity
in when coarse bark is equally amended wihr andto peat thecoir amendment will form

increased porosityMinimum air space between BP, BC, and UB ranged from 30.7% to 40.6%
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(by vol.; Table 1). The UBvas neathe upper limit of recommended AS. The screening process
removed 50% of the volume from the coarse batkclwvwas replaced by only 35% of the

fibrous materials, and therefore the BP and BC had a larger percentage of coarse bark particles.
Pine bark screened to < 4 mm (FB) had an =18%
vol.) increasing substrate wate st or age =650 mL compared to the

when scaled up to a 3.9 L container.

Bulk density of engineered substrates (FB, BP, BC) differed from conventional UB, with
peat or coir amen &ksand BEbkingtD.ah- rEgreafer(Table 1)y - ¢ m
This result demonstrates the dominance of the overall amount of pine bake in the container as
seen in parby examining the particle texture class. Fine bark (FB) had approximately twice the
amount of fine (< 0.7 mm) particlesropared to the other substrates. The particle textures of
UB increased by fine < medium < coarse patrticles, unlike the fiber amended substrates which
had the largest percentage of coarse particles and lowest percentage of medium particles (Table
1). The renoval of bark fines and subsequent replacement with fibrous materials (with lower Db
than bark) resulted in reduced overall Db similar to previous observations by Pokorny et al.
(1986). The Db of FB was greater than all other substrates resulting frooeded8 incurred
from removing coarse particles. Bulk density is an important factor in developing soilless
substrates, as lighter substrates are less costly to transport (Knox and Chappell, 2014). As a
result we believe thajood growthand crop water dyamics in BP and BC may be more

advantageous that those in FB.

Hydraulic properties The K modelscalculated from MCC data and weighted with measured
values provided adequate fit for data against the measured Kndthia the r ange of 0 t

300 hPa (RMSE = 2.7, 0.3, 3.6, and 3.3 4agn/d for UB, FB, BP, and BC, respectivelyhe K
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models revealed that thedso ( K a t200WPafrom greatest to least was FB, BC, BP, and

UB. The resulting increased container capacityfareparticles from FB resulted in increased

K200 facilitating water movement within the substrate at lo@€mable 1). We further plotted

the models based on our substrate K(W) measur
resear ch [nkl®0ahdB00OhEa); W@ &] since a primary objective of the substrate
engineering process was to increase K when co

increased Kp by approximately an order of magnitude.

We were unable to detect any diffeces inKs between UB and BP or FB. HoweVv&,
of BC was more than twiddevalue of any other substrate (Table 1). Additionally, we
successfully increased Kp in all three engineered substrates (Fegnipared to UBWe
wanted to know iKswas correlged to Kp and as a result calculated the value.gb from the
models repreented in Table 1. We foutttle correlation ¢ = 0.04, P = 0.8985 betweerK 2o
andKs. This leads us to believe that whidgis easily measured, knowirkg; may not inform
pactitioners about Kp at | east at | ower VY. Ho\

utilizing other production WY, as often crops

The MCCs of substrates with fibrous additions (BP, BC) fihngi8rooks and Corey
model (1964;Fig. 2 C & D) exhibitpronouncedimodal curvature, which is not observed in FB
(Fig. 2B). We observe slight bimodal curvature in the UB (Fig. 2A). Therefore, the MCC shape
leads us to theorize there is roontinuous porsize distribution likely due to variation in
particle size between the largest fibrous particles and smallestipéatbark) particles. These
shifts occ u2bam¥5 hPairbbeth sulsseates at which point water is considered

to be readily wailable to plants (Pustjarvi and Robertson, 1975). This indicates these substrates
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would retain more water in these rangesreased tensions must be used to cause water to

vacate poreassociated with these tensions.

The Brooks and Corey model paramsteere further utilized to provide estimations of
the largest pore diameter and pore uniformity. The models provided a strong fit to the data for all
substrates (Table 2). The air entry pressure, considered to be representative of the largest pore
diameter can be transformed utilizing the kelvin equation (Hillel, 1998) to calculate the pore
diameters of the largest free void space across substrates as follows: FB = 0.08 cm < UB =0.14
cm < BC =0.29 cm < BP = 0.51 cm. The greatest air entry point anggonging smallest
pore in FB was because of increased fine texture particles compared to UB. We observed that the
replacement of fine bark particles in BP and BC with fibers allowed larger pores to form within
the substrate, when compared to UB. We hymgeethis is a result of the physical form of the
fibers themselves as-lc&@eif wbaepdscompheentote t&
fibers.Information on air entry and corresponding largest void space is informative for some
metrics like gas ditisivity (Caron et al., 2005), it wageaklycorrelated tKs (r =-0.35,P =
0.6502),and correlated witK 0 (r =-0.71; 0.2904. This was unexpected as we would believe
that BP, with the largest pore, would have the highgshévever, the nature pbre
connectivity, pore accessibility likely influenckg more (Hunt et al., 2013). We can also
calcul ate pore size distribution index (A), i
uni formity; however, RopoWwa®k27 R=@7RI)gswellaswitke | at ed
Ks(r =-0.32 P =0.6773 across substrates. Pore size distribution index, was shown previously

in this dissertation (Chapter 3)be correlated witl f or  W-50 and-1@GEh&an

We can also use the MCC modelstodoiect t he VWC of the substr

i nst an-t.eMPaNavebeen utilized by soil scientists and engineers to provide estimations
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of unavailable water (UW) for agricultural crops. Utilizing the models, we predict the VWC at

1.5 MPa for BR9.63%) > BC (7.084) > UB (5.44%4) > FB (3.734). These predictions

correspond with previous research that fiborous materials will retain larger volumes of water at

low tensions than bark (Fields et al., 2014). Furthermore, the increased Kp of the FB leads u
believe that since water moves more easily at
near-1.5 MPa, which is confirmed with the correlation between Kp and U¥@.60 P =

0.4648.

Initial baseline harvestWe were unable to detect adifferences among the treatments for Gl

(P =0.0806), LA P =0.2243), compactnesB € 0.6728), rooting deptiP(= 0.3150), shoot dry
weight ( = 0.2170), and root dry weigh®? € 0.1609 atthe initiationof the experimentThere

were detectable differeneamongtreatments in R:S(=0.0351)andL (P= 0. 0228) . Tuk
HSD detected that BP had a higher R:S than UB (5.34 to 3.06, respectively), and that BC had
greaterLL than FB (99.2 to 74.&hm, respectively). Aside from these two anomalesich

were [kely a result of the improved rooting of liners in the fibrous matemayther differences
were detectetietween plantat the initiation of the studyo treatment differencesere

detectedor EC (P = 0.4947) however, we did observe a differenceph (P = 0.0003) with the

BP having=1.2lower pH than the rest of the treatments (5.5 as opposed.i). The difference

in pH was expected, as the peat reduces the substrate pH more thi@hbarket al., 1994)r

coir (Abad et al., 2002)ue to thenherent lower pH in peaMoreover H. arborescens known

to be pH insensitivéDirr, 2009)and all four values fall withior just abovehe optimal pH

range of 3% to 6.5 (Halcomb and Reed, 2012

Low water crop productionThroughout the experimetite difference in GIA G ¥ culminaton

Gl - initiation Gl) indicatesplant growthin FB and BCaccelerated after 11 DAWwhile plants in
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BP and UBgrew slowerHereon A prior to a metric denotes the difference between values at O
and 32 DAI. Ater 21 DAI, plants began to grow fasterB#® than if produced in UB (Fig.)3
Substrate Ko decreases from log.70 cm/d (BC) to log6.77 cm/d (UB), in the same sequence
as observed in final Gl (data not shown). Th& Wwas correlated with Jgo(r = 0.69 P =

0.0119 which further provides evideadp impacts growth, possibly water stress, for container
crops gr own-100 and300 Pa. Howewethe correlation betweeh G &ndKswas
weak(r = 0.15,P = 0.6329; therefore, we conclude that Kpnsore informative in container
productionasopposed t&swhich may be informative on water application rate and efficiency
due localized pore saturation during initial irrigati@iopA G1 i n  Fvasgaeater thahC
that of UB(P = 0.0287; Table B With the substrate water potential below oyati conditions,
the UB (which aligns with the SNA BMP’'s for s
the plant with sufficient water taupportequal growth as compared to the other treatments with
increased KThis inability to access water UB is not believed to be a result of root contact as
there were no differencés final rooting depth(P = 0.8225) nor R:SK = 0.4048; data not

shown)

There were no differences between treatmenfsrimoting depth, as nearly all plants had
roots which reached the bottom of the contain
pl ants when compared to those in UB, and incr
to UB plants (Table 3). We alsob s er ved overal |l tPr=e @t M&rit3) e fafnac
(P = 0.0460) which indicate differences in water stress exhibited by the plants due to the
substrate. Leaf area and reduced LL have been both shown to have direct relationship with
moisture cotent and subsequent drought stress (van lersel and Nemali, 2004) or as a metric of

drought stress indicated by leaf expangidcCree, 1986), respectively.h e corr el ati on
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with Kz (r = 0.68 P = 0.0147 illustrates that Kggan be utilized to estiate any potential

effectsofwat er stress perceived by plants.P=There w
0.0292), BP plants had more negative AR: S tha
artifact of the initial rooting differences. Th&pts grown in BC had increas@Accompactness

than those in UBH = 0.0782; Table 3). The increased compactness indicates more mass per

canopy volume and has been linked to increased substrate moisture (Bayer et al., 2013).

Moreover, we observed that planh BC had largeA compactness than plants in BP, which

points to the differences in the fiber amendments. We were unable to find any final
morphologicalmetrics with strong correlations K (r < |0.4502]| in all cases). In fact, all final

physiologicalmetrics were more strongly correlated withdthanKs.

On 32 DAlthe treatment effectsf total G| were more pronounced across all treatments
(P <0.0001), with theotal GI of the plants grown in BC (451ddn) was the greatest in the
experiment, FB (425) and BP (376.9) were similar and UB (307.7) the lovidant maximum
growth may have occurred in BC versus FB because of superior air exchange throughout
establishment, acclimation and experimentation. Plants growB inad the lowedinal LA (P
=0.0287)andLL (P = <0.0001) as well ashe lowestompaahess(P = 0.0396 at the end of
the study As a result, the engineered substrates produnceghologicallysuperior crops
compared tahe UB controlFig. 4). Furthermore, the plants in BC had theagest
compactness, LA, and the plants in FB had the greatest LL. The plants produced in UB exhibited
signs of drought stress in nearly every measured metric. We hypothesize that this is a result of
increased Kpn FB, BP, and BGllowing water to be attaed when needed but not restricting
the air space necessary for healthy growth. Also, the plants in BC established more rapidly after

transplant (personal observation) which may have been due to the added airspace.
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Plants in all treatments received &tivater throughout the production cycle (< 6.7 L per
plant; Table 4). Plants in FB and BC used =3
ET being influenced by treatmem® £ 0.0188;Table4 ) . |l rri gati on systems d
been shown toeduce water application (Scheiber and Beeson, 2006). Additionally, we were able
to detect differences between plants in UB andghio®oth FB and BC in ET argdant dry
mass) , as wel | a s Pt 0.@047t Tmder). Evenfwithethedeasfis,woen A C  (
we calcul ate WUE o0V eptant drhneasseexapeeimablen@detectapye T + A
treatment effectsdR = 0.5749; Table 4). Therefore, we did not effectively alter the WUE of
plants by altering substrate hydrophysical properties. Conyemahts in UB had the lowest
shoot dry mass, indicating swiptimal irrigation P = 0.0077; KlockMoore and Broschat,

2001).

All treatments had leaching fractions (water leached + water applied) < 0.09, which
shows that between 91% and 99% of the waiplied, was used by the plamisevaporated
fromthe containef Tabl e 4). The irrigation syste-m provi
300 hPa. We observed that plants in FB and BC were irrigated more frequently than plants in UB
(Table 4). Additionally, data was used to calculate time average applicati¢R +a@0107;
Table 4) which confirmed rate of water application was greatest to crops produced in BC (8.6
mL Hh, and | e as t?)indicatingEhe incfedsedKp allowedthese plants to readily
draw water from t he s utaldrtigatians everproducign, t hus i nc

Converselythere were no differences in irrigation frequeaoyongst the treatments (Table 4).

Net photosynthesis, measured 17 DAI, differed between crops grown in the FB and UB
(P= 0.0812) wutil i ze?5) gherbweneme dther differencessamong theattirde

engineered treatments in Pn, gs, and transpiration. Still correlations betyggandPn, gs, and
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transpiration existed & 0.67, 0.61and 0.6, respectivelyP = 0.0179, 0.0340, and 0.0205,
respeavely) , further i1indicating the influence of K
suboptimal. At 32 DAI, instantaneous gas exchange measurements of crops grown in UB and FB
differed (Table 5). Additionally, gand transpiration were more strongly correlated witfy K

than on 17 DAI(=0.71 and 0.74 respectively = 0.0093 and 0.0058, respectivelyith Pn
correlation nearly identical € 0.65 P = 0.0182, alludingto the increasing importance of Kp as
the crop grows and requires more resources. The diffeneges exchangeetween 17 and 32

DAl is likely an artifact ofincreased vigor plantsis increased LA indicates increased
transpiration (Vertessy et al., 1995). Stem water potential measures on 32 DAI were not
influenced by treatmenP(= 0.6043), nor wathere a strong correlation withydg (Table 5).
Conversely, stem water potential correlated with Pn, gs, and transpiration on 320efvéen
0.64and 0.4 for all three metrics). These instantaneous measures should be utilized as relative
measures toampare treatments, and not make assumptions of total crop perforasahes are

only indicative of the plants at that point in tinkdants in the FB treatment had the largest
measured Pn, gs, and transpiration of all the treatments at 32 DAI. InstarsANUE (Pn +
transpiration) values for UB (17 DAI 3.55, 32 DAI 2.69), FB (17 DAI 2.89, 32 DAI 2.67), BP

(17 DAI 3.56, 32 DAI 3.05), and BC (17 DAI 3.76, 32 DAI 2.01) indicates that plants in all
treatments were using water more efficiently on 17 DAI B@aAl, which is hypothesized to

be a result of increased growth and vigor (LA and @&if could be an artifact of varying
environmental conditionAlso, FB and BC grew faster and with increased vigor when

compared to other plants, but the plants inv&fPe consuming the least water per carbon fixed at

32 DAL
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Instantaneous WUE was greatest in plants grown in PB at 32 DAI; however, this may
have been a result of less developkhts grown in UB skewing measures (Fig\While all
three engineered substes (excluding UB) were capable of producing marketable crops at this
Yp (Fig. 4), the BC and FB produced mar ket abl
market. Since the difference in water per plant was not extreme and the leaching fraetiens (
wasted) was minimal across all treatments, it would likely be worth the added water inputs to
push plants to marketable levels soomértich in itself would reduce water consumptidine
UB, which was within the BMP recommendations for physical ptase was unable to
maintain proper hydration throughout the experimental portion of the study. We hypothesize that
thisis likelyares | t of reduced Kp, which we believe wi

in even drier production scenarios

Plant available waterThe plant utilized water in FB for 12.16 d, after bemggtedto

effective CC and water withheld, at which poirdterloss was primarily due to evaporation

(Table 6). This was the least time for a plant to reach this;gwmtever, this is likely a result of

increased plant siz&he plants in PB, BC, and UB followed in sequence. This timing follows

similar sequenceas koo, aside from the reversal of PB and BC, which is likely a result of an
inverse relationship bet we-d00hRa (GhdpterSEhare¢foreand c o
since the plant experienced a wide heanrge of W
Y, the K of BP mayThbkimnal Glandd A of thd plasiswoldd alsd be & C .

major driver of time taken to reach the VWC that transpiration reduces and water loss is

primarily driven by evaporation, However, since there was rierdiice in final Gl between

plants grown in FB and BC,envhypothesize that the increased K allows for the plants to absorb

water from the substrate at a higher rate, consuming available water more readily.
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The reductions in VWC over each 24 h period (fi@®@0 hr to 0000hr) were plotted
against the total VWC for the substrate (Fig. 5). These data show a clear switch to an asymptotic
relationship at the same calculated VWC critical pdihe change in this relationship was equal

to the nonlinear to linear breakpoint in VWC over time regres$imobserved that the UB and

BP were at similar VWC when waterlosatn si t i oned from ET to evapor

in FB and CB also ceased water uptake at similar VWC (10.1; Table 6). The increased K in the
FB and CB may have allowed for more water to be removed; however the slight difference
between the four substest may correspond with the lack of difference of final R:S, which has
been known to indicate water availability (Harris, 1914). Further conversions of the VWC

critical points, utilizing MCC models, we see that the plants in the UB and FB ceased
withdrawingwa t e r -@10 MR&, and the plants in BP and BC wer®&5 MPa when

plants stopped removing water from the substrate. Nageswere much higher than we had
hypothesized based on previous research (Chapter 3), asnoneofthgp s a p pfr-IoS5a ¢ h e d
MPaaswe provided previously in this dissertation (ChapterT3)is to be apeciesspecifictrait.
Hydrangea spare known to flag, or readily wilt without continuous water during high
temperature§ O' Me ar a eThereamMas np coelatldiet ween W at whi ch
stopped absorbing water andokor Ks. Conversely, the VWC critical point was correlated with

K200 (r =-0.78, P = 0.2232. Both these values are basedmodels and therefore based on low

total data points (n = 4).

Conclusiors

Measurement of substrate Kp was correlated to measured parameters of crop morphology
and physiology, suggesting it is a meaningful metric for evaluating@ngaring substrates.

Substratés, while more commonly measured, is not correlated to Kp, nomglly correlated to
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any physiological or morphological metric, and therefore does not yield information that will

help predict crop success as measured by growth and appearance. Furthermore, increased
substrate Kp will allow plants to access water necggsanot only sustain vigor, but also

produce marketable crops utilizing less water. The increasditedy allows for quicker time to

market for ornamental containerized crops. Crops can be produced with minimal water loss from
leaching when specializedngineered substrates with increbKeare used and irrigation is
managed to hol d-1@awpis. Additiondly, theelatwwauenas of water the

plant receives will provide growers with water savings during production. We also observed that

| ower productiomt¥y diod coott i eruaeblwe t phlda awi ng wa
previous research and hypothesize that this is more of a species artifact. From previous research
we understand that substrate K is different o
suitableforevery WY range. The coir fiber seems to i
<-100 hPa, and provides more AS which will benefit gas exchange if crops become over

hydrated. The high percentage of fine particles in FB, which was designed fordaisan

scenario, produced high quality plants in this research. However, if utilized in traditionally

irrigated systems or in production that includes precipitation, gas exchange would likely be

limiting and deleteriously influence crop vigor. Furthesearchnto utilization of substrat&,

V WC, rel&8tionships will leado develoment ofsubstrates that hold mosafficientwhen dry

but continue to allow ampldrairagereadily whenn higher moisture systems.
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Figure Captions

Figure 1. Hydraulic conductivity models for substrate water potential betd66rand-300
hPa, based off data from evaporatmeisture tension and hydraulic conductivity
measuresf four experimental barkasedsubstrates. Substrates include a control (UB),
bark particles < 4 mm (FB), bark > 4 mm with 35% by &ghagnunpeat moss (BP),
and bark > 4 mm with 35% coconut coir (BC).

Figure 2. Moisture characteristic data (points) fit to a Brooks and Corey (df2giel (line) for
four experimental barbased substrates. Data measured via evaporative method,
porometer, and dewpoint potentiametry. Substrates include a control unscreened bark
(A), bark particles <4 mm (B), bark > 4 mm with 35% by ®phagnunpeatmoss (C),

and bark > 4 mm with 35% coconut coir (D).

Figure 3. Growth index of containerized plants grown in four experimental subsiratédstrate
water potentials betweet00 and-300 hPa for 32 days. Plant growth index was
normalized to at the indtion of the research to demonstrate changes over the
experimental production period. Substrates include a control (UB), bark particles <4 mm
(FB), bark > 4 mm with 35% by vaBphagnunpeat moss (BP), and bark > 4 mm with
35% coconut coir (BC).

Figure 4.A digital image of a representative plant from each of the four experimental substrate
treatments collected 33 days after initiation of the low substrate water potential irrigation
management. Substrates include an unscreened control bark (UB), balkpart mm

(FB), bark > 4 mm with 35% by vabphagnunpeat moss (BP), and bark > 4 mm with

35% coconut coir (BC).
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Figure 5.The reduction in volumetric water contentfofir experimental pine barkased
substrates used to produdgdrangea arborescergantes. Substrateadluded
unscreened pine bark B), bark particles that pass through.&@ mm screen (FB
bark particles that do not pass through@mm screen while at 65% moisture content
amended with fibrous materials includin@ Sphagnum peaBP) and 40% coconut
coir (BC) by volume. Substrates with fully rooted plants were watered to effective
container capacity (maximum water holding capaaiéyspray stake irrigaitQrprior
to allowing to dry past permanent wilt until the plant ceased vathithg water from
the substrate. Daily reduction in substrate volumetric water contents were plotted
against volumetric water content for each substrate to illustrate at what volumetric
water content evapotranspiration shifts to primarily evaporation dolenod water

uptake diminishing.
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Table 1. Hydrophysical properties for four bark substrates maintained at low substrate water potentials. Substrates incli
control (UB), bark particles <4 mm (FB), bark > 4 mm with 35% by Sphagnunpeatmoss (BP), abark > 4 mm with 35%
coconut coir (BC).

Substrate Static physical propertiés Hydraulic conductivity Particle texture classes
Minimum Container Total Bulk Saturated Water potential Coarse  Med Fine
air space  capacity porosity density  (cm/d)  =-200 hPa (ghc (gHg (ghc
(percent (percent (percent ( g -~k (logio cm/d)
vol.) vol.) vol.)

Unscreened (UB) 30.7 45.2 75.9 0.19 8128 -6.77 0.52 0.29 0.18

Fines (FB) 18.2 &% 64.1b* 823b* 0.24a* 8530 b -3.70 0.18 b* 0.50a* 0.32a*

Bark-peat (BP) 37.0b* 456a 82.6 b* 0.13 b* 7731 b -6.25 0.71a* 0.16b* 0.13b

Bark-coir (BC) 406 b* 451a 85.7a* 0.13 b* 19227 a* -5.57 0.71a* 0.18b* 0.11b

Pval <0.0001 <0.0001 0.0004 <0.0001 0.0102 NA <0.00M1 <0.0001 0.0015

*Measured via porometer analysis. Total porosity = minimum air space + maximum water holding (container capacity)
PPercent of particle dry weight occupying coarse > 2.0 mm, 2.0 > medium > 0.7, and fine <0.7 mm. 5
‘Letters denote detectedi f f er ences among means of three engineelW=d
0.05).

dasterisk denotes detected differences between treatment and UB (control)

*Measures of overall treatment effects utilizing ANOVA analysis.
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Table2. Model parameters and measures of fit for moisture characteristic data fit to
Brooks and Corey model (1964) for four bark substrates. Substrates include a contr
(UB), bark particles <4 mm (FB), bark > 4 mm with 35% by $ghagnunpeat moss
(BP), and bark > 4 mm with 35% coconut coir (BC).

Model parameters Measures of fit

Substrate Saturation Residual Air Pore R? RMSE

water water entry size dist. (cm®cm’®)

content content point index

Os or hp A

(cm®cm?®)  (cm*>cm®) (1/cm)
Unscreened (UB 0.76 0.09 2.1555 0.3905 0.99 1.8568
Fines (FB) 0.85 74x10° 3.7464 0.3771 0.98 26717
Bark-peat (BP) 0.81 51x10° 05813 0.2092 0.99 1.6813
Bark-coir (BC)  0.86 0.06 1.0193 0.2602 0.98 4.3528

®Root mean square error of predicted (model) data vs observed (measured) data pc

Table 3. Differences in plant physiological and morphological measures fromonitiat

culmination of low substrate water potential production (i.e. value at 32 DAIAI). Root vigc
rating is a subjective measure only of the final rooting determined by an author at harves
DAI). Substrates include a control unscreened barK) (b&k particles <4 mm (FB), bark > «
mm with 35% by volSphagnunpeat moss (BP), and bark > 4 mm with 35% coconut coir (

Substrate Leaf Leaf Root  Root: Compactness Growth Root
lengtt? ared depti Shoof (g-cxm indeX  vigor
(mm)  (cn) (mm) (cm) rating

Unscreened (UB' 15.0 865.1 20.00 -2.701 0.1341 60.7 1.3

Fines (FB) 48.6¥ 1983.2 26.67 -3.458 0.2397 ab 169.5* 2.8*

Bark-peat (BP) 29.5 14544 14.17 -5.042* 0.2016b 101.4 2.2
Bark-coir (BC)  18.7 2860.3* 9.17 -3.846 0.3744 a* 151.00 2.5*

Pval 0.0460 0.0313 0.4965 0.0292 0.0782 0.0162 0.0225

“Distance between leaf tip and base (excluding petiole).

PTotal area of leaves measured with a Leaf Area MeteB800c; LFCOR Biosciences)
‘Deepest depth in container explored by root system.

9Dry mass of root system + dry mass of shoot system.

°Shoot dry mass + shoot height.

'Canopy volume, calculated as [(height + widest width + perpendicular width) + 3]

9 Asterisk denotes detected differences between treatment and UB (control)

"Letters dente detected differences among means of three engineered substrates (FB, BP,
BC) wutilizingoDikey' s HSD (

'Measures of overall treatment effects utilizing ANOVA analysis.
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Table 4. Irrigation and water use efficiency (WUE) metrics for 32 d of containerized plant
production for four substrates held at substrate water potentials beti@®eand-300hPa.
Plants were irrigated with pressure compensating spray stakes based on lysimeter readin
Substrates include a control unscreened bark (UB), bark particles <4 mm (FB), bark > 4 |
with 35% by vol.Sphagnunpeat moss (BP), and bark > 4 mm with 3586anut coir (BC).

Substrate  Evapo Leaching Increase in Irrigation Time WUE®

transpiratiof fractio’  plantdry  frequency  average  (glicmd)

(L) (cm*>cm®) mas$ (irrigations/d  application

Q) ) raté
(cm>h™h)

Unscreened (UB, 5 g 0.05 15.3 069 3.87 183.0
Fines (FB) 5.3+ 0.01 23.7 §* 0.71 6.92* 223.6
Bark-peat (BP) 4.5 0.09 21.8b 061 6.37 206.4
Bark-coir (BC) 6.3* 0.06 325 a* 0.71 8.59* 193.8
Pval 0.0188 0.0992 0.0017 0.2442 0.0107 0.5749

Water loss by substrafgant system (excluding leaching) measured by lysimeter.

PWater leached + water applied.

“The differance in plant dry mass between initiation and culmination of the low substrate w
potential production portion of this experimentation.

%olume of water applied + time of production

*Measured as evapotranspiration + carbon acquisition over low waégtipbproduction
"Asterisk denotes detected differences between treatment and UB (control)

9YLetters denote detected differences among means of three engineered substrates (FB, E
BC) utilizindE0Di.key' s HSD (

"Measures of overall treatmerffezts utilizing ANOVA analysis.
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Table 5. Instantaneous measures of plant water relations for four experimental bark substrates. Substrates inclufig¢B),doeutikc
particles < 4 mm (FB), bark > 4 mm with 35% by \®hhagnunpeat moss (BP), artzhrk > 4 mm with 35% coconut coir (BC).
Data were measured on 17 and 32 days after initiation (DAI) of an experiment where substrate water potential was heltBet
and-300 hPa. Data were measured with a portable photosynthesis meB$DR_6400xt)

17 DAI 32 DAI

Substrate Net Stomatal N Net Stomatal — Stem
. Transpiration Transpiration
photosynthesis conductance

( mmoist photosynthesis conductance ( mmofs? wate
( mmofst 1 ( mofstnm H.0) ( mmofst 1 ( mofstm H.0) potentiaf
COy) H20) ? COy) H20) ? (-MPa)
Unscreened (UB) 3.62 0.0335 1.02 2.54 0.0472 1.12 1.41
Fines (FB) 9.99% 0.1421 3.35 7.08* 0.1206* 2.65* 1.03
Bark-peat (BP) 5.13 0.0493 1.44 4.21 0.0589 1.38 1.10
Bark-coir (BC) 8.13 0.0769 2.16 3.99 0.0859 1.99 1.15
Pvaf 0.1196 0.2625 0.1840 0.1403 0.0719 0.0964 0.6043
r - Kooo 0.6667 0.6131 0.6563 0.6656 0.7415 0.7123 -0.3374

®Measured on apical stem consisting of three nodes immediately after severing, utilizing a Model 600 pressure chamber (PI
Instruments, AlbanyOR).

’Ast eri sk denotes difference detected between repleBEnt
“‘Measures of overall treatment effects utilizing ANOVA analysis.

dPearson’s correl ati on racliccosductvitytat watertpatemtzlf200shRatasdtthe metrie bey ahalyze
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Table 6. Plant water uptake cutoff points for four experimental bark substrates. Substrates include a control (UBjleark
4 mm (FB), bark > 4 mm with 35% by V&phagnunpeat moss (BP), and bark > 4 mm with 35% coconut coir (BC). Plante«
substrate watered to maximum water holding capacity and allowed to dry down until plant stopped withdrawing water frc
substrate.

Substrate Unscreened (UB) Fines (FB) Bark-peat (BP) Bark-coir (BC)
Water content (hm®? 0.126 (0.120, 0.133)  0.101 (0.095, 0.107) 0.134 (0.128, 0.140) 0.102 (0.095, 0.109)
Water potential {MPayf 0.09 (0.07, 0.10) 0.11 (0.09, 0.13) 0.32 (0.25, 0.39) 0.37 (0.29, 0.47)
RMSE (g) 16.79 28.04 2257 21.68

&/alues in parentheses represent a 95% confidence interval from the mean value.

®\olumetric water content calculated at time of cessation of water withdrawal.

‘Substrate water potential utilizing substrate moisture characteristic data modetedks and Corey model for conversions.
YRoot mean square errof the data points to the nonlinear to linear regression mbaséd on container system mass
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Figure 1
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Figure 2.
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Figure 3.
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Figure 4
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Figure 5
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CHAPTERV

Utilizing the HYDRUS Model as a Tool for Understanding Sollless

Substrate Water Dynamics

Formatted to fit style guide for publication in Acta Horticulture

Presented at the International Society for Horticultural Sciences, International Symposium on

Growing Media,Composting, and Substrate Analysis

Vienna, Austria, September 9, 2015

Citation:
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Abstract. Water is a finite resource that is essential for production of containerized crops.
Understanding water dynamics within soilless substrates is an essential step in maximizing crop
water use efficiency. How water is transported throughithin the substrate profile and

interacts with the void spaces as shaped by the individual substrate component particles is poorly
understood. In an effort to bridge this knowledge gap, computer models were implemented to
predict water dynamics withirubstrates comprised of different components. The soil water

model HYDRUS can predict water movement through a porous media during transient
(irrigation) and steady state (between irrigations) conditiznsur initial efforts, water

dynamics in both Sphagm peat and pine barRifus taedd..) based substrates were modeled
while progressing towards equilibrium and during a simulated irrigation event (pulse of water)
resulting in predictions with expected and realistic outcomes that coincide with observatio

from prior experiments. The model results showed that the pine bark substrate achieved
equilibrium in less time and exhibited a steeper moisture gradient during steady state conditions
than did the peat substrate. This is likely a result of largeragatuhydraulic conductivity and

lower water holding capacity in the bapksed substrate. During transient conditions, water
distribution in the peatubstratevas predicted to be uniform, as opposed to rapid preferential
movement (channeling) predictedtire pine barlsubstrateThese resultanply that itis

possible to engineer more water efficient soilless substrate and also to enact more informed
irrigation scheduling, which when combined can increase water retention and subsequent crop
water use efiiency. Future applications of HYDRUS could allow researchers to evaluate new
substrates before use in production, and improve understanding of how water interacts with

substrate particles and pores.
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Introduction

There is limited information regarding theovement and distribution of water within soilless
substrates during containerized crop production. Conventionally, horticulturists and scientists
focus on the increase in water content with decreases in height along the profile of a container
due to graitational forces and the perched water table that forms at the lower container
boundary (Bilderback and Fonteno, 1987; Owen and Altland, 2008). Pore water is held between
particles in the substrate via surface tension and cohesion, with smaller porés eapab
maintaining greater tension, which translates to a more extensive capillary fringe and
subsequently increased water holding capacity (Drzal et al., 1999). Furthermore, water content
and subsequent availability within the substrate is constantlyéitiog through irrigation events

and evapotranspiration. Water mobility and subsequent plant availability is directly related to the
energy required for water to overcome gravity amslitu physiochemical forces. Understanding

the dynamic distribution oiater in a container, as opposed to static physical properties like
container capacity (CC) and aipacgAS) is critical when engineering substrates to increase

water availability.

Water dynamic models such as HYDRUB (Simunek et al., 1997) have beeidely
adopted, yet there is relatively little information available about using such models to describe
and contrast water dynamics within soilless substrates. Raviv et al. (2004) noted the need to
determine the change in substrate water dynamics offi@sphere during and between
irrigation events. In 2005, Naasz et al. developed hydrodynamic substrate models to understand
influence of water and oxygen balance in peat substrates. Recently, Caron (2013) discussed
utilizing models such as HYDRUS to nunoally solve the Richards equation (Richards, 1931),

which describes the movement of water in unsaturated porous media. Wever et al. (2004) used

149



HYDRUS-2D to observe transport of water in substrates consisting solely of perlite. Anlauf and
Rehrmann (2012uccessfully used HYDRUSD to model water movement within a peat
substrate irrigated via ekmdflow. This model was specifically employed to predict the

capillary rise in substrate. Building on the current body of knowledge, it should be feasible to
model and compare one dimensional water movement and distribution in traditiondlasadk

and peabased soilless substrat&@herefore, our goal is to model water movement during

irrigation event and its eventual distribution after equilibration.

Thespedfic objective of thipaperwas todescribea HYDRUS 1D model for two
container substrates, a péatsed and a baitkased substrate, that are widely used to produce
nursery and greenhouse crops in the eastern US. The model was then used to compare and

cortrast water dynamics during transient and steady state conditions.

Materials and Methods

Substrate Characterization

HYDRUS-1D (version 4.16.0090; Simunek et al., 2008) models were created for a pine
barkbased [Yartsaged pine bark (Pinus taeda L., @ara Bark Products, Seaboard, NC) to 1
part sand (Heard Aggregates, Waverly, VA) by vol.] and alpased (Fafard 1P, Sun Gro,
Agawam, MA) commercially available soilless substrate (comprised primarily of Sphagnum peat
moss and perlitespecific ratios at provided. These two substrates were chosen to represent
nursery and greenhouse container substrates conventionally utilized in tAdamiit and
southeastern United States. The hydraulic properties of each substrate, including moisture
characterist curves and hydraulic conductivity, were determined using a Hyprop device (UMS,
Munich, Germany), which employs the evaporative method as first described by Wind (1968)
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and later refined by Schindler (1980). Saturated hydraulic conductivity was detetsingc

KSAT device (Decagon Devices; Pullman, WA) utilizing both constant (pine bark substrate) and
falling head (peabasedsubstrate) measurements. Static physical properties, including$;C,

total porosity(TP), and bulk density were determined wsaporometer following procedures of

Fonteno and Hardin (2010).

The moisture characteristics, with the and saturated hydraulic conductivity were fit to
models using HypropFit software (UMS, Munich, Germany) and provided all the following
model paramets needed to utilize HYDRUS. The moisture characteristic curves as a function
of volumetric water content (VWC) curves were fit to constrained van Genuchten (1980) model,
as functions of VWC.The MCC data was the used to predict hydraulic conductivigubgtrate
water potential, while weighting actual hydraulic conductivity measures from the Hyprop

analysisThe models and subsequent parameters used in HYDRUS are as follows:

Van Genuchten model:  Se = ;s__gg’; =[1+ (alhlj”]'[l'%}
S ©s a n Ks t
Substrate
(mmmn?®)  (mmmm®  (1/mm) (mm/sec)
Pine bark 0.178 0.796 0.05000 1.406 2.520 -2.00
Sphagnum peat 0.090 0.900 0.01158 1.383 0.757 0.49

Where Se represents effective saturat®nepresents VWC at both saturat@s$) and residual
er ) st at es,vetfttingpardmeters m the varcGenuchten function, h is the pressure
head K represents hydraulic conductivity at saturation, aisdthe tortuosity parameter in the

conductivity function (Simunek et al. ,2008).
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Equilibration to Steady State Condti®

In addition to hydraulic parameters, the HYDRUS model requires specification of the
domain length, boundary conditions, and initial condition. The domain was modeled as a
container of 250 mm height, representing a trade #1 container (Nursery Supplies In
Kissimmee, FL). The systems were being modeled as fallow (unplanted) containers in which the
substrate had no water loss from evapotranspiration to exclude any differences that may arise
from the presence of roots or atmospheric environment. The bppedary condition was set as
an atmospheric boundary condition and a surface layer, which allowed ponding of water to 20
mm. The lower boundary condition was set as a seepage face with a pressure head threshold of 0
mm. The initial moisture content of tsabstrates was set at the CC of the substrate, without any
moisture gradient throughout the profile. The model was then allowed to run owaioar24
period to determine steady state conditions (i.e. water distribution throughout the profile at

equilibrium).

Transient Flow post Equilibration

A new model was then produced for both of the substrates with all conditions being the
same as the previous, except the steady state conditmnsoisture gradienfyjom the former
model were incorporated intodlmodel as the initial moisture conditions at model initiation at
which time a layer of water (15 mm over one second) was applied. The layer of water was

incorporated into the system and observed as it moved through the profile of each substrate.

152



Data analysis and Interpretation

For all models, seven virtual observation nodes were placed throughout the profile to
observe water movement at each node. Observation nodes were set at O (bottom of container),

10, 63, 125, 188, 240, and 250 mm (upper surfaselustrate).
Results and Discussion
Equilibration to Steady State Conditions

The model for the peditasedsubstratavas initiated at 0.83 VWEmM®> ¢ mwithout any
gradient in moisture from the top to the bottom. After initiation, the model predicts water
redistribution due to gravitational forces over time resulting in an observed shift in water
downward creating the expected moisture gradientinvitite one dimensional, 250 mm tall
container. Within onsecond water begins to redistribute from the upper surface downward (Fig.

1A).

The rate of modeled water movement was relatively linear for 15 min, at which time the
rate of water movement beganstiow rapidly. Concurrently, the bottom of the container reached
saturation within 15 seconds, yet it took otdrour for the upper surface (0 mm) to reach
equilibrium. Equilibrium is approached aftehour throughout the profile; however, we see it
takes approximately 165 min. for water to cease movement and reach steady state conditions
(Fig. 1A). There was a temporary increase in water content at 188 mm depth as water from

shallower depths drained to lower portions of the container (Fig.Ne®\)ertheéss at
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equilibrium, there was an overall decline in water content compared to the initial condition, in

the profile from the upper threguarters (188 mm) of the column as a result of gravity.

The model for the aged pine basksedsubstratavas initiaed at 0.54&m> ¢ *wWC
without any gradient in moisture from the top to the bottom, and shows similar trends compared
to that of the aforementioned pdmtsedsubstrateWater starts moving downward in the column
within onesecond; however, in bark the wement is slowed after the first 5 min of the
simulation (Fig. 1B). Moreover, the profile approaches equilibrium within 15 min. The lower
surface takes approximately 12 min. to reach saturation (Fig. 2B), much tmmgeared tdhe
peatbasedsubstrat€Fig. 1A). This is likely a result of a significantly larger proportion of the
water needing to move from CC at the lower surface to saturation, as expected from the
relatively low CC of the barkased substrate, coupled with larger pore tortuosity ipitiee

barkbasedsubstrate.

The final steady state conditiofts the pine barkbased substraexhibit a steeper
moisture gradient throughout the profile (Fig. 1B), retaining less watapared tdhe peat
basedsubstrat€Fig. 1A). Itis hypothesized #t this is a result of the difference in pore size
distribution (PSD) among the tvaubstrateswith the peabasedsubstratdaving a more
heterogeneous PSD with more fine pores angitnebark-basedsubstratdhaving more
homogeneity within its PSD algrwith much larger pore diameters. It is further hypothesized
that the shorter time to reach equilibrium in piee bark-based substrate is a result of greater

hydraulic conductivity.

Transient Flow post Equilibration
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Application of a 15 mm pulse of wex to the model allowed for observation of water
movement over time as surveyed by change in VWC throughout thdirmeasional substrate
profile. The models were started post equilibration to ensure steady state conditions. One second
after the 15 mm pak of water is introduced into the profile, the geadedsubstratatthe upper
surface (0 mmis saturated (Fig. 3A). All 15 mm of water is unable to infiltrate the surface
resulting in ponding, which maintains saturation of the top 15 mm for 5 se@ddtefsl5
seconds the VWC at the surface had decreased by 5% below saturation and the water pulse
moved down approximately 65 mm. After 5 min, the phiaé completelynfiltrated the
substrate surface and made its way to the lower boundary of the contdiiodn subsequently
initiates the leaching of water out the bottom of the container, as the seepage face pressure head
wasovercome. After 15 min. the container approached steady state conditions (equal to that of
the initial conditions). Within onrdéourafter the pulse of water was applied moisture conditions

approached the original steady state distributions.

Thepinebark-basedsubstratdollowed similar patters when a pulse of water was
introduced into the system. In the case ofptime bark-basedsubstratethere was no observable
ponding at the surface of the container after 5 seconds (Fig. 3B), which was expected due to the
larger pores and higher hydraulic conductivity. Within 15 min the water pulse had dispersed to
approximately 175 mm down tipeofile followed by a subsequent loss in water out the bottom
of the container while a concurrent decrease in water within the upper half of the container
occurred. Unlike in the pedtasedsubstratewater began to be displaced almost instantly from

the pinebarkbasedsubstratecoupled with a rapid reduction in bottom flux.

Conclusions
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Water distributions within container substrates have primarily bieshed usingtatic
physical properties. Water inputs versus water outputs and mass balance haved&seed and
observed in great detailvater dynamics within soilless substrates have baatiedless. Water
distribution over space and time can be visually predicted using porous media models such as

HYDRUS-1D.

The HYDRUS model is able to use hydrayparameters that are commonly or easily
assessed by substrate scientists in order to predict water distribution within a containerized
substrate during both steady state and transient conditions. HYDRUS allows researchers to
simulate pulses of water gy move through the substrate, as well as providing a prediction of
the final distribution of the moisture within the substrate. Initial models have provided plausible
outcomes for the two soilless substrates modeled in this research. The incorpéadiditianal
data, including hysteretic properties of substrates, into HYDRUS will likely lead to more
accurate predictions. Utilization of the edienensional model allows for the observation of
water distribution in a vertical plane. In the future, 2@ 8D models could allow for improved
prediction of lateral water redistribution and preferential flow throughout the container.
Incorporation of data for evaporation, transpiration, and root water uptake may also increase
reliability of models used to sinate substrate water flux in production settings. The ability to
incorporate models, long utilized in soil science, into soilless substrate science may open a new

research pa#for the future.
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Figure 1. HYDRUSID output depicting water distribution in a 250 mm tall container of A)
peatbased substrate and B) pingrk-based substrate. Substrates started at container capacity
representing the horizontal line at 0&8%-cm volumetric water content (A; pediased
substrate) and 0.52m*-cm™ volumetric water content (B; pine babased substrate). Each
subsequent line off the vertical (initial moisture content) line represesit redistribution of

water at 1, 5, 15, 30, 60, 120, 3@00, 1800, and 3600 seconds.
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Figure 2. HYDRUSLD output depicting water distribution in a 250 mm tall container of A)
peatbased substrate and B) pine bhadsed substrate. Substrates started at container capacity

representing the horizontal line@B3cm®.cm® volumetric water content (pebased substrate)
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and 0.54&m®cmi® volumetric water contenpinebarkbased substrate). Each data series
represents a depth in the container with O representing the upper surface of the substrate and 250

representingtte lower surface.
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Figure 3. HYDRUSID output depicting a pulse of water moving through a 250 mm tall
container of A) peabased substrate and B) pine bhdsed substrate. The line to the furthest
right represents 1 sec duration of the model and satefequent line back to the equilibrium line

represents predicted moisture gradient at 5, 15, 30, 60, 120, 300, 900, 1800, 3600 seconds.
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Abstract. The use of computational models to predict water flux through a porous media is
commonplace in many fields of study. However, there is little research employing computational
models in soilless substrate researchraomk reported for bafkased substrate in containerized
systems. With the task of continually developing soilless substrates engineered for improved
resource sustainability in containerized crop production, soilless substrate research can benefit
from adgtion of water movement simulations to inform researchers of substrate water
dynamics. The purpose of this research was to determine if researchers could utilize readily
attainable model parameters from different methods to generate a three dimensioRJEYD
models that can accurately simulate water flow through a hydrated (maximum water holding)
and dry (pressure head = 100 cm) geded or a barkased soilless substrate within the

confines of a 3.9L container. Model predictions were generated usirgerarchten and

Mualem hydraulic parametefrom sorption, desorptiohysteretic curveandevaporative
measuresMethods were compared to measurements made in situ using a mass balance, inflow
and outflow, approach to determine model accuracy. Modeltséysio individual hydraulic
parameters was tested. It was determined that the model predictions wesemsase to

saturated volumetric water content. The model was optimized for each substrate irrahedhyd
scenario based on observatiomshe geenhouse and compared to water simulations under the
dry scenario. The hydraulic parameters calculated from desorption or hysteretic curve resulted in
an inaccurate model to simulate water flux. Sorption alone provided the most accurate simulation
of thewater balance observed in either substrate. This was hypothetically due to the decreased
saturated volumetric water content used by the model that accounted for the immobile phase of
the container void space that included inaccessible pores (trappeghedsdopic water, and

hysteretically blocked pores) that subsequently reduced water velocity and increased storage
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capacity. We concluadithat HYDRUS models can be used to predict water flux through
containers, if appropriate measurement techniques #iredtiFurthermore, models should be

calibrated to each individual scenario to provide the most accurate predictions.
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Introduction

Specialty crop production has begun a shift frorfigid production to containerized production

to incorporate more sustaible production practices (Caron et al., 2015a). Historically,
ornamental crops including small shrubs and floriculture pawearily utilized containers for
production (Raviv and Leith, 2008). However, as agricultural practices progress, larger woody
ornamental crops (Gillman et al., 2010), small fruit (Kuisma et al., 2014), vegetable (Mininni et
al., 2012), and even fruit tree (Bernardi et al., 2015) producers are switching to container
production. The cause for these shifts include ease of transpoft&tiox and Chappell, 2014),
reduction of pathogens (Carlile et al., 2015), pe=age of resources (Fonteno, 1993), and the
use of regional agricultural and industrial waste products (Raviv, 2013), all withi¢héah

creating more environmental stedship (Barrett et al., 2016; Caron and Rochefort, 2013).

Container production utilizes soilless substrates to grow crops. Soilless substrates are
often composites of organic (e$phagnunpeat, pine bark) and inorganic materials (e.g. perlite,
sand), bénded to create highly porous substrates that provide adequtitecporosity
coupled with gravitational drainage’Th® all evi
container effect phenomenon describes hovw#eeof field soils in containelisnits water
drainagedue to gravitational head not being large enough to overcome matric tensions holding
water within pores, resulting in inhibition odot growth (Bilderback, 1980). The use of soilless
substrates thus ensures that waterlogged conditio not dominate the container system and
increase the risk of pathogens and growth stunting (Bradford et al), B28fcient drainage is
also importanbecause container producers often apply excess water to reduce risk of water

stress (Mathers et.a2005).
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Soilless substrates have been thoroughly researched (Raviv and Leith, 2008) using
conventional tools such as the porometer (Fon
physical properties to ensure values are within criteria (Bilderbaalk €013) based on the
container effect. However, increased efficiency must be employed to conform to potential water
resource restrictions (Fulcher et al., 2016; Gordon et al., 2010). As a result, the importance of
dynamic substrate properties, sucluasaturated hydraulic conductivity and gas diffusivity,
must be reconsidered when engineering substrates of the future (Caron et al., 2013).
Additionally, researchers anecreasinglymeasuring how substrate physical (Altland et al., 2011,
Cannavo et al2011) and hydraulic properties (Kerloch and Michel, 2015) change during
production cycles, and within a given irrigatievent (Raviv et al., 1999)pting the change in
air-water ratio as the pore distribution rearranges, particles break down, or gty goid
space. For research to progress, a basic understanding of dynamic properties and how to
manipulate thens neededNonetheless, there is still fundamental lack of understanding of 1)
how to best quantify these dynamic properties; 2) which priepaate best correlated with plant
success; and 3) how to manipulate substrates so as to optimize their properties for use by

growers.

Computational models offer the ability to interpret and extend laboratory experiments
and improve understanding of howm@émic substrate properties influence water and solute
dynamics. Many models are compiled utilizing existing data fit to an algorithm or function
formula which allows for prediction of a variable with the input of other variables. Other models
are based 6kolving existing equations to describe physical or chemical processes, whilst still
involving the input of known or measured variables or data. One such model, currently utilized

heavily in the fields of Sbscience, engineering, amydragedogy, is tte HYDRUS computer
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model (Simunek et al., 1997). This computational program utilizes input data to numerically
solve the Richamlequation (Richards, 1931), to predict movement and location of water within

a defined system under specified chosen boundanyitoons.

While widely applied in field soils, HYDRUS has only recently been applied to predict
water flow in soilless substrates (Caron et al., 2013). For example, HYEIRU&s used to
predict the spatiaglemporal location of water in both peat and mukstrates during transient
and steadystate conditionsGhapter 5)Air and water relationships of peat substratas be
studiedthrough the use of-@limensional models (Naasz et al. 2008). Recently, Caron et al.
(2013)demonstratethe ability to utiize HYDRUS models to predict water flow in soilless
substrates, and presented the merits of utilizing the model, including more efficient use of water
in container production. Previously, the HYDR2B model has been utilized to successfully
predict water ow in perlite (Wever et al., 2004). The HYDRUS modeling software has also
been used to predict water and heat fluxes over a prolonged period (> 1 yr) in green roof
substrates (Charpentier, 2015); watevement and substrate hystesasia peat substraie an
ebb and flow production (Anlauf et al., 2012); and solute transport in soilless substrates
(Boudreau et al., 2009). To date, little research has been undertaken to adapt pine bark substrates
to porous media models (such as HYDRUS), even with >60%nibed States nurseries utilizes

bark as a primary substrate component.

The objective of this research was to determine if the HYDRUS computational model can
accurately predict water movement through containerized soilless substrates for integration int
soillesssubstrate research. We also used the model to test hydraulic parameter sensitivity, which
is important for the design and engineering of future substrates. Moreover, the laboratory

analyses to provide hydraulic measurement were tested to tamteh®w measurement
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methodology influences accuracy of model predictions. Accomplishing these objectives will
provide researchers with a bridge to utilize the HYDRUS porous media models in container
substrate research to engineer and develop more si¢asiodless substrates through improved
knowledge of parameter and analysis applications. Understanding of water dynamics in soilless

substrates is imperative if researchers want to develop more water efficient soilless substrates.

Materials and Methods

Substrate preparationwo soilless substrates were prepared to represent conventional open air
nursery production and greenhouse substrate in the Southeastern United States. A (1)
“stabil i #Hend)pind bargHends taéded..) passed through a mm screened

(Pacific Organics, Henderson, NC) blended with concrete sand at a 9:1volumetric ratio and (2)
CanadiarSphagnunpeat moss (Fafard\gawam MA) blendedwith horticultural grade super
coarse perlite at a 3:1volumetric ratio. Prior to blendihthe second substrate, tBphagnum

peat was hydrated and allowed to equilibrate for 24 h. Substrate preparation consisted of hand

blending 0.3 mof each substrate.

Substrate hydrophysical propertiestatic physical properties, including air space)(AS

container capacity (CC), total porosity (TP), and bulk density (Db) were measured on three
replicates of each substrate utilizing porometer analysis (Fonteno and Harden, 2010). Particle
size distributiorwasmeasurean three replicatesf ~100 grams oéach substratdass of

particles remaining on each sieve or in the pan after shaking three oven dried samples with a Ro
Tap shaker (R29; W.S. Tyler, Mentor, OH) equipped with 6.30, 2.00, 0.71, 0.50, 0.25, and

0.11 mm sieveand a pan for five miweredried andused to separate distributions
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A 0.2 n? sample of each substrate was sent to Laval University (Quebec City, Quebec,
Canada). Adsorption and desorption moisture characteristic curves (water potential at varying
volumetric water content; VWC) armbrresponding hydraulic conductivity (K) curves, were
generated in a 3.9 L nursery container (18 cm ht), utilizing the instantaneous profile (IP) method

(Allaire et al., 1994).

A four parameter van Genuchten (van Genuchten, 1980) model were fit tommoistu
characteristic data for both peanhd barkbased substrates, garnered from the evaporative and IP

measurements, utilizing SAS (9.4 SAS Institute, Cary, NC) as follows:

a-8r

28 _ (14 (alnlyn 7 [1]

van Genuchten model: Se =

WhereSerepresents effective saation.The parametsr©s and©r are saturated and
residual®, respectively o represents the i nyandnsissacove t he ai
fitting parameter in the van Genuchten function often considered to be indicative of the pore size

distribution (Probeska et ak006). The parametéris the water tension (cm)

Mass balance calculationg. data logger (CR1000; Campbell Scientific, Logan, UT) was fitted
with two lysimeters and placed on a bench iglasggreenhouse on 9 Jan 2016. Lysimeters were
constructed bytgaching two 853.2 chsquare Plexiglas plates to either side of a load cell{LSP
10, Transducer Techniques, Temecula, CA). The program recorded the weights of the two
lysimeters every second. A mass balance device (Fig 1.) was designed to hold a ¢cenfapher
constant rate of water to the substrate surface via pressure compensated spray stake (inflow or

influent) and measure rate amdlume of water ledwed (outflow or effluent)}to calculatewater
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movement through the container (i.e. mass balancg)9 A container with a spray stake was

placed in a funnel (16 cm i.d.) within a18.9 L bucket (Fig. 1). The buwekita window cut

into the sidewas placed on the first lysimeter. A wire was wrapped around a plastic outflow

tube affixed to the bottom dfie funnel and used to transfer effluent to a second, free standing
lysimeter. Irrigation was initiated by actuating a solenoid valve. Time until effluent was observed

and rate of inflow and outflow were measured for the duration ahtperiment Additionally,

water storage was measured as a function of weight. The mass balance device was calibrated by
applying water via the spray stake to an empty container 10 times and the mean water to

reach the collection pan after leaching from the contavas determined to be ~3 + .03 s. This

was used for correction of water flow deldye toexperimental setup. Three fallow containers

of each substrate were all oMehPagbasedodr y t o a ma
corresponding VWC from evaporati%CC measuremenfprior to measurement, and were

individually placed in the mass balance device. Water was applied at a rate bf 8(e240

cn’ atmospheric surface areand data recorded. After initial analysis, containers were watered

by hand to @ach maximum hydration (achievable by overhead irrigation), allowed to drain for 1

h, and measurements were repeated. Afti®@r both
were made. Substrate was dried atstdcaléulate” C f or
VWC of the container. Data from lysimeters and final substrate dry mass were bse# to

calculate volumetric water content (VWC) and water velocity.

Building the container system mod@&.HYDRUS 2D/3D model was created utilizing the 3D
layered domain. A container of the same dimensions as the container (upper dia. = 19.5 cm,
lower da. = 15 cm, h = 18 cm) used for txeperiments was simulated in HYDRUS utilizing the

integratel HYDRUS geometry functiond he container model was dividedar20 equidistant
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horizontal layers. The model simulated four drain holes on the sides (2 cm dia.), and a central
drain hole on the bottom (2 cm dia.) using the seepage face boundary condition, with the seepage
pressure head set to h =@h@pter V for leaching (Fig. 2). Thé&oundary conditions on the

upper surface of the container were split into atmospheric and no flux based on meadeared
distribution pattern observed during a test of the pressurgensated spray stake (as measured

by placing papetowels on the surface of the substrate and turning on the irrigafioaarea
corresponding to sprastake influence was selected as an atmospheric boundary condition,

which allows water inception, with the area not hydrated by a spray stake wasséuto

boundary condition (Fig. 2).he bulk substrate was created utilizing one material for each model

(i.e. peator barkbased substrates).

Two initial conditions wer elOQcsndddy:scedajo),i ni t i
and 2) initial sattated water content (hydrated scenario). The initial VWC for the four scenarios
were as follows: pediased hydrated = 0.506, pdmtsed dry = 0.292, batkased hydrated =
0.420, and barbased dry = 0.263 (n ). Each model run included a period of 3nprior to
water infiltration, to allow container water to distribute until reaching equilibrium as described
by Fields (ChapteY). Time variable boundary conditions were set to apply water at a rate of
0.013 cm &, which represents the applicatioreraf the spray stake corrected for measured
infiltration area. The time of irrigation varied basedconresponding experimental conditions
(i.e., peatbased hydrated = 676 s, péaised dry = 1353 s, bablased hydrated = 426 s, bark
based dry = 1287 syhe hydrated models were run to simulate a total period of 3,000 s, while
the dry models simulated a total period of 4,000he difference in model duration wéssed
on maximumperiod forin situ containers to reach steady state conditions after maxistonage

was reached.
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Sensitivity analysisThe model parameters were inputted into the HYDRUS Bydraulic

Parameters interface for each the paatl barkbased substrates. The hydrated scenarios were
utilized for the sensitivity analyses of both swates. The model then predicted the outcomes,

and four mass balance metrics were chosen to provide encompassing information to the validity
of the model to the observed scenarios. Four metrics were chosen to quantify model performance
1) water velocity though the container (measured as time between initiation of irrigation to first
leaching), 2) total volume leached, 3) maximum storage capacity (i.e. the maximum water above
the initial volume, within the container during the scenario), and 4) the VW @lyistem at the

culmination of the model.

Based on initial observations (data not shown), three hydraulic parameters were
determined tanostinfluence model predictions of the four chosen metrics. These three
pamameters wer® s o K. Asma desult, mdel sensitivity was measured on these three
parameters based on the four metrics for both substrates. Sensitivity analyses were performed by
altering each parameter individually in both directisiswulating the modegndmeasuring
effects on the fourfarementioned mass balance metriogpredict mass balance. Sensitivity
curves were created to show how changes in each parameter influenced the four metrics (all set
relative to the initial, calibrated response). The cumulative flux out of the seepadéteching)
and container system water load (storage capacity) were also plotted over time to provide visual

observations of how manipulation of parameters modified the cortaater dynamics.

Model optimizationOnce the model sensitivity for eachrgaeter was determined, this
informationwasused o opti mi ze the model . Optimization
tuning” the parameters to result in the model

outcomes for the hydrated scenarios irhlqu¢at and barkbased substrates. Once an optimized
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set of hydraulic parameters was ascertained, these hydraulic parameters were incorporated into
the dry scenario models to determine if models can be optimized by substrate alone, or if initial

VWC will require additional calibration.

Hydraulic measurement influenc&%e final portion of this experiment involved contrasting the
optimized model with models based on measured hydraulic properties. Storage capacity and
leaching curves were developed for tiptimized hydraulic model for both hydrated and dry
scenarios on both the peahd barkbased substrates. Each scenario was then computed with
hydraulic parameters measured directly frd@sorption, sorption, and a combination of the two
(to measurdéysteesig measurements from the instantaneous profile analgsesell as
evaporative measurementis provided curves for each substrate of the optimized hydraulics,
evaporative measured hydraulics, IP hydraulics with hysteresis, IP desorption only, and IP

sorption only.

Data analysisSubstrate physical property valugsrecontrasted with atest utilizing JIMP Pro
(12.0.1, SAS Institute, Inc.; Cary, NC). Moisture characteristic curves and hydraulic conductivity
curves were modeled by fitting three replies of data to van Genuchten (1980) and Mualem
(1976) models respectively (SAS v9.4, SAS Institute, Cary, NC). The sensitivity measurements
were determined by plotting relative change to the four metrics over relative change in
parameters. Data from eva@pative analysis, IP desorption, IP sorption, and IP with hysteresis
were all fit separately to both moisture models. The observed maximum storage and cumulative
leaching data were fit to a five parameter biexponential and four parameter logarithmic
functions, respectively utilizing nonlinear functions in JMP Pro. The model predictions for each

hydraulic measurement in each substsatenario were comparéalthe respective observed
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functions utilizing root mean square errors (RMSE) between the observétegnedicted

models.

Results and Discussion

Substrate hydraulic propertie$he CC of the pediased substrate and the badsed substrate

was 82.6 £ 0.1% and 54.5 + 1.1% respectively, and the AS of the substrates was 9.1 + 0.3% and
24.5 + 0.8% respeigely (Table 1). Thidalance ominimum air and maximum water aligns

with research involving these two traditionally used soilless substrates (Fields et al., 2014). In the
bark substrate, the inclusion of the sand (10% by vol.) resulteigherDb and G (data not

shown; note that sand is often incorporated to increase the weight of the eotatgrevent

container tippingand increasgwater holdingcapacity;Regan, 2014). The increased CC is most
likely a result of a larger proportion of fine sizestjicles and subsequent increased micropore
volume (Drzal et al., 1999). However, the bark based substrate also showed an increased mass
associated with coarse (> 2 mm) particles and subsequent increase in AS when compared to the
peatbased substrate (Tiabl). This was to be expected because of the wide range of platy,
particles that create namiform pore distribution as seen in previous studies in this dissertation

(Chapter 4).

The peatbased substrate exhibited greater variation amongst moistureteniste
replicates when measured via the IP method (Fig. 3) versudhaekl substrate. This is opposite
of what Fields et al. (2016) found when measuring-eat barkbased substrates with the
evaporative method. The difference between the desomatidisorption curves was greater for
the peatbased substrate than the bhdsed substrate, a phenomena also observed by Naasz et
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al. (2005) when measuring wetting and drying curves in pehbark substrates. This is in part
result of the larger propton of macropores in the babdlased substrate when compared to the
microporous nature of peat (Tsuneda et al., 2001). These large particles tend to form greater
macropore volumes within a substrate (Nkonglo and Caron, 1999), which will reduce water
restiction when moving in and out of the pores. This difference between the wetting and drying
(or water fluxing in and out of a pore) is known as hysteresis. Thebpsat substrate is

affected by hysteresis more than the Haaked substrate and likely reasore tortuous path for
water to move downward through the profile, at least when under hydrated conditiens.
difference in wettability between peat and bark ddasbeen reported to influence the hysteretic
differences, as peat exhibited a differebheéveen wetting and drying wettability whereas no
dissimilarities were observed in bark (Michel et al., 2008g large discrepancy between

wetting and drying moisture retention in peassed substrates has also been described by Otten
et al. (1999), wheeported that the difference between the wetting and drying curves increases as

water potential increases.

The evaporative measurements of moisture characteristics for thepadarkbased
substrate (Fig. ¥provided measures at lower tensions tlienlP method (betweeb00 and
700 hP& However, the VWC values measured for the paad barkbased substrates at the
lowest tensions measured by the IP desorption curves are very similar. The VW Cludgssht
substrate at1l00 hPa measured by the pugative method was 0.36 émc>mand 0.37 cth ¢°m
from the IP desorption analysis, while the bhdsed substrate 40 hPa was 0.33 chem™ and
0.29 cni-cm® measured via evaporative measurements and IP desorption analysis, respectively.

Consequently, little difference as iderin
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There are also hysteretic effects in K(VW& he two substrates (Fig);5however, the
differences are less pronounced than in the moisture retention data. The discrepancy between the
sorption and desorption unsaturated K data in thelbaskd substte is greater than what was
observed in the ped#tased substrate. While both the sorption and desorption data of tharukat
bark-based substrate exhibit an exponential relationship, the sorption and desorption measures of
peatbased substrate are maimilar than in the barkased substrate. This may be result of
increasing inaccessible pore space (increasing tortuosity) in thégmeat substrate, which do

not retard the flow of water in the bablased substrate.

The moisture retention (Fig.&4) and hydraulic conductivity data (Fig) were fit to
van Genuchten and Mualem models to provide hydraulic parameters to input into the HYDRUS
models. There were similarities between the evaporata@&sureand the IP desorption
parameters, particularlyithe moisture retention fits (Table 2). The strong fft£®.99 and
0.96 for peatand barkbased respectively) for the evaporative measures compared to the weaker
fit for the IP measures @Rf 0.35- 0.69 and 0.570.77 for peatand barkbased resmgively) is
a result of the variation in replications (Table 2). All replication data wsed simultaneoustyp

fit the data to models, and the IP measures exhibited variation among replicates (Fig 3).

Sensitivity analysisThe sensitivity of the four etrics used to describe the system (initial
velocity through container, total leaching load, maximum storage capacity, and steady state
VWOC) to the three parameters analyzed in this rese@&rsh ( a ,Ks) veenetheasured based on
relative changes (Fi@ & 7). From these relative measures, it was determined that the models
were most sensitive ¥ sfor both the peatand barkbased substrates (FigA& 7A).

Increasing and decreasifpsby 0.1 in the parameters linearly influenced all four metrics. The

leadthing load was shifted by approx. 50% for every 0.1 shi@ sfior the peatased substrate
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(Fig. 6A) and the barbased substrate shifted approx. 20% with every 0.1 steitqifrig. 7A).

The modelwvas not developed to distinguish between individual paes, and therefoyaedicts
that all pores will fill with wateuniformly as the wetting front progresses, which is likely not
occurring in the actual container system and the reason the sensit®igstgo great. In

container production, water oftehannels through profile creating a romform wetting front
(Hoskins et al., 2013). Based on model results f@ssensitivity analysist appearghat the
difference in® sused to optimize model and the measu®esfi.e. 0.29 and 0.2¢m*cm?in the

peat and barkbased, respectively) can inform researchers about volumes of trapped air inside
substrates. Air that is unable to be displaced as water moves downward through the profile likely
contributes to these observations of uneven wetting frontthdfarore, organic substrates have
highe proportions of immobile water (reduced capillary water proportithres) mineral soils

(Caron et al., 2015b), which may interfere with the flux of water through the substrate.

| had hypothesized th&t; would havebeen a limiting factor in initial water velocity and
leaching loadlue to potential shifting of unsaturated K measurfég peabased substrate did
not exhibit any increased leaching load with manipulation&saintil it was raised Y one order
of magntude (Fig. 8). Increased did increase initial water velocity (based on reduced time to
leaching) and reduced maximum storage capatipgatbased substrates (FigB)pard bark
based substrates (Fig. )YBhe initial water velocity was hypothesi toincrease with
increasings, however, the degree of influence was less than thiatsdflydraulic conductivity,
a measure based on water velocity, and degree of saturation, under unsaturated conditions was
influenced little by shiftind<s. The reductionn storage capacity resulted from the increased

water velocity reducing the time elapsed while the water was in the susstséten, thus there

176



less water was present in the system at any point in time. Final VWC was unaffected by changes

in Ksfor both the peat (Fig. 6B) and barkbased substrates (Fig. /B

Alpha, often considered to be representative of the inverse of the air entryhzallittle

influence on initial velocity, maximum storage, and final VWCtfa peatbased substrate (Fig.

6C). Howe v e r increases in a did i-basedsizstsate. Thehee t ot
was also an observed | ocal mi ni ma i n -bade®@ a se
substrate. Total | eached | cedmoresthamO.2ttiredig.t o i ncr

6C). This local minima phenomenon was not observed in theldzesdd substrate where total

leaching load continuedthbe cr eas e as «). Heveverensmsneuth st¢rdge g. 7 C
capacity, which decreaseti0.2a , i n celateeatstieedriginal value at0®@ ( FJ). g .

These variable effects of a on the four metri

calibrating ao for specific scenari os.

Hydraulic measurement influencésformation regarding the sensitivity tife parameters was

used to optimize the model, by “fine tuning”
similar to the observed data in the hydrated scenarios. Optimizing the curves was an iterative
process based on parameter sensitivity aratisit started with reducir@ s The final

optimized models had valsef © shat were below oequal to measured CC for the pbased

and barkbased substrate, respectively (Table 2). The optimized storage capacity curve for the
peatbased substrate was similar to observed (RMSE&dn®; Fig. 8A). The storage capacity

curves for the model based on the IP desorption and evaporative hydraulic parameters were

similar to each other with ~10008fh= 25% of the total ethamtem vol
the observed data (FigA3, resulting from both measurements involving drying datae

increased storage capacity was likely a result oBtlsealue being larger than the optimized
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(approx. 0.91 vs 0.68m*cm™; Table 2). The hysteretic curv® & 0.85cm*cm™) also showed

an incrased maximum storage; however, the model based on hysteresiseneags was still
draining at maximum model duratiowhich can also be observed in thanulative leaching

curve (Fig. 8). In both the maximum storage and cumulative leaching curveobisos

curve is the most similar to the observed curves (RMSE = 157.3 andchff] i@spectively).

The sorption curve measures lovésdue to trapped air during wetting cycles. Although

leaching occurred 75 s earlier in the sorption modeled scenario (Table 3), the maximum storage
capacity and total leaching load were within 206 om~5% of the container vol. The IP

desorption, IP hysresis, and evaporative curves were not similar to the observed data for any of

the measured metrics (Table 3).

When the optimized parameters from the hydrated scenario were applied to the dry
scenario for the peditased substrate, the simulated outcome® more dissimilar to the
observed measures than in the hydréRMSE = 207.3 and 373¢n° for the storage and
leaching curves, respectively; Table 3). This is likely a result of the greater difference between
© sand initial VWC, but hydrophobicity of organic materials can also lead to more rapid initial
movement (Warren and Bilderback, 2005). However, the optimized model is still more similar to
the observed than the IP desorption, IP hysteresis, and evapaona@surements. Again, the IP
sorption measurements resemble the observed data fostbodlye capacity curves (FigA9
RMSE = 143.1cm®) and cunulative leaching curves (FigB9RMSE = 265.3m°). The IP
sorptionmeasures resulted in a simulation mdrgned withobserved datan the dry scenario
thanwerethe optimizedparameters from the hydrated scenario. The observe@xiatat a
gradual sloping towards maximum storgdgey 9A) resulting from rapid channeling and early

leaching. The model was ndésigned to simulate this channeling, resulting in all pores filling
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with a definite transition from reaching maximum storage to leachingIP hysteretic
measurementsxhibit aslightgradual slope (Fig.A). This is hypothesized to result from the
hysteretic measurements providing contradicting hydrapdi@ametersas it is a combination of

the sorption and desorption measures. However, the IP desorption data negatively impacted the
hysteretic curve with increas&@lsand does not account for the trapped air. No model resulted in
leaching occuing as early as observed (Fid)9 The phenomena of observed rapid leaching is

a result of the uneven wetting front and channeling of water through the container substrate

situ (Hoskins et al., 2014). This channeling and early leaching resulted in a greater leaching load

thanthe simulations predicted (Fid3Y.

The optimized model of the hydrated bdnksed substrate fit strongly to three of the four
metrics. There was ~40 difference in total leaching load between the optimized curve and the
observed data (Table 3). The storage capacity curve for the hydrateobisacksubstrate
scenario showed strong similarities between observed data and the IP sorption model (RMSE =
163.5cm’) just like in the peabased substrates (Fig. 7B). Conversely, the cumulative leaching
volume curve was more similar to the IP desorption and evaporative models than the sorption
models (RMSE = 24.6 and 2&8°, respectively). The observed datagieed maximum storage
sooner than that in the IP desorption curve, but due to the high initial water velocity through the

container, the IP desorption showed the greatest leaching load (Table 3).

The barkbased substrate optimized hydraulic model didonovide accurate predictions
in the dry scenario (RMSE = 371.2 and 3018 for the storage and leaching curyes
respectively). The sorption measures predicted the most accurate outcomes, surpassing the
optimized model, as with the pdadsed scenario (b&e 3). The fact that the model predicts

more accurate outcomes with the use of the sorption measures leads the authors to believe that
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sorption measures are not affected by the phenomena of virtual pores to the same degree as the
other measurement method&rtual pores exist when water drains out of a larger pore when
exposed to lower tensions as a result of water flow out of the pores being restricted by
surrounding smaller diameter pores (Hunt et al., 2013). The sorption measures likely bypass
these pags altogether, resulting in the low@rsmeasures. This also leads authors to surmise that
sorption measures should be used more prevalent when simulating dry organic based substrates.
Thepredictions based ogvaporative and hysteretic measureméats not reached steady state

at the culminabn of modelsduration overestimating the ability of the bablased substrate to

store water, thus increasing the timing required to reach steady state conditions after infiltration
ceasesRecent research has shown that HYDRLIEmodels provide accurapeedictions for

perlite based substrates in ebb and flow measurements when hysteretic measurements are used to
fit hydraulic parameters (Anlauf et al., 2016). The use of perlite in that work, likely would reduce
hysteretic effects similarly to the bablased substrate in this work. However, that work was

done over a production season duration and on a larger scatpl@gcontaines). With the

precision scale used in the research herein (i.e. on single container over a single irrigation event)
we encountea different outcome. The continued irrigation and drying likely reduced the

precision of the simulation. Furthermore, the ebb and flow system used by Anlauf et al. (2016)
would experience less trapped air (as increased pore volumes become inaccessttecad
irrigation), which is why we tend to measure hydraulic properties by saturating from below
(Fonteno and Bilderback, 1993)his leads the authors to further believe that scale of simulation

and irrigation method can have a major impact on acgwfpredictions.
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Conclusiors

The goal of this research was to determine if the HYDRUS computational model could be
utilized as a tool for soilless substrate research. We determined that HYDRUS computational
modelswere most sensitive ¥ svhen compared ta  akg ahly which had lesgfluena on
predicted outcomes. The reducddparameters needed to optimize the madelgesthat the
difference in measuredersusoptimized® sis likely indicative of the inaccessible pore volume

The P desorption measurements were comparable to the evaporative measures over the water
potential range measured by both methods. However, measuring scqatidprovideresults

more likely to be encountereal situthroughproductioncycle, which repeateg undergoe$®oth
wetting and drying cycleS.herefore, we hypothesizkatsorption curvegslonecan predict real

world scenarios more accurateigrsus hysteretic curves or conventionally utilidegorption.
Measures of substrate hysteresis (desorptioisarption) tend to overestimate water flux after
prolonged periods without water infiltration, predicting longer times until steady state conditions

are reached.

In close to provide the most accurate predictiomgdel optimization igssential for all
initial conditions and production practices; however, sorption measures provide reasonable
predictions Utilizing model parameters that provide predictions comparable to observed
outcomes in hydrated scenarios does not provide predictions of dry scéméne@same degree
of accuracy. Further research is needed to determine influence of other parameters and how to

adjust hydraulic parameters to fit multiple scenarios with reasonable accuracy.
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Figure Captions.

Figure 1. Rpresentation of the mass balance system designed to measure water flux through a
container. Funnel was fit into bucket lid and provided lewédf 3.9 L container.

Lysimeters measured water flux in the system (storage) and drainage (leaching).

Figure 2. Digitalrepresentation of the upper and lower surface layers of the finite element mesh,
used to construct the container. Boundary condit@wagepresented by colored nodes
(white is no flux, green is atmospheric, and brown is seepage face). Each lateral line is a
cross section of nodes. The atmospheric boundary condition represents the area where
water infiltrates the bulk substrate systeml a&vas measured via in situ spray stake

pattern.

Figure 3. Substrateoisture tension data for A) a 3:1 (by vol.) peat: perlite substrate and B) a 9:1
(by vol.) bark: sand substrate. These data were measured utilizing an instantaneous
profile method to masure both desorption and sorption data in a 3.9 L cont&alkdl.
circlesrepresent measures of desorption (drying) cyclesamuty circlegepresent

measures of sorption (wetting) cycles.

Figure 4. Evaporativeneasures of moisture tension data forla(By vol.) peat: perlite substrate

and a 9:1 (by vol.) bark: sand substrate.
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Figure 5. Data representisgbstrate hydraulic conductivity as a function of substrate water
potential for A) 3:1 (by vol.) peat: perlite substrate and B) a 9:1 (by vak) band
substrate. Data were measured using an instantaneous profile method with both
desorption and sorption measussparatelyn a 3.9 L containeifilled circles represent

desorption (drying) measures, while empty circles represent sorption (wetegagres.

Figure 6. Sensitivitgurves for A) saturated volumetric water content, B) saturated hydraulic
conductivity, aileedin@ simubatiop & wadenflex treaugh a 3:1 (by
vol.) Sphagnum peat: perlite substrate, modeled with HYSRD in a 3.9 L container

with maximum substta hydration initial conditions.

Figure 7. Sensitivitgurves for A) saturated volumetric water content, B) saturated hydraulic
conductivity, aileedin@simubatiop af watenflext treaughn9:1 (by
vol.) stabilized pine bark: sand substrate, modeled with HYDRUS 3D in a 3.9 L container

with maximumsubstratdnydration initial conditions.

Figure 8. A) storagand B) cumulative leaching curves for a 3:1 (by vol.) Sphagnum peat:
perlite substite, modeled with HYDRUS 3D in a 3.9 L container with maximum
substrate hydration initial conditions. Curves represent either simulations based on
hydraulic parametaneasuringnethods, in situ observed data, or parameters utilized to

optimize models.
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Figure 9. A) storagand B) cumulative leaching curves for a 3:1 (by vol.) Sphagnum peat:
perlite substrate, modeled with HYDRUS 3D in a 3.9 L container with initial conditions
equal to a pressure head-d00 cm. Curves represent either simulations based on
hydraulic parametaneasuringnethods, in situ observed data, or parameigized to

optimize models.

Figure 10. A storage and B) cumulative leaching curves for a 9:1 (by vol.) stabilized
pine bark: sand substrate, modeled with HYDRUS 3D in a 3.9taower with
maximum substrate hydration initial conditions. Curves represent either
simulations based on hydraulic parameter measuring methods, in situ observed

data, or parameters utilized to optimize models.

Figure 11. A) storagand B) cumulative leding curves for a 9:1 (by vol.) stabilized
pine bark: sand substrate, modeled with HYDRUS 3D in a 3.9 L container with
initial conditions equal to a pressure headl®0 cm. Curves represent either
simulations based on hydraulic parameteasuringnethod, in situ observed

data, or parameters utilized to optimize models.
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Tables.

Table 1. Substrate physical properties and particle texture analysis for a 3:1 Sphagnum p
perlite substratgby vol.) and a 9:1 bark: sasdbstrat€by vol.).

Physical prperties Particle texture analysis

Substrate  Air space Container Total Bulk Coars@ Mediun? Finé®
(cm®cm™®) capacity porosity  density (percent (percent (percen
(cm®cm?®)  (em*cm®) (g -°c volume) volume) t

volume
)
Peat: perlite 0.091 0.826 0.917 0.11 31.7 44.0 23.7
Bark: sand 0.245 0.545 0.790 0.33 48.9 38.1 13.0
Pval <0.0001 <0.0001 .0025 <0.0001 0.0342 0.2514 0.0392

#Particle diameter > 2 mm
bParticle diameter between 2 mm and 0.7 mm
‘Particle diameter < 0.7 mm

Table 2. Hydraulic parameters for data measured via evaporative and instantaneot
profile methods fit to van €nuchten (1985) and Mualem (1976odels used in

the HYDRUS models. Also, hydraulic parameters for optimized models based on
in situ observations included

er? 65’ a’ n K f RY
Curve (mm?®  (m*m®  (cm?) (cm/sec)
Sphagnum peatmagerlite (3:1 by vol.)
Evaporative 0.09 0.90 0.11580 1.3830 0.076 0.5 0.99
IP desorption 3.68x10° 0.92 0.32874 1.2317 0.053 0.5 0.69
IP sorption  0.04 0.54 0.10019 1.2010 0.053 0.5 0.35
IP hysteresis 2.19x10" 0.85 0.33606 1.2447  0.053 05 054
Optimized 0.04 0.62 0.24000 1.2317 0.500 0.5 NA
Pine bark: sand (9:1 by vol)

Evaporative 0.18 0.80 0.50000 1.4060 0.252 05 0.96
IP desorption 6.11x10’ 0.76 0.52815 1.2503 0.180 0.5 0.57
IP sorption  0.26 0.45 0.11268 1.8761  0.180 0.5 0.77
IP hysteresis 0.26 0.76 0.29932 1.8167 0.180 05 0.71
Optimized 0.18 0.55 0.50000 1.4100 0.280 0.5 NA

®/olumetric water content when additional tension does not reduce water content
PSaurated volumetric water content

“Curve fitting parameter associated with inverse of air entry point

dcurve fitting parameter associated with pore distribution (curve shape)
®Saturated hydraulic conductivity

'Curve fitting parameter associated with torityo&unaltered in this research)
9Goodness of fit measure for ttensiondata to thevan Genuchtemodel
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Table 3. Metrics used for determining accuracy of predictive simulations efgmebbarkbased
substrates based on varying substrate hydrawjpgoty measurement methodology. Both
substrates were modeled maximum water holding and at volumetric water contents equal
potentials 0f100 hPa. Observead situmeasurements as well as hydraulic parameters used:
optimize hydrated scenarios Ilnded.

Hydraulic Time until  Maximum Total Final Irrigation Storage Leach
measurement leaching  storage leaching VWC? duration function Load
method (s) capacity  load (m>m3  (s) RMSE® RMSE

(cm®H,0)  (cmPH,0) (cm®  (cm)

Peat: perlite (3:1) at 0.506 &mm® initial moisture content

Observed 106 347 2014 0.518 676 18.2 15.2
Optimized 111 283 1870 0.520 676 66.6 75.5
Evapordive 504 1456 687 0.790 676 736.9 857.1
IP desorption 514 1482 820 0.758 676 675.7 791.7
IP sorption 31 100 1870 0.501 676 157.1 101.8
IP hysteresis 397 1375 1090 0.688 676 757.3 941.3

Peat: perlite (3:1) at 0.292 &mm 3 initial moisture content

Observed 101 850 3516 0.458 1350 21.0 40.4
Optimized 385 1032 2820 0.530 1350 207.3 373.2
Evaporative 800 2270 1810 0.775 1350 776.3 907.4
IP desorption 811 2362 1880 0.758 1350 800.4 933.3
IP sorption 358 970 2930 0.501 1350 143.1 265.2
IP hysteresis 643 2270 2140 0.684 1350 1214.8 14334

Pine bark: sand (9:1) at 0.420 tom® initial moisture content

Observed 92 197 1600 0.425 426 34.6 10.8
Optimized 81 177 4440 0.427 426 75.3 24.8
Evaporative 517 1380 518 0.749 426 904.7 28.5
IP desorption 341 943 1170 0.590 426 462.6 24.6
IP sorpion 4 0 1950 0.400 426 163.5 27.5
IP hysteresis 300 839 1440 0.531 426 375.9 281.7

Pine bark: sand (9:1) at 0.263 om® initial moisture content

Observed 79 636 3555 0.380 1287 30.7 60.8
Optimized 310 828 2930 0.427 1287 371.2 301.8
Evaporative 133 1370 3080 0.346 1287 585.4 574.5
IP desorption 577 1592 2090 0.590 1287 765.1 720.7
IP sorption 137 525 3250 0.306 1287 281.4 203.8
IP hysteresis 508 1538 2750 0.470 1287 779.6 670.5

A/olumetric water content
PRoot mean square error
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Figures.

Figure 1.

Figure 2.
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Figure 3.
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Figure 4.

Volumetric water content (cm?-cm)
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Figure 5.

Substrate water potential (hPa)
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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Figure 11.
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SUMMARY

When developing the research for my dissertation, the key aspect | wanted to investigate
the water relations between substrates and plants. Furthermore, research herein was an endeavor
to reduce water when producing containerized plargsiitess substrates. With freshwater
continulaly becoming a finite, scrutinized resource necessary for plant production, a multitude of
research efforts must be implemented to extend water in container plant production to ensure
water security in the futer Soilless substrates are utilized as a rooting medium for a majority of
container crops world wide; however, soilless substrates were initially designed to be highly
porous in an effort to reduce the container effect which restricts water drainageesit ahe
initial develpoment of soilless substrates resulted in water inneficiencies which now present an
opportunity for increased sustainability. Utilizing experties in substrate physics and plant
physiology, we hypothesized that soilless substratiedhygy could be manipulated, using
readily avaibale materials and processes, to refine substrates to provide more effstient
delivery of water to cotainerized specialty crops, with orexata crops being our specific
cynosure As a result, substmahydraulic conductivity was selected as a primarily investigated
metric to which modifications could be implemented to allow for increased water distribution

and conductance within soilless substrates.

During my M.S. research, inaccuracies were observeadditionally implemented
methods used to measure the dynamic relationship of air: water in soilless substrates. This led to
our research involving the use of the evaporative method to determine substrate hydraulic
properties. The evaporative method éwgp direct substrate water potential measurements, via

the use of a tensiometer, as a substrate sample dries through evaporation, while concurrently
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measuring gravimetric water content. Converting gravimetric water content (calculated from
balance mass msures and dry mass of the substrate) with the precise volume of the core into
volumetric water content, the relationship between substrate water potential and volumetric
water content is depicted. The particular evaporative measurement device utittaed in
research, a Hyprop, has two tensiometers positioned at different heights, which allow for
hydraulic conductivity measures when the tensiometers measure dissimilar tensions. Flux is
computed with evaporation and area of the exposed substrate surface.

The evaporative method allowed for greater data density than the use of pressure plate
extraction over the same period of time, due to the lack of necessity of bringing soil water to
equilibrium between measures. Additionally, the evaporative methochdbeghibit the same
issues associated with lack of hydraulic connectivity between substrate and the porous ceramic
plate. As a result, continued measures of reduction of volumetric water content in coarse
substrates, such as pine bark, are able to bected at tensions as low-&50 hPa. Hydraulic
connectivity was shown to break in pine bark samples at approximafehfPa in conventional
techniques employed in the past such as the pressure plate extraction method.

The next aspect of the researchdire involved the modification of substrate hydrology
focusing again on substrate hydraulic conductivity. Engineering processes including particle
fractionation, the separation of pine bark particles based on diameter while hydrated, and
replacement of fia sized bark particles with fibrous materials @phagnunpeatmoss and
coconut coir). These processing methods were selected based on the relative ease of processing,
as methods that could be incorporated by growers and/or allied suppliers withcetehbsity of
additional highly expensive infrastructure. The particle fractionation was able to increase water

holding capacity of pine bark substrates. Moreover, the additional water holding was water that
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i's hel d 00 hPaewhishiisocconsidemsabe readily available (see Appendix C). This

is believed to be resulted from shifting the relative pore size to decrease gravitational pores (that
allow water to readily drain due to gravitational forces alone) to capillary pores (which are
formed primaily between particles and water can be transferred through capillary forces, where
the majority of plant available water is stored in substrates), and hygroscopic pores (which are
films of moisture on the surface of particles and considered to be watdgdi plants). Particle
fractionation also shifted the unsaturated hydraulic conductivity of the bark materials at substrate
water potentials betweeb0 and-100 hPa (considered to be where container crops are often
grown) with reduction in mean pargcdiameter resulting in increased unsaturated hydraulic
conductivity.

The replacement of fine sized particles with fibrous mateisgdbagnunpeatmoss and
coconut coir, resulted in increased water mobility within the substrate by increased pore
connectivty and subsequent substrate water conductance (ability of water to move through a
substrate to roots or surface when local substrate water potentials were reduced). Fibrous
materials increased unsaturated hydraulic conductivity between substrate wertéalsodf-50
and-300 hPa.

The third stage of this research involved growastablishedHibiscus rosasinensid..

“Fort Mywrasyeaadaredcerls. * Annabel | e’ i n substrates
modifications using automated irrigation to maintainsstdie water potentials between either

50 and-100 hPa 0r100 and-300 hPa, respectively. When plants were grown at stable substrate

water potentials, increased substiagdraulicconductivity (within the production water

potential range) could alleveatirought stress syndromes. Furthermore, whefoptitmal

substrate water potentiald Q0 and-300 hPa) were maintained, increased substrate hydraulic
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conductivity in hydrologically modifies substrates resulted in plant access to higher proportions
of water and continue to grow and maintain marketability, unlike the conventional substrate
utilized in the nursery ornamental trade today.

The final portion of this research involved implementing the HYDRUS model, which
simulates water flux through a porousdiz to predict water movement and distribution within
a containerized soilless substrate. Stabilized pine bak peatmosdased substrates were
utilized to simulate steaestate water distributions within a container in -aliensional space.
These mdels provided information as to legitimacy of water distribution simulations for soilless
substrates.

Mass balance measures of water flux through these substrates were meastuat
both maximum hydration and at substrate water potential06fhR. After substrate water
dynamics during and after an irrigation event were observed, adimeasional representation
of a 3.9 L container was then modeled. The same twe batkpeatbased substrates were used
to simulate water flux during (transi@mnd after (until reachingteady staderrigation events
within the HYDRUS model. Four metrics to determine validity of the model based on mass
balance were selected (initial water velocity through the container based on initial leaching time,
maximum sibstrate water storage, maximum water leached, and ssést@éymoisture content).
Based on these metrics, it was determined hydraulic measures of soilless substrates, based on
desorption (drying) measures, did not provide accurate predictions of subsisst®alance.
However, sorption (wetting) did provide accurate simulations of container water flux. A
sensitivity analysis determined that the primary cause of the discrepancy was total porosity

measures. Based on this, it is hypothesized that the maméalmable to predict the phenomenal

of channeling through containers, and instead
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water through the porosity. Modifying porosity, saturated hydraulic conductivity, and a third
hydraulic parameter whiicis indicative of the air entry tension, models were calibrated to

provide an optimized model that accurately predicted mass balance of containers during and after
the irrigation event. The difference in the calibrated porosity and the measured poassity w
approximately equal to the difference between container capacity and total porosity. This led to
the hypothesis that this difference is indicative of the trapped air and inaccessible porosity within
the substrate. The total porosity measurement is fulpnsaturated samples that will allow

more pores to remain filled at container capacity due lack of release from hysteretically bound
pores.

It is believed that the use of this research can help further engineering of soilless substrate
hydrology to poduce new soilless substrates that, when used in concert with lower water
application or less frequent irrigation, will provide more sustainable container crop production
scenarios, in regards to water use. Previously, the conceptual thinking of subatragement
and characterization was based on static physical properties (i.e. maximum water holding
capacity and minimum air space). Shifting substrate science mush focus more on dynamic
properties, in specific the relationship between volumetric wateeprsubstrate water
potential, and substrate hydraulic conductivity.

Substrates that can have greater water storage without sacrificing gas exchange and allow
plants to access higher proportions of retained water will allow for crops to be produged usin
less water. This can result in plants that are equal or higher quality to plants produced in
traditional substraté@rigation settings. The use of HYDRUS models for soilless substrate water
dynamics will also provide researchers with an additional tooharacterize and predict new

substrates without the necessity initial for lasgale screening research. Better understanding of
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substrate hydrology will provide continued improvements to water and resource sustainability in
container production, whictan ensure that the ornamental crop industry can continue to thrive
as we progress into a future where water resource utilization may become unstable.

For the industry to fully benefit from this research, future research involving irrigation
delivery and mintaining hydration is needed. Providing irrigation regimes that will effectively
reduce water in concert with more water efficient substrates can provide significant reductions to
water consumption in containerized plant production. Additional invesgtigas to how to
incorporate more precise dynamic hydraulic measures, including sorption measures will continue
to provide researchers with tools to alleviate excessive water consumption in container
production settingdVloreover, investigations as to heubstrate hydrology changes during the
course of production (from root exploration, particle breakdown, settling, hydrophobicity, etc.)
will allow re-engineered substrates to be immediately implemented into production that can
provide more efficient use @fater throughout crop growth. Processing and compositing
technology research would be beneficial to helping growers implement substrate modification

techniques on a large scale.

208



APPENDIX A

Loggernet code used talculate mass from load cell lysimetersChapter 3. Program also
utilized relays to actuate solenoid switches to maintain irrigation so that substrate water

potetntial was held betweeb0 and-100 hPaCredit: M. Wallace, J. Brindley, and J.S. Fields.

‘Irrigation Control 150611.1859.CR3
{'Notes:
'(1) Jeb Fields, 05/29/2015.
{' Program for Fields substrates research trial to control irrigation for 7 substrate treatments in 1
gallon containers, based on load cell readings.
" Program will control solenoids via CSl relays, based on low thréseblby J. Fields.
' Treatments are randomized and follow this key, where LC is Load Cell:
'1:6.3mm=LC 7,LC 12,and LC 18
'2:4mm=LC_3,LC_8,LC_20
'3:2mm=LC_1,LC_11,LC 19
"4: Fines=LC_2,LC_14,LC_15
'5:0G =LC_6, LC_10,LC_17
'6:Coir=LC_4,LC_13,LC_16
'7:Peat=LC_5,LC 9,LC 21
' For control purposes, Solenoid # corresponds to LC #7}
'‘Declare memory variables and constants:
4 Dim ForceAllRelaysOff As Boolean =False'Set this true if desired start condition is
to startprogram with relays always disabled.
Dim BenchTestMode As Boolean =False
Dim StoreScalers=True
Dim StoreTriggers=True
Public PanelDgC, BatteryVolts
Dim i

'SDM-CD16AC rotary Switch positions:
{'A,B
'0,0,--> SDM_Address=0
'1,1,--> SDM_Address=5
Const Adr_SDM_0=0
Const Adr_SDM_5=5}
Const AReps=14 'Number of load cells on group A multiplexer.
Const BReps= 7 'Number of load cells on group B multiplexer.
Public HMP60_DgC, HMP60_RH
Public LC_A(AReps), LC_B(BReps)
Dim LC_A mVpV(AReps), LC_B mVpV(BReps)

" Load cell multipliers and offsets.
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' These are assigned in program section between BeginProg and Scan().
" Adjust as needed. These can be visible in the Public table by changing "Dim" to "Public"
g Dim LC_A_Mult(AReps), LC_B_Milt(BReps)
Dim LC_A oSet(AReps), LC_B_oSet(BReps)'}
" Required duration of retriggering cycle:
4 Const RequiredUpCount=6*60*3'(6 each 10 second intervals in a minute)*(60 minutes
in an hour)*(3 hours)'}
"Irrigation on and off triggers.
' These are aggned in program section between BeginProg and Scan().
" Adjust as needed. These can be visible in the Public table by changing "Dim" to "Public"
4 Public LCA_LoTrigValue(AReps), LCA_HiTrigValue(AReps)
Public LCB_LoTrigValue(BReps), LCB_HiTrigValue(BRs)'}

'Solenoids 116 are on SDMCD16AC Relay controller A and 171 SDM-CD16AC Relay
controller A.
{Public Cntr_IrrigationA(AReps), Cntr_IrrigationB(BReps)

Public ValveCtrl(AReps+BReps)

Public Relay_Modulel1(16), Relay Module2(16)

Public SimA_mVpVAReps), SIMB_mVpV(BReps)'Simulation load cell mVpV values
for testing program operation.'}

't End of declaration memory variables and constants.

'Declaration of data tables:

4 DataTable(FiveMin,Truel)
Datalnterval(0,5,Min,10)
Average(1,HMP60_DgCp2,False)
Average(1,HMP60_RH,FP2 False)
Maximum(1,HMP60_DgC,FP2,False,True)
Maximum(1,HMP60_ RH,FP2,False,True)
Minimum(1,HMP60_DgC,FP2,False, True)
Minimum(1,HMP60_RH,FP2,False,True)
Average(AReps,LC_A(),Float,False)
Average(BReps,LC_B(),Float,False)
Maximum(AReps,LC_A(),Float,False,True)
Maximum(BReps,LC_B(),Float,False,True)
Minimum(AReps,LC_A(),Float,False,True)
Minimum(BReps,LC_B(),Float,False,True)
Average(AReps,LC_A_mVpV(),Float,False)’Raw mVperVolt readings.
Average(BReps,LC_B_mVpV(),Flo&alse)'Raw mVperVolt readings.
Average(1,PanelDgC,FP2,False)
Minimum(1,BatteryVolts,FP2,False, True)
EndTable
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DataTable(Hourly,Truel)
Datalnterval(0,1,Hr,0)
Average(1,HMP60_DgC,FP2,False)
Average(1,HMP60_ RH,FP2,False)
Maximum(1,HMP60_DgC,FP2,Ise, True)
Maximum(1,HMP60_RH,FP2,False,True)
Minimum(1,HMP60_DgC,FP2,False, True)
Minimum(1,HMP60_RH,FP2,False,True)
Average(AReps,LC_A(),Float,False)
Average(BReps,LC_B(),Float,False)
Maximum(AReps,LC_A(),Float,False,True)
Maximum(BReps,LC_B(),Flodtalse, True)
Minimum(AReps,LC_A(),Float,False, True)
Minimum(BReps,LC_B(),Float,False,True)
Average(1,PanelDgC,FP2,False)
Maximum(1,PanelDgC,FP2,False,True)
Minimum(1,PanelDgC,FP2,False,True)
Minimum(1,BatteryVolts,FP2,False,True)
EndTable

DataTabé(Daily, True,40)
Datalnterval(0,1,Day,0)
Average(1,HMP60_DgC,FP2,False)
Average(1,HMP60_RH,FP2 False)
Maximum(1,HMP60_DgC,FP2,False,True)
Maximum(1,HMP60_ RH,FP2,False,True)
Minimum(1,HMP60_DgC,FP2,False, True)
Minimum(1,HMP60_RH,FP2,False,True)
Average(AReps,LC_A(),Float,False)
Average(BReps,LC_B(),Float,False)
Maximum(AReps,LC_A(),Float,False,True)
Maximum(BReps,LC_B(),Float,False,True)
Minimum(AReps,LC_A(),Float,False,True)
Minimum(BReps,LC_B(),Float,False,True)
Average(1,PanelDgC,FP2,False)
Maximum(1,PanelDgC,FP2,False,True)
Minimum(1,PanelDgC,FP2,False,True)
Minimum(1,BatteryVolts,FP2,False, True)
EndTable

DataTable(Scalars,True,20)
Sample(AReps,LC_A_ Mult(),Float)
Sample(AReps,LC_A_oSet(),Float)
Sample(BReps,LC_B_Mult(),Float)
Sample(BReps,LC_B_oSet(),Float)
EndTable
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DataTable(TriggerValues,True,20)
Sample(AReps,LCA_LoTrigValue(),Float)
Sample(BReps,LCB_LoTrigValue(),Float)
Sample(AReps,LCA_HiTrigValue(),Float)
Sample(BReps,LCB_HiTrigValue(),Float)
EndTable

DataTableDebug,True,10*60)'1 hour of real time storage for debugging purposes.
Datalnterval(0,0,0,1)
Sample(AReps,LC_A(),Float)
Sample(BReps,LC_B(),Float)
Sample(AReps,LC_A_mVpV(),Float)
Sample(BReps,LC_B_mVpV(),Float)
Sample(AReps,Cntr_lIrrigationA(),FP2)
Sample(BReps,Cntr_IrrigationB(),FP2)
Sample(AReps+BReps,ValveCtrl(),FP2)
Sample(16,Relay_Modulel(),FP2)
Sample(16,Relay_Module2(),FP2)
EndTable

't End of declaration of data tables.
BeginProg

'Load Cell scalars and irrigation trigger thresholds:
{" Multiplier Offset Lower Critical Weight Upper Critical Weight
Simulated mVPV values for testing program.

LC_A_Mult(1) =5125.576627 : LC_A_0Set(1)595.5648385 :
LCA_LoTrigValue(1) =1473.897 : LCA_HrigValue(1) =1600.125 : SimA_mVpV(1)
=(LCA_LoTrigValue( 1)+2LC_A oSet(1))/LC_A Mult( 1)

LC_A Mult(2) =5133.470226 : LC_A_o0Set(2)585.8801335 :
LCA_LoTrigValue(2) =2240.207 : LCA_HiTrigValue(2) =2477.955 : SimA_mVpV(2)
=(LCA_LoTrigValue( 2)+1LC_A_cSet( 2))/LC_A Mult( 2)

LC_A Mult(3) =5022.601708 : LC_A_0Set(3)608.6005776 :
LCA_LoTrigValue(3) =1331.97 : LCA_HiTrigValue(3) =1423.128 : SimA_mVpV(3)
=(LCA_LoTrigValue( 3)+1LC_A oSet( 3))/LC_A Mult( 3)

LC_A Mult(4) =5173.305742 : LC_A_0Set(4)589.9508536 :
LCA_LoTrigValue(4) =1721.973 : LCA_HiTrigValue(4) =1921.627 : SimA_mVpV(4)
=(LCA_LoTrigValue( 4)+1LC_A oSet(4))/LC_A_ Mult( 4)

LC_A_Mult(5) =5040.322581 : LC_A_0Set(5)555.1208417 :

LCA LoTrigValue(5) =1846.133 : LCA_HiTrigValue(5) =208356: SimA_mVpV(5)
=(LCA_LoTrigValue( 5)+2LC_A oSet(5))/LC_A Mult( 5)

LC_A Mult(6) =5007.511267 : LC_A_ 0Set(6)609.4116174 :
LCA_LoTrigValue(6) =1572.401 : LCA_HiTrigValue(6) =1724.587 : SimA_mVpV(6)
=(LCA_LoTrigValue( 6)+1LC_A oSet( 6))/LC_A_Mult( &
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LC_A_Mult(7) =5012.531328 : LC_A_0Set(7}520.6602757 :
LCA_LoTrigValue(7) =1357.331 : LCA_HiTrigValue(7) =1428.331 : SimA_mVpV(7)
=(LCA_LoTrigValue( 7)+2LC_A oSet( 7))/LC_A Mult( 7)

LC_A Mult(8) =5125.576627 : LC_A_0Set(8)568.3731420 :
LCA_LoTrigValue(8) =1331.97 : LCA_HiTrigValue(8) =1423.128 : SimA_mVpV(8)
=(LCA_LoTrigValue( 8)+1LC_A_oSet( 8))/LC_A_Mult( 8)

LC_A Mult(9) =4997.501249 : LC_A o0Set(9)57¥8.1771614 :
LCA_LoTrigValue(9) =1846.133 : LCA_HiTrigValue(9) =2083.637 : SimA_mVpV(9)
=(LCA LoTrigValue( 9)+1LC_A oSet(9))/LC_A_Mult( 9)

LC_A Mult(10)=5128.205128 : LC_A_ 0Set(10%73.0099103 :
LCA_LoTrigValue(10)=1572.401 : LCA_HiTrigValue(10)=1724.587 :
SimA_mVpV(10)=(LCA _LoTrigValue(10)+1.C_A o0Set(10))/LC_A Mult(10)

LC_A_Mult(11)=502.652086 : LC_A_0Set(11)613.9600302 :
LCA_LoTrigValue(11)=1473.897 : LCA HiTrigValue(11)=1600.125 :
SimA_mVpV(11)=(LCA_LoTrigValue(11)+4.C_A_ o0Set(11))/LC_A Mult(11)

LC_A Mult(12)=5120.327701 : LC_A 0Set(12578.0052483 :
LCA_LoTrigValue(12)=1357.331LCA_HiTrigValue(12)=1428.331 :
SimA_mVpV(12)=(LCA LoTrigValue(12)+1.C_A o0Set(12))/LC_A Mult(12)

LC_A_Mult(13)=4866.180049 : LC_A_0Set(13p66.5857664 :
LCA_LoTrigValue(13)=1721.973 : LCA HiTrigValue(13)=1921.627 :
SimA_mVpV(13)=(LCA_LoTrigValue(13)+1.C_A_ 0Set(13))/LC_A Mult(13)

LC_A Mult(14)=4977.600796 : LC_A 0Set(14593.3394724 :
LCA_LoTrigValue(14)=2240.207 : LCA_HiTrigValue(14)=2477.955 :
SimA_mVpV(14)=(LCA _LoTrigValue(14)+1.C_A o0Set(14))/LC_A Mult(14)

LC_B_Mult(1) =4980.079681 : LC_B_oS3#&}) =578.3533367 :
LCB_LoTrigValue(1) =2240.207 : LCB_HiTrigValue(1) =2477.955 : SimB_mVpV(1)
=(LCB_LoTrigValue( 1)+1LC B o0Set( 1))/LC_B_Mult( 1)

LC_B_Mult(2) =5020.080321 : LC_B_o0Set(2)581.9580823 :
LCB_LoTrigValue(2) =1721.973 : LCB_HiTrigValue(2)1921.627 : SimB_mVpV(2)
=(LCB_LoTrigValue( 2)+1LC_B_o0Set( 2))/LC_B_Mult( 2)

LC_B_Mult(3) =5040.322581 : LC_B_0Set(3)640.2224042 :
LCB_LoTrigValue(3) =1572.401 : LCB_HiTrigValue(3) =1724.587 : SimB_mVpV(3)
=(LCB_LoTrigValue( 3)+1LC_B_oSet( 3))/LC_BMult( 3)

LC_B_Mult(4) =5005.005005 : LC_B_o0Set(4)541.4283033 :
LCB_LoTrigValue(4) =1357.331 : LCB_HiTrigValue(4) =1428.331 : SimB_mVpV(4)
=(LCB_LoTrigValue( 4)+1LC_B_o0Set( 4))/LC_B_Mult( 4)

LC_B_Mult(5) =5227.391532 : LC_B_0Set(5)625.3762415 :
LCB_LoTrigValue(5) =1473.897 : LCB_HiTrigValue(5) =1600.125 : SimB_mVpV(5)
=(LCB_LoTrigValue( 5)+1LC B o0Set( 5))/LC_B_Mult( 5)

LC_B_Mult(6) =5089.058524 : LC_B_o0Set(6)574.3829517 :
LCB_LoTrigValue(6) =1331.97 : LCB_HiTrigValue(6) =1423.128 : SimB_ W)
=(LCB_LoTrigValue( 6)+1LC_B_oSet( 6))/LC_B_Mult( 6)

LC_B_Mult(7) =4972.650423 : LC_B_0Set(7)6417.5982098 :
LCB_LoTrigValue(7) =1846.133 : LCB_HiTrigValue(7) =2083.637 : SimB_mVpV(7)
=(LCB_LoTrigValue( 7)+3LC_B_oSet( 7))/LC_B_Mult( 7)

}
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Scan(D,Sec,0,0)
'‘Measurements:
4 PanelTemp(PanelDgC,250)
Battery(BatteryVolts)

VoltSe(HMP60_DgC,1,mV1000C,1,0,0, 60Hz,04D)
VoltSe( HMP60_RH,1,mV1000,2,0,0, 60Hz,0.1, 0)

PortSet(2,1)
Delay(0,150,mSec)

i=0
SubScan(0,uSec,AReps)
PulsePort(1,10000)

i=i+1

BrFull(LC_A_mVpV(i),1,mVv1000,2,Vx1,1,5000,True,True,0,_60Hz,1.0,0.0)'Raw
mVPerVolt reading.
If BenchTestMode Then LC_A mVpV()=SimA_mVpV(i)
LC_A()=(LC_A_mVpV(i))*LC_A_Mult(i))+LC_A_oSet(i)'Apply scalars.
NextSubScan
PortSet(2,0)

PortSet(3,1)
Delay(0,150,mSec)

i=0
SubScan(0,uSec,BReps)
PulsePort(1,10000)

i=i+1

BrFull(LC_B_mVpV(i),1,mVv1000,3,Vx2,1,5000,True,True,0,_60Hz,1.0,0.0)'Raw
mVPerVolt reading.
If BenchTestMode Then LC_B_mVpV(i))=SimB \fpV(i)
LC_B(i))=(LC_B_mVpV(i))*LC_B_Mult(i))+LC_B_oSet(i)'Apply scalars.
NextSubScan
PortSet(3,0)}
'Irrigation control logic:
4 Fori=1 To AReps
If Cntr_IrrigationA(i)<1 AND LC_A(i))<LCA_LoTrigValue(i)
Then'Irrigation start trigger.
Cntr_IrrigationA(i)=1
ValveCitrl(i)=1'Rising edge of irrigation event. Only place
in program where set Hi.
EndIf
If LC_A(i))>LCA_HiTrigValue(i) Then ValveCtrl(i)=0'Irrigation
stop trigger and falling edge of irrigation event. Only place in progvhere set Lo.
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If Cntr_lIrrigationA(i)>0 Then
Cntr_IrrigationA(i)=Cntr_IrrigationA(i)+1'Increment counter if triggered.
If Cntr_lIrrigationA(i)>RequiredUpCount Then
Cntr_IrrigationA(i)=0'Reset counter to zero to allow retrigger.
Relay_Modulel(gValveCtrl(i)Module 1 relays-16 mapped to
valves 132 indexing.
Next i
Fori=1 To BReps
If Cntr_lIrrigationB(i)<1 AND LC_B(i)<LCB_LoTrigValue(i)
Then'lrrigation start trigger.
Cntr_lIrrigationB(i)=1
ValveCtrl(AReps+i)=1'Rising edge afigation event.
Only place in program where set Hi.
EndIf
If LC_B(i)>LCB_HiTrigValue(i) Then
ValveCtrl(AReps+i)=0'lrrigation stop trigger and falling edge of irrigation event. Only place in
program where set Lo.
If Cntr_lIrrigationB(i)>0 Tken
Cntr_lrrigationB(i)=Cntr_IrrigationB(i)+1'Increment counter if triggered.
If Cntr_lIrrigationB(i)>RequiredUpCount Then
Cntr_lrrigationB(i)=0'Reset counter to zero to allow retrigger.
'Relays module 1 and 2 channelé@ mapped to valve-32 indexing:
4 If i<(17-AReps) Then
Relay Modulel(AReps+i)=ValveCtrl(AReps+i)
If i>(16-AReps) Then Relay_Module2(i
16+AReps)=ValveCtrl(AReps+i)'}
Next i}
If ForceAllRelaysOff Then
Move(Relay_Modulel(),16,0,1)
Move(Relay Module2(),16,0,1)

Endf
'Set SDMCD16AC relays:
g SDMCD16AC(Relay_Module1(),1,Adr_SDM_0)

SDMCD16AC(Relay_Module2(),1,Adr_SDM_5)}
CallTable(FiveMin)
CallTable(Hourly)
CallTable(Dally)
CallTable(Scalars) : StoreScalers=False
CallTable(TriggerValues) : Stofeiggers=False
CallTable(Debug)
NextScan
EndProg'MGW.'}
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APPENDIX B

Volumetric water contert WC) of Hibiscus rosasinensiscrops planted in seven differguine bark basedubstratepre research in
Chapter 3Substrates included unscreened fiagk (UPB), bark paitles that pass through a 2.3 mm screen (PF0), a 4.0 mm screen
but not a 2.3 mm screen (PF2), 6.3 mm screen but not a 4.0 mm screen (PF4), and pine bark particles that do not pa&S8through
mm screen (PF6) while at 65% moistureteom, and bark particles that do not pass through a 6.3 mm screen while at 65% moisture
contentamended with fibrous materials includiB§% Sphagnunpeat (P35) and 40% coconut coir (C40) by volu@mps were

watered to effective container capadityaximum water holding capacity after overhead irrigatipnr to allowing to dry past

permanent wilt. Measured vapor pressure defigithduthe same time illustrates a relative constant diurnal Tlakle describes the

time when nonlinear regression anasydetermined water loss shifted from evapotranspiration to only evaporation from substrate
surfacevia calculating breakpoint where curves shifted from nonlinear to linear. Representative VWC and substrate water potentials

(Y) are also presented. Valuedhim parentheses are 95% confidence intervals for VWCyand
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APPENDIX C

Stabilized pine barkRinus taedd..) at approximately 65% moisture content by mass (moisture content of windrowed bark) was
separated into particle size fractions through sengethrough a series of sieves. Unscreened bark was iteratively processed through
sieves starting at the largest diameter sieve (i.e. 4.0 mm screened bark would have been processed through the 6 @immioscreen

4.0 mm screening). Physical propertiesrgseparated via into solid, air, and water fraction. Maximum water holding capacity was
subsequently split into readily avai-Ll0ahPa)andwesidual watef (water leldath e | d
substrate water potentials ¥00hPa). The Yaxis represents the percent of the container volume occupied by each of the substrate
phases under maximum hydrati®ata was previously presented in Fields, J.S., J.S. Owen, H.lan8coggins. 2015. Exploring

the influence of particle sézon plant water availability in pine bark based substrates. Proceedings of the Southern Nursery

AssociationResearch Conference. 60:29.
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